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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. WolfPhys. Rev. Lett88, 013901(2002] disappears when the
numerical aperture is higher than critical values that are different between the incident polarization
direction and the axial direction. @003 American Institute of Physics.
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In a recent publicatioh,the spectral behavior of a fo- Before we demonstrate the dependence of the anomalous
cused wave near the points at which the field amplitude haspectral behavior on the NA of a focusing lens, it is neces-
the zero value has been investigated. It has been shown thedry to point out that illumination by a polychromatic and
when the incident field is polychromatic rather than mono-spatially coherent light beamcorresponding to an incoher-
chromatic, but spatially fully coherent, the spectrum at theent superposition of the spectral components, is equivalent to
zero-intensity points, called phase singularifiexhibits the jtrashort-pulsed laser illumination. An ultrashort-pulsed
anomalous behavior that causes the splitting of the spectruny,ayve consists of many frequency components or modes that
The authors have considered an incident field consisting of g, coherently superposed together, which is called the
narrow spectral line centred at a frequenay, focused by  ,qe |ocking techniqud.it has been demonstraftithat

Sglc?lflziéudrislig thaegé;?::gi?f?;ci?:nﬂtﬁgolrn thiigﬁcsl fogrlr?rrr:(l,lﬁhe spectral distribution in the focal region is the same as that
g Y9 y given by Eq.(4) in Ref. 1. Therefore, the situation consid-

functions? This theory is valid in the case when the diffrac- ered in Ref. 1 corresponds to an ultrashort-pulsed beam of
tion aperture has a small maximum angle of convergence ' P P

which is called the paraxial approximation. Such a dif“I‘rac-140 fs. . . .
tion system corresponds to a low-numerical-aper{iNa) . An uIFrash'ort-puIsec.i beam has been. increasingly useq in
lens. However, when the NA becomes large, the focusindlifferent imaging techniques, such as time-resolved optical
process involves depolarization. In other words, a linearlyMicroscopy and nonlinear optical microscdpyhese imag-
polarized incident beark, exhibits two extra components, INg techniques implement microscope objectives of high NA
one in the orthogonal directiok, , and the other one in the t0 form a submicrometer focal spot. Therefore, it is impor-
longitudinal direction,E,. Consequently, the spectral split- tant to discuss the effect of the reported anomalous behavior
ting phenomenon predicted recentiyay not necessarily ap- of spectra near phase singularities of focused waweisen
pear in the focal region of a high-NA lens. The aim of thisthe NA is large. The expression of the three electric field

letter is to demonstrate the dependence of the spectrum at tkemponentE, , E,, andE, in the focal region of a high NA

phase singularities on the NA. lens that satisfies the sine conditfonas been derived by
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Richards and Wolf. The strength of the longitudinal compo- Another consequence of the depolarization effect is the

nentE, becomes large when the NA approaches unity. Conelongation of the focal spot along the incident polarization
sequently, the minimum-intensity point in the focal regiondirection®’ While the first zero-intensity point still exists in
may have a nonzero value rather than the zero value aey direction® the first minimum-intensity point shows a
predicted by the scalar theory under the paraxialnonzero value in th& direction that is the incident polariza-
approximationt:2 tion direction. As a result, the spectral splitting in thedli-
According to the results presented in Ref. 1, the specrection is independent of the NA value, while the spectral
trum of the light intensity at the minimum intensity points is behavior in the incident polarization direction is NA depen-
split into two lines because the spectral intensity at the fredent(Fig. 2). For a low-NA leng Fig. 2(a)], the spectrum is
guencywg is zero at those points. Using the vectorial dif- split in thex direction; however the spectrum already shows
fraction theory, we have shown that the intensity at thosea nonzero dip at the central frequency componegt The
points is not zer§,and thus can reveal the dependence of thespectral splitting in thex direction disappears at NA0.05
spectral splitting on the NA of a focusing lens. [Fig. 2(b)], and the spectrum approaches that of the incident
The anomalous behavior of the spectral intensity, calcubeam quickly as the NA value increagdésgs. 2c)—2()].
lated at the axial zero-intensity points under the paraxial ap- In conclusion, because of the depolarization caused by a
proximation, occurs because of the condition that the spectrdligh-NA lens, the spectral splitting feature near the
intensity at frequencyw, has a zero value when,(wg) minimume-intensity points under polychromatic illumination
=4q7n is valid for low NA lenses. These zero-intensity exists neither in the incident polarization direction nor in the
points disappear for lenses with high NA as a result of theaxial direction when the NA of a lens larger than critical
contribution of the depolarized longitudinal compon&nt®  values. Such a critical NA value in the incident polarization
Figure 1 shows the normalized spectrum at the first axiatlirection is as small as 0.05. The knowledge of the spectral
minimum intensity point of the central frequency componentdependence on the NA is important when one uses an
w, for different values of the NA. For a low-NA ler{$ig.  ultrashort-pulsed beam to perform time-resolved or nonlinear
1(a)], the normalized spectrum is split into two lines of equal optical microscopy and spectroscopy.
intensity. This result corresponds to the one obtained by Ref.
1, as, for this case, the paraxial approximation applies. How-  1h€ authors acknowledge the support from the Austra-
ever, when the maximum angle of convergence of the leni@n Research Council.
increases, the spectrum at the first axial minimum intensity
point undergoes a noticeable change. When the NA increases
further [Figs. Xb) and Xc)], the spectrum is still split into ;G- Gbur, T. D. Visser, and E. Wolf, Phys. Rev. L&i8, 013901(2002.
two lines, but with a shallow dip in the center. The slight M. Born and E Wolf Principles of Optics7th ed.(Cambridge University
. . . Press, Cambridge, 1999Chap. 8.8.
asymmetric feature is caused by tha factor in Eq.(4) of 3p. Milonni and J. Eberlylasers(Wiley, New York, 1988.
Ref. 1. When the NA is larger than O.Eig. 1(d)], the dip in “M. Kempe and W. Rudolph, Phys. Rev.48, 4721(1993.
the spectrum disappears and the spectrum does not split. [V Gu, Advanced Optical Imaging Theangpringer Series in Optical
the case of  high-NAlerigs. 16) and 1], the spectrum _ SEress(onToe, Hemiebers Joiep B
distribution is almost the same as the input spectral distribu<g_Richards and E. Wolf, Proc. R. Soc. London, SeR8, 358 (1959.
tion. 8J. Chon and M. Gu, Appl. Phys. LeB1, 1576(2002.
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