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Effect of numerical aperture on the spectral splitting feature near phase
singularities of focused waves
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We demonstrate that because of the depolarization effect associated with a high-numerical-aperture
lens, the recently predicted spectral splitting phenomenon near phase singularities of focused waves
@G. Gbur, T. D. Visser, and E. Wolf,Phys. Rev. Lett.88, 013901~2002!# disappears when the
numerical aperture is higher than critical values that are different between the incident polarization
direction and the axial direction. ©2003 American Institute of Physics.
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In a recent publication,1 the spectral behavior of a fo
cused wave near the points at which the field amplitude
the zero value has been investigated. It has been shown
when the incident field is polychromatic rather than mon
chromatic, but spatially fully coherent, the spectrum at
zero-intensity points, called phase singularities,1 exhibits the
anomalous behavior that causes the splitting of the spect
The authors have considered an incident field consisting
narrow spectral line centred at a frequencyv0 , focused by
an aperture. In their treatment, the field in the focal region
calculated using a scalar diffraction theory given by Lomm
functions.2 This theory is valid in the case when the diffra
tion aperture has a small maximum angle of convergen
which is called the paraxial approximation. Such a diffra
tion system corresponds to a low-numerical-aperture~NA!
lens. However, when the NA becomes large, the focus
process involves depolarization. In other words, a linea
polarized incident beamEx exhibits two extra components
one in the orthogonal direction,Ey , and the other one in the
longitudinal direction,Ez . Consequently, the spectral spli
ting phenomenon predicted recently1 may not necessarily ap
pear in the focal region of a high-NA lens. The aim of th
letter is to demonstrate the dependence of the spectrum a
phase singularities on the NA.
1520003-6951/2003/82(10)/1527/2/$20.00
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Before we demonstrate the dependence of the anoma
spectral behavior on the NA of a focusing lens, it is nec
sary to point out that illumination by a polychromatic an
spatially coherent light beam,1 corresponding to an incoher
ent superposition of the spectral components, is equivalen
ultrashort-pulsed laser illumination. An ultrashort-puls
wave consists of many frequency components or modes
are coherently superposed together, which is called
mode-locking technique.3 It has been demonstrated4,5 that
the spectral distribution in the focal region is the same as
given by Eq.~4! in Ref. 1. Therefore, the situation consid
ered in Ref. 1 corresponds to an ultrashort-pulsed beam
140 fs.

An ultrashort-pulsed beam has been increasingly use
different imaging techniques, such as time-resolved opt
microscopy and nonlinear optical microscopy.6 These imag-
ing techniques implement microscope objectives of high
to form a submicrometer focal spot. Therefore, it is impo
tant to discuss the effect of the reported anomalous beha
of spectra near phase singularities of focused waves,1 when
the NA is large. The expression of the three electric fie
componentsEx , Ey , andEz in the focal region of a high NA
lens that satisfies the sine condition2 has been derived by
FIG. 1. The normalized spectrum
S@u1(v0),v#/S0 at the first axial zero-
intensity point (u154p) of the central
frequency componentv0 for different
values of NA: ~a! NA50.025, ~b!
NA50.1, ~c! NA50.3, ~d! NA50.4,
~e! NA50.6, ~f! NA50.9.

a!Electronic mail: mgu@swin.edu.au
7 © 2003 American Institute of Physics
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FIG. 2. The normalized spectrum
S(v)/S0 at the first x and y zero-
intensity points of the central fre-
quency componentv0 for different
values of NA: ~a! NA50.025, ~b!
NA50.05, ~c! NA50.1, ~d! NA
50.3, ~e! NA50.6, ~f! NA50.9. Full
lines show the variations in thex di-
rection, while dotted lines represen
those in they direction.
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Richards and Wolf.7 The strength of the longitudinal compo
nentEz becomes large when the NA approaches unity. C
sequently, the minimum-intensity point in the focal regi
may have a nonzero value rather than the zero value
predicted by the scalar theory under the parax
approximation.1,2

According to the results presented in Ref. 1, the sp
trum of the light intensity at the minimum intensity points
split into two lines because the spectral intensity at the
quencyv0 is zero at those points. Using the vectorial d
fraction theory,7 we have shown that the intensity at tho
points is not zero,8 and thus can reveal the dependence of
spectral splitting on the NA of a focusing lens.

The anomalous behavior of the spectral intensity, cal
lated at the axial zero-intensity points under the paraxial
proximation, occurs because of the condition that the spec
intensity at frequencyv0 has a zero value whenun(v0)
54pn is valid for low NA lenses. These zero-intensi
points disappear for lenses with high NA as a result of
contribution of the depolarized longitudinal componentEz .8

Figure 1 shows the normalized spectrum at the first a
minimum intensity point of the central frequency compone
v0 for different values of the NA. For a low-NA lens@Fig.
1~a!#, the normalized spectrum is split into two lines of equ
intensity. This result corresponds to the one obtained by R
1, as, for this case, the paraxial approximation applies. H
ever, when the maximum angle of convergence of the l
increases, the spectrum at the first axial minimum inten
point undergoes a noticeable change. When the NA incre
further @Figs. 1~b! and 1~c!#, the spectrum is still split into
two lines, but with a shallow dip in the center. The slig
asymmetric feature is caused by the 1/l factor in Eq.~4! of
Ref. 1. When the NA is larger than 0.4@Fig. 1~d!#, the dip in
the spectrum disappears and the spectrum does not spl
the case of a high-NA lens@Figs. 1~e! and 1~f!#, the spectrum
distribution is almost the same as the input spectral distr
tion.
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Another consequence of the depolarization effect is
elongation of the focal spot along the incident polarizati
direction.5,7 While the first zero-intensity point still exists in
the y direction,8 the first minimum-intensity point shows
nonzero value in thex direction that is the incident polariza
tion direction. As a result, the spectral splitting in they di-
rection is independent of the NA value, while the spect
behavior in the incident polarization direction is NA depe
dent~Fig. 2!. For a low-NA lens@Fig. 2~a!#, the spectrum is
split in thex direction; however the spectrum already sho
a nonzero dip at the central frequency componentv0 . The
spectral splitting in thex direction disappears at NA50.05
@Fig. 2~b!#, and the spectrum approaches that of the incid
beam quickly as the NA value increases@Figs. 2~c!–2~f!#.

In conclusion, because of the depolarization caused b
high-NA lens, the spectral splitting feature near t
minimum-intensity points under polychromatic illuminatio
exists neither in the incident polarization direction nor in t
axial direction when the NA of a lens larger than critic
values. Such a critical NA value in the incident polarizati
direction is as small as 0.05. The knowledge of the spec
dependence on the NA is important when one uses
ultrashort-pulsed beam to perform time-resolved or nonlin
optical microscopy and spectroscopy.
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