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ABSTRACT

A new concept for generating zero order Bessel beams was studied. A point source illuminated a Fabry-Perot etalon,
which produced a concentric interference ring system in front of an imaging lens. If the lens aperture was adjusted so that

it transmitted the first ring only and blocked all others, a zero order Bessel beam was generated beyond the lens. The spatial
intensity distribution beyond the lens was calculated numerically using a wave optical model. The calculated and measured

axial intensity distributions were compared. An approximate analytical expression was derived to describe the radial intensity

distribution in planes perpendicular to the optical axis.
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1. INTRODUCTION

In 1987 Durnin showed' that the field given by E(r.z,t)=A J,,(ur)exp1i(3z—o)t)] is a solution of the wave equation, if
a2+132=w2/c2, where rx2+v2 and f,, is the zero order Bessel function of the first kind (x, ',z are the Cartesian coordinates

and c is the speed of light). An ideal zero order Bessel beam is made up of an equal—weight superposition of monochromatic

plane waves with wave vectors lying in a conical surface having the same magnitude. There exist several experiments which

achieve such a superposition of plane waves. This type of angular spectrum can be obtained by applying an annular slit (in
the focal plane of a lens) 2, axicon , holographic process ' '. Fabry-Perot interferometer 6, or new type of laser cavity
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Fig. 1. a: Schematic diagram of the experimental setup for generating zero order Bessel beams. If the aperture is adjusted so
that it transmits only the first Fabry—Perot ring, a zero order Bessel beam is generated beyond the lens. The image was
magnitied by two microscope objectives and observed with a CCD camera. b: The measured radial intensity distribution
(circles) and the fitted curve given by the I, function in a plane perpendicular to the optical axis.

A new concept for the generation of nondiffracting Bessel beams was presented and proposed for microlithographic
application in Ref. 10. The experimental arrangement is shown in Fig. la. A point like source was created by focusing the

light of a He-Ne laser (?=632.8 nm). This point source illuminated a scanning Fabry-Perot interferometer which produced
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where r and z are the cylindrical coordinates of point P, k
is the wave number, a is the radius of the lens aperture and

is an unimportant phase factor. C and S functions can

he calculated by the Lommel functions ° and U,=
k (a/q, )2 (f+z—q) and vk (alq,,) r are dimensionless
variables. Fig. 3 shows the intensity distribution of the field

produced by a virtual source in the vicinity of the image
point. In Eq. (2) 6 is the phase difference between two
neighboring virtual sources. If A denotes the greatest
integral value which is less than or equal to 2d/?. then

4(d-d
3= '

a concentric ring system in front of the lens. The aperture was adjusted so that it transmitted the first Fabry-Perot ring only

and blocked all the others. The measured intensity distribution in planes being perpendicular to the optical axis is given by
the J, function (Fig. ib). This result was expected since the diffraction pattern of a narrow annular aperture can he described
by the zero order Bessel function lIl3 Due to the annular illumination of the lens the depth of focus increased and the
transverse resolution can he improved 0 by a factor of 1.6.

2. THEORY

Suppose that a monochromatic spherical wave generated by a point source illuminates a Fabry-Perot interferometer and
the light passing through the interferometer is incident on a thin lens with focal Iengthf at wavelength ? (Fig. 2). Due to the
multiple reflection in the interferometer the electric field in front of the lens is the same as the field generated by a sequence

of point sources 15 1, , as it is shown in Fig. 2.

The distance between two neighboring sources is 2d and its
Fabry-Perot focal plane

intensity ratio is R2 where d is the base of the etalon and R
R Ris the reflectivity of the mirrors. The radius q of the =2 --

outgoing wave front immediately to the right of the lens is

given by
= 1/f -

17Pm ' (I)

where p, is the radius of the incoming spherical wave front

immediately to the left of the lens (Fig. 2). The electric
Fig. 2. Notations used for the calculations. The electric field is givenbehind the lens in point P can he calculated as the
by the sum of the fields generated by virtual sources J, I

superposition of the fields produced by the virtual sources.
It is given by '

ikaA Rex (5\1m
E(r, z) = — °

exp[t (kz + L '
(C(u,, v,) — i S(Um vrn)) , (2

2 rnO p, q,

r
P

1_i 1qf Pm

C(u, v) - IS(u,v)2

Fig. 3. C(u,v)—iS(u,v) 2 gives the intensity distribution of the

(3) focused field produced by a point source. In the image plane (u=O) it
gives the well-known Airy—pattern given by 2J1(v)/v2 and on the
optical axis (v=O) it yields sin(u14)/(u/4) 2where d5=A X12 and K=4(d—d5)/k. (so O<K�2). A variation

of il of 2J2 leads to a change of the phase difference of 2it.

For such a small variation of d the position of image points of the virtual sources practically remains unchanged. Therefore
6 and d can be regarded as independent variables.

136

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/21/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



3. DISCUSSION

If the lens is illuminated by a point source the depth of

focus '° (Fig. 4)

(4)
NA2

is defined as the distance between the principal intensity
maximum and the first intensity minimum on the optical
axis, where NA=alfis the numerical aperture of the lens and

M is the magnification. The distance between the image
points of the virtual sources approximately equals to 2dM2.

The relative image density defined by

DOF X(1+M\2N =
2 J I NA M

(5) -0.2 0 0.2 0.4
2dM I Optical axis (z) [mm]

. . . . . Fig. 4. The measured axial intensity distribution of a field produced
is an important quantity to determine the shape of the axial . . . . . .

by a point source in the vicinity of the image point.
intensity distribution '°. During the experiment 10 four
different cases were studied. The focal length and the
numerical aperture of the lens used in the experiment were 50 mm and 1/1 1 .2, respectively. The measured value of DOF was

220 rim. In this case from Eq. (4) the magnification M=0. 1772 and the distance of the source from the lens is given by

P0 =f(1+l/M)= 332. 17 mm. Fig. 5 shows the intensity disiribution for various values of the image density N. The axial
intensity distributions were fitted to the measured curves. The calculations have been done using Eq. (2) with the following

parameters: (a) d=7431.6 pm (N=0.47), K=1.50l ; (b) d=3100 im (N=1.13), K=0.35 ; (c) d=1091 pm (N=3.21), K=0.22 ; (c)
d=436.6 jim (N=8.02), K=0.164 . The reflectivity R was assumed to be 0.963. These values of the parameters agree with their

measured values within the accuracy of the measurement. The insets show the comparison of the measured (circles) and
calculated (lines) intensity distribution on the optical axis. In case (a) the distance between the image points on the optical

axis is large compared to the DOF. Thus sharp peaks can be seen separately. By increasing the image density (i.e. decreasing
d) the oscillation on the optical axis disappears, the curves become smoother. The numbers adjacent to the peaks show the

value of the peak intensity. In agreement with the law of conversation of the energy by increasing N the peak intensity
increases.

Under certain circumstances the intensity distribution in a plane perpendicular to the optical axis can be described with

the zero order Bessel function. The radius of the interference rings is different for different cases and slightly increases by
increasing z as it can be seen in Fig. 6. The detailed analysis shows that the radius of the interference rings strongly depends
on the phase difference 6. The intensity distribution (calculated from Eq. (2)) is plotted for various values of S assuming N=2

(d=175 1 .6 pm). The values of coefficient K were 0.15 and 0.5 for cases (a)-(b), respectively. The insets in the top right corner

show the intensity immediately in front of the lens. The insets in the top left corner show the radial intensity distribution in

a plane given by z. The lines indicate the radial intensity distribution calculated from Eq. (2) and the circles display the result

of Eq(6) (approximate analytical expression). By increasing the radius of the ring increases therefore the interference rings
shrink in a plane perpendicular to the axis (see Fig. 6). Then the radial intensity distribution can approximately be described
with 14

221TB (K (6)
IB(T) = 'BO .10 — r , where 1B =f + 1)

- 1 =f tantA

and 'BO is the intensity on the axis at point z. Eq. (6) was plotted with circles in the insets of Fig. 6. The radial intensity
distribution can be explained with a simple model. The Fabry-Perot interferometer transmits the light in directions "mgiven
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by cos,=m/(2dIA.) where in is an integer between 1 and 2dIX. The integral value of A corresponds to the smallest angle i.
The light incident on the lens in direction O is collected by the lens to a bright interference fringe in the focal plane (Fig.
2). The radius of the fringe is given by lB=ftan13. Using tan2l\=1/cos21A—l and the definition of K one can obtain Eq. (6)
for 'B Only one fringe is formed in the focal plane because the lens aperture is adjusted so that it transmits the first Fabry-
Perot ring only and blocks all the others. So the observer at point zsees that the light arrives from a bright narrow ring lying
in the focal plane. The radial intensity distribution of the diffraction pattern of a narrow ring can be described by Eq. (6). By

increasing ö further the ring slips from the lens aperture and the intensity in front of the lens falls considerably. The
illumination of the Jens is similar to homogeneous illumination therefore the intensity distribution resembles the three

dimensional Airy-pattern (Fig. 3).

1.0

C
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C
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Fig. 5. The spatial intensity distribution (calculated from Eq. (2)) for different values of image density N and phase difference . The insets
show a comparison of the calculated and measured axial intensity distribution.

4. CONCLUSIONS

A novel concept for generating nondiffracting Bessel beam has been studied theoretically. The spatial intensity distribution
has been calculated with a wave optical model for various values of the image density and phase difference. An approximate

analytical formula has been derived to describe the radial intensity distribution in planes perpendicular to the optical axis.
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Fig. 6. The intensity distribution for different phase difference (assuming approximately constant image density N=2). The insets show
the illumination of the lens (right) and a comparison of the radial intensity distribution calculated from Eq. (2) and Eq. (6) (left).
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