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Performing third-harmonic-generation (THG) microscopy with a cylindrically focused Gaussian beam results
in significant differences from standard THG microscopy owing to the different phase-matching geometry.

These differences are characterized analytically in the slowly varying envelope approximation.
that THG is not observed in samples with normal dispersion even for line illumination.

It is shown
We use this to per-

form video-rate THG microscopy. © 2004 Optical Society of America
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1. INTRODUCTION

The application of nonlinear optical processes, such as
harmonic generation, has been rapidly developing since
the appearance of compact femtosecond lasers. In par-
ticular, third-harmonic generation (THG), which has tra-
ditionally been used for characterization of the nonlinear
polarizability of substances, has found a new application
in coherent multiphoton microscopy.

In multiphoton microscopy a nonlinear process is ex-
cited at the focal point of a tightly focused laser beam.
Measuring this nonlinear signal results in intrinsic depth
resolution and an improved signal-to-background ratio
compared with standard microscopic techniques. The
first multiphoton microscopy experiments applied
two-photon’ and three-photon? fluorescence, both incoher-
ent processes, for imaging. Coherent multiphoton tech-
niques such as second-harmonic generation,® THG,*8
and coherent anti-Stokes Raman spectroscopy®'? have
recently become attractive alternatives for depth-resolved
imaging of unstained samples.

Like all laser-scanning microscopy methods, multipho-
ton microscopy techniques suffer from relatively long
image-acquisition times. Owing to the relatively weak
nonlinear signal, integration times of the order of 1 ms/
pixel are typically used. Serial acquisition of a reason-
ably sized image thus takes several seconds. Two meth-
ods have recently been developed to significantly reduce
the image-acquisition time while maintaining the depth
resolution. Both methods are based on illumination of
more than one pixel at a time and the use of an imaging
detection system. The simpler method uses line illumi-
nation; i.e., the illuminating beam is tightly focused along
one transverse axis and weakly focused along the other.'?
Scanning is thus performed only along one spatial direc-
tion. This method results in a somewhat reduced depth
resolution and has been applied only to two-photon exci-
tation fluorescence. The second method involves the use
of a microlens array'*~'" or a diffractive optical element,'®
essentially splitting the illuminating beam into an array
of beams, each producing a nearly diffraction-limited spa-
tially separated spot within the sample. Using this
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method, one performs imaging either by scanning a sig-
nificantly smaller area in both spatial directions or by ro-
tating the microlens array.!® The rotating microlens ar-
ray method has recently been used also for obtaining
video-rate second-harmonic-generation images.'®

Here we consider the use of line illumination in THG.
Since THG is a coherent process, and unlike the case of
multiphoton fluorescence,'® the illumination geometry
has a significant effect on the generated signal owing to
phase-matching considerations.?’ We first approach this
by presenting an analytic solution of the problem of THG
by using two-dimensional (2D) focused Gaussian beams.
This is then compared with the well-known three-
dimensional (3D) solution.?! As it turns out, for most
practical purposes, line illumination can still be used for
THG imaging. Some conditions exist, however, under
which subtle differences exist between the two cases. We
discuss the origin of this phenomenon and possible appli-
cations. Finally, we demonstrate the use of line illumi-
nation for video-rate THG microscopy.

2. MATHEMATICAL FORMULATION OF
THIRD-HARMONIC GENERATION

WITH TWO-DIMENSIONAL FOCUSED
GAUSSIAN BEAMS

In analogy with the case of a 3D focused Gaussian
beam,?! we get for a freely propagating 2D focused Gauss-
ian beam a solution of the form

A 2
Ax, z) = ! exp ’ (@))
’ V1 + ¢ w1 + i)

where { = 22z/b is the dimensionless longitudinal coordi-
nate defined in terms of the confocal parameter b
= kw,y? and w, is the beam waist. This solution is
closely related to that of a 3D beam,?!
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but diverges more slowly in the longitudinal direction.
The resulting qth harmonic can be derived by assuming
an undepleted pump and taking the nonlinear polariza-
tion as y'?A?. From this we get

JA, PA
2ik,—r + = -
oz ox? c?

47(qw)?

X' PA 17 exp(iAkz),

3

with the phase mismatch Ak = gk; — k3. The solution
to this equation is also a 2D Gaussian beam of the form

2

Ay(z) qx
Ayx, z) = exp —, (4)
V1 +i¢ w1 + i)
which has to fulfill
dA, 12qmw exp(iAkz)
— = X' PA, . (5)
dz nc (1 + ig)la-ve

This solution is, again, slightly different from that ob-
tained for 3D Gaussian beams, where the exponent of (1
+ i) is replaced by q¢ — 1. This, again, reflects the
slower divergence of the beam in the 2D case.

This difference alters the dependence of the total THG
intensity from an infinite bulk medium on the phase mis-
match. Asymptotically, the 2D solution is of the form

0, AR <0
Iop* 9§ 3, Ak =0, (6)
exp(—bAk), Ak >0

whereas in the 3D case

0 AR <0

Tsp 1 (b AR)2 exp(—bAk), AR >0 ™

These two asymptotes are shown as gray curves in Fig.
1. In both cases a positive phase mismatch is necessary
to compensate for the Gouy phase shift experienced at the
focus.? In the figure we also show the normalized THG
intensity, as calculated by numerical integration of Eq.
(5), from a bulk sample with a thickness of ten confocal
parameters, assuming the fundamental beam is focused
at its center. As can be seen, the 3D solution is almost
indistinguishable from the limit of an infinitely thick me-
dium, and the THG signal practically vanishes not only
for normal dispersion but even in the case of perfect phase
matching.

The behavior in the 2D case is somewhat different. An
oscillatory behavior, especially dominant for small posi-
tive phase mismatch, is observed for a finite sample.
This is due to contributions to the total THG signal from
the edges of the sample, and the oscillation period is thus
determined by the sample thickness. Since in two di-
mensions the beam diverges much more slowly, these os-
cillatory contributions are not negligible.

Looking at the two curves for both the 2D and the 3D
cases, one can distinguish three regions. For negative
phase mismatch (normal dispersion), the THG signal
practically vanishes for both 2D and 3D beams. Since
this is the region in which most THG microscopy experi-
ments are conducted, such experiments can be conducted
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Fig. 1. Normalized THG signal, derived by integrating Eq. (5),
as a function of the nondimensional phase mismatch bAk% for a
Gaussian beam focused within a finite medium (depth of 106) for
the cases of a 2D focused Gaussian beam (solid black curve) and
a 3D focused Gaussian beam (dashed black curve). Also plotted
are the corresponding asymptotic values for an infinite medium
(gray curves). As can be seen, the medium is sufficiently thick
only for the 3D result to reach its asymptotic value.

also with line illumination without changing the most
dominant feature of THG imaging, i.e., the absence of sig-
nal from bulk homogeneous samples. For perfect phase
matching or a very small nondimensional positive phase
mismatch, the THG signal from a 2D beam can signifi-
cantly exceed that from a 3D beam. This region can be of
interest either in the gas phase, in which the phase mis-
match is exceedingly small, or when the samples exhibit
birefringence.?22*  For large values of the nondimen-
sional phase mismatch, the THG from a 3D beam is sig-
nificantly stronger than that from a 2D one.

3. THIRD-HARMONIC-GENERATION
MICROSCOPY WITH A CYLINDRICAL BEAM

In practice, THG microscopy is usually performed in me-
dia with normal dispersion. Even assuming the tightest
focusing and moderate dispersion, bAk < —0.2. As has
been discussed in Section 2, for such values the THG sig-
nal practically vanishes not only in the 3D case but also in
the 2D one even for finite-sized samples. Thus, even
with the use of line scanning in THG microscopy, a signal
would not appear from bulk homogeneous regions. In
both cases the resulting image highlights only material
interfaces and small inclusions.

The most important difference between THG with
point illumination and THG with line illumination (or, for
that matter, an array of focal points, such as the ones
used in Refs. 14-17) is the need for an imaging setup for
detection. By use of point illumination, both the depth
resolution and the axial resolution are determined by the
illumination beam’s focal spot. In an imaging setup, the
axial resolution is determined by the collection lens. An
important outcome of this for coherent processes (such as
THG) is that when the illumination spot is larger than
the spatial resolution of the collection lens the image of
the illumination spot is coherently generated. This may
lead to coherent artifacts from features that are unre-
solved by the collection optics. Thus, to obtain high-
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quality images, one must use a high numerical-aperture
(NA) collection lens. The observed field of view in an im-
aging setup can be limited either by the illumination area
or by the field of view of the collection lens.

In the following we demonstrate THG imaging with
line illumination and discuss the effect of such illumina-
tion on the depth resolution.

A. Experimental System

The laser source used in the experiments is an optical
parametric oscillator delivering 130-fs pulses at 1.5 um
with an energy of approximately 2 nd at a repetition rate
of 80 MHz (Spectra-Physics Opal). For THG microscopy
experiments we used a simple homebuilt confocal micro-
scope. Laser light was focused into the sample by use of
a NA = 0.85 objective lens. THG light was collected by
either a NA = 0.63 objective or a similar NA = 0.85 lens
(in the imaging experiment), filtered by a bandpass filter
at 500 nm, and measured either by a photomultiplier tube
and a lock-in amplifier or by an intensified CCD (in the
imaging experiment). For line illumination we added a
cylindrical lens in the vertical direction with a focal
length of 20 or 25 cm before the entrance to the objective
lens. The focal length of this lens determines the aspect
ratio of the illumination line. The distance between the
two was chosen so that the focal length of the entire sys-
tem in both transverse directions is the same. Scanning
is performed with a galvanometric scanner and a cylindri-
cal X1 magnification telescope in the horizontal direction
(built with f = 10-cm lenses). The beam is scanned at
approximately 250 Hz, so that each frame on the CCD av-
erages over several scans. A schematic setup of the ex-
perimental system appears in Fig. 2.

CCD camera
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Fig. 2. Schematic setup for THG microscopy experiments with
line illumination.
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Fig. 3. THG signal in a Z-scan measurement through a 130-um
cover glass. (a) Measured signal with line illumination (solid
curve) and with point illumination (dashed curve). (b) Theoret-
ical prediction for (a) obtained by integrating Eq. (5).
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B. Depth Resolution with a Cylindrical Beam

As has been noted for the case of two-photon excitation
fluorescence,'® the depth resolution for line illumination
is worse than for point illumination. This reflects the
slower divergence of the beam. The effect of line illumi-
nation on the depth resolution is, however, different in
the case of THG, again owing to phase-matching consid-
erations. Figure 3a shows the observed THG intensity in
a Z-scan measurement through a 130-um cover glass.
Figure 3b shows the theoretical results as obtained by nu-
merical integration of Eq. (5) with a confocal parameter
b =8 um. In both images the solid curve is obtained
with line illumination, and the dashed curve is obtained
with point illumination. As can be seen, the agreement
with the theoretical prediction is excellent. Differences
observed are probably due to aberrations at the entrance
facet of the cover glass (since the objective is designed to
work with a cover glass). The two air—glass interfaces
are clearly observed both for line illumination and for
point illumination. The FWHM of the peaks is larger in
the case of line illumination by a factor of approximately
1.7. The more dominant effect in the case of line illumi-
nation is the slower decay of the signal away from the
peak. Thus, despite a FWHM of approximately 12 um,
the measured THG intensity at the center of the glass
cover glass, 65 um away from both interfaces, is not zero.
Still, the depth resolution is sufficient to perform THG
microscopy.

C. Video-Rate Third-Harmonic-Generation Imaging
with a Cylindrical Beam

To demonstrate video-rate THG microscopy, we consider a
sample consisting of individual sea urchin larval spicules
spread on a glass microscope slide and immersed in an
n = 1.61 index-matching oil. By x-ray diffraction mea-
surements the larval spicule has been shown to be made
of a single calcite crystal.?’ A more detailed description
of THG from larval spicules can be found in Oron
et al.?®** In performing line-scanning THG imaging,
there is a trade-off between the necessary frame-
acquisition time (or the signal intensity) and the scanned
area (determined by the focusing strength of the cylindri-
cal lens). In the following we optimized the imaged area
to an acquisition rate of several frames per second.

A THG image of a single triradiate larval spicule, ob-
tained by grabbing a frame from the intensified CCD de-
tector, is shown in Fig. 4. The spicule has three arms at
angles of 120° with one another, originating from a cen-
tral calcite crystal. Each arm is 1-2 um thick and as
much as several tens of micrometers long. As can be
seen, some background is generated over the entire
frame, on top of which a stronger signal is observed from
the spicule. The background is due to THG from the
glass—immersion oil interface. The weak ringing pattern
along the bottom arm of the spicule is a coherent artifact
due to the small feature size, which is not fully resolved
by the collecting lens. This results, for each illuminated
line (i.e., in the horizontal direction) in an interference
pattern between the smooth THG generated by the glass—
immersion oil interface and the sinc function of the not-
fully-resolvable spicule.
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Fig. 4. THG image of a single sea urchin larval spicule spread
on a glass slide as obtained by grabbing a frame from the inten-
sified CCD.

4. CONCLUSION

When implementing a space-multiplexed method for fast
scanning in coherent multiphoton microscopy, one must
take care to consider the effect also on the phase-
matching conditions. This is particularly important in
THG microscopy, whose most dominant property—the
ability to highlight interfaces and small inclusions—is a
phase-matching effect.

For most samples (exhibiting normal dispersion) the
fundamental property of THG, i.e., the absence of signal
from a bulk homogeneous medium, is maintained with
line illumination. This enables one to perform video-rate
THG microscopy by scanning only a single axis, as has
been previously done for two-photon excitation
fluorescence.'® The area that can be covered by the line
scanning is dependent on the total energy of the input
pulse. In our experiments we used an optical parametric
oscillator source at 1500 nm, delivering 2-nd, 130-fs
pulses. This allowed us to illuminate a line with an as-
pect ratio of approximately 40. Other sources that de-
liver higher energy and significantly shorter pulses at
1500 nm, such as Cr:YAG lasers, are currently
available.?  Moreover, current Ti:sapphire sources are
highly suitable for THG microscopy?’ and can deliver
pulses with an energy larger by an order of magnitude.
Either of these should allow significantly larger aspect ra-
tios, allowing real-time imaging of large areas.

The theoretical analysis provided here shows, never-
theless, that under some conditions line illumination can
have a significant effect on phase-matching conditions.
The THG generated with line illumination is significantly
larger than that obtained with point illumination in a
range of values of the phase mismatch around A%z = 0.
In particular, a finite signal is generated for perfect phase
matching. This could, for example, be used for THG
spectroscopy in the gas phase. It can also be used for po-
larization THG microscopy,2? in which the birefringence
compensates for material dispersion, in weakly birefrin-
gent media.
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