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Abstract

We report a computer-generated element: diffractive axicon, which is
fabricated by laser beam lithography on a concave lens surface, for obtaining
more uniform axial line focus over a long interval, compared with traditional
methods. The on-axis intensity distribution of this kind of diffractive axicon
fabricated by our laser direct writer was tested and the results agree well with

the theoretical analysis.
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1. Introduction

Axically symmetric convergence of light rays to a continuous
range of points extended along the axis can be arbitrarily called
axicon focusing, by association with Mcleod’s name for optical
elements that perform this function: axicons [1, 2]. It is
useful in many applications of this kind of optical element
such as in spatial alignment [3], optical pumping of plasma [4],
optical readout and processing [5] and laser machining [6]. To
produce near-constant axial intensity in the beam centre within
a long region, several kinds of methods have been proposed.
One is placing a ring aperture with appropriate radius in the
focal plane of a positive lens [7]. However, this approach is
difficult to utilize due to its low light efficiency, since only
a small fraction of incident light is transmitted. The other
direct one is using axicons in the form of a conical lens [8, 9],
but the conical surface is difficult to fabricate. Alternatively,
various tandem systems are used as light-efficient generation
of single-mode Bessel fields [10, 11]. However they all need
two separated elements, which increases the complexity of the
systems. On the other hand, a regular circular grating also
generates a conical wave in the first order, which also forms
a long focal depth [12-14].

Conventionally generated axicons are reported on a flat
substrate, where they tend to generate a conical beam with
linearly increasing intensity on axis. If they are fabricated on
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a curved substrate, their intensity in the beam centre is near
constant. Some work on curved diffractive optical elements has
been reported [15—-17]. We fabricate an amplitude axicon on a
concave lens surface using the laser direct writing lithography
technique, which has more constant intensity on axis, and far
longer focal depth than that fabricated on a flat surface with
the same parameter. So we can use this method to get better
performances for axicons. In this paper a long focal depth
diffractive optical element on a concave lens is demonstrated
experimentally.

2. Design

The optical function of the linear axicon is to generate a line
focus with increasing axial intensity over some finite range
0 < z < zi. By use of the general prescription referred
to above, the exact radially symmetric phase function ¢ (r)
characterizing a circular-aperture forward linear axicon within

0<r<ris[8]
-
o) = —km (1)

where a = z%/rlz, k = 2m/A, where A is the wavelength
of incident light. The optical function of the linear axicon
may also be achieved by a circular binary amplitude grating
of local period d, which is fabricated on a concave lens
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Figure 1. Line focus generated by an annular-aperture diffractive
axicon on a plane concave lens.

surface by laser beam lithography as long as the circular binary
amplitude grating has the same phase function as the linear
axicon. From the grating equation we get sinf(r) = A/d(r) =
—d¢ (r)/kor, where 0 is the diffractive angle, so we obtain the
period according to equation (1)

d(r) = ra'’. )

However, because the binary amplitude element is
a diffractive element, different orders will interfere with
each other within some range. For the first and second
diffractive orders, the small diffractive angles can be expressed
respectively:

. W) 1 .
sinf(r) = — ar = i tan 0 (r) = Z 3)
. o (r) 1 I
sinf,(r) = —2 oy = ZW ~tanb,(r) = g “4)

So the second order will interfere with the first order
within the range 0 < z < z,, where z, = rja'/?/2 = z,/2
according to equations (3) and (4).

In order to eliminate the interference effects between
different diffractive orders (mainly between the first and
second orders), we can write the concave substrate within an
aperture 1 /2 < r < ry, which can generate a line focus with
increasing axial intensity over some finite range z;/2 < z <
71, as illustrated in figure 1. Certainly, some energy is lost in
this work, but the loss is much less than that of using a ring
aperture for focal line extension.

Now in order to examine the behaviour of the light
intensity along the focal range z;/2 < z < z;, we substitute
the phase-retardation function defined by equation (1) into the
Fresnel diffraction integral, where the incident wave is a unit
light intensity plane wave

1\?] [m [ kr?
I(O,z)=<E> /exp{1[z+¢(r):“rdr

On the other hand, the phase-retardation function needs to
be added to another one that is due to the element fabricated on
a concave lens surface:

r2 1/2
#'(r) = —kf [1 - <1 - F) } (6)

2

. O

where f is the focal length of the lens. For a large Fy lens, it
may be simplified as

2

¢'(r) = —kzr—f. )

So the new phase-retardation function is given by

r2 r

¢1(")=—kﬁ—km~ 3)

By using the method of stationary-phase analysis, we get
the simply axial intensity distribution, the propagation distance
range and the full width (diameter of a central lobe of the J,
Bessel beam) as below. The details of the derivations are shown
in the appendix:

r r r
761_1/2_'_,% <z< 761_1/2_'_% f<-——"Hm O
k27 f3z

1(z)  ——— 10

(2) aG— [ (10
2.41a'? z

p=—"—"" (1-2). (11)
4 S

According to equations (9)—(11), three conclusions can
be drawn. Firstly, the focal length is longer, especially when
f nears —r;/a~'/?. Secondly, the intensity on axis varies
with z along a nonlinearity function. This is not constant, but
it happens that the propagation range z; to z, is around the
maximum of the function when f chosen correctly, and thus it
varies only a little in this range. Lastly, the full width increases
with z. The bigger f is chosen, the more obvious the increment
is. So when using this kind of diffractive axicon, f should be
balanced.

The computer simulation result for a plane concave lens
with the parameters A = 632.8 nm, r; = 20 mm, , = 10 mm,
z1 = 316.06 mm, z, = 158.03 mm, R; = 0 mm (radius of the
front surface of the plane concave lens), R, = 462.484 mm
(radius of the rear surface of the lens) and n = 1.5168
(refractive index of the lens) for f = —839.04 mm (focal
length of the length) is presented in figure 2(a), and the result
with the same parameters except for R, = 0 and f = o« mm is
presented in figure 2(b).

Figure 2 shows the intensity distribution along the z axis
in the focal range of the diffractive optical element fabricated
on a concave lens surface. For comparison, we also present
the corresponding distribution of one on a flat surface. As
is evident, the focal depth for the diffractive axicon on the
concave surface is two times greater than that on a flat surface.
As expected, the peak intensity is lower by approximately
the same factor of the focal length changes and its energy
distribution along axis is more uniform. However, the average
intensity oscillates severely in the beginning of the focal line,
which may be caused by the interference effects between the
second-order and the first-order diffracted light.

3. Fabrication and experiment

We have fabricated a long focal length diffractive axicon
pattern onto a concave lens surface with precise alignment by
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Figure 2. On-axis intensity distribution for diffractive axicon with
A =632.8nm, r; =20 mm, r, = 10 mm, z; = 316.06 mm,

7, = 158.03 mm, R; = 0 mm, R, = 462.484 mm, n = 1.5168 and
f = —839.04 mm. (a) On-axis intensity distribution for diffractive
axicon with A = 632.8 nm, r; = 20 mm, r, = 10 mm,

z1 = 316.06 mm, z, = 158.03 mm, Ry = 0 mm, R, = 0 mm,

n = 1.5168 and f = o mm (b).

using our laser direct writer [18]. We used a 150 mW He—
Cd laser at a wavelength of 442 nm. Stage movement was
controlled to a precision of 0.2 um in three Cartesian axes
by use of feedback from distance measurement with linear
encoders from Heidenhain GmbH. The concave substrate
coated by S1813 Microposit photoresist film of about 0.9 um
height is aligned with the air-bearing spindle by means of a
high-precision alignment apparatus. We aligned the axis of the
optical head assembly with the air-bearing spindle’s centre of
rotation based on a rotating linear grating [19].

Then the circular patterns are optimally fabricated using
polar coordinate machines that expose rings by rotating the
substrate under a fixed writing beam. After writing, the optic
is immersed into a solution of NaOH to dissolve the exposed
photoresist, and the pattern of bare photoresist remains. By
using an atomic force microscope, a three-dimensional plot of
the line profiles of the grating with a 10 um period is shown
in figure 3. Because the pattern of photoresist is difficult to
retain longer, we form a pattern in chrome by using the method
of pattern transfer. Chrome is plated on the surface of the
optic, and then the optic is immersed into solution to dissolve
the remained photoresist. So after development, a diffractive
axicon pattern of chrome is formed. In our experiment, the
concave substrate is 40 mm in diameter, which has a radius
of curvature of 462.484 mm and refractive index of 1.5168.
So the focal length of the concave lens is —839.04 mm when
A = 632.8 nm. We write the diffractive axicon pattern on the
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Figure 3. Three-dimensional plot of the grating profile obtained by
atomic force microscope.

(This figure is in colour only in the electronic version)
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Figure 4. Measured axial intensity distribution of a diffractive
axicon with A = 632.8 nm, r; = 20 mm, r, = 10 mm,

z1 = 316.06 mm, z, = 158.03 mm, and R; = 0, R, = 462.484 and
n = 1.5168 for f = —839.04 mm.

concave lens surface from 10 to 20 mm in radii. The writer
accuracy can be controlled to 0.5 pm, so the precision of 1,/20
can be realized per 27 phase shift for the diffractive grating.

In the experiment, the axicon was illuminated with a
uniform plane wave derived from a He-Ne laser of A =
633 nm. An optical power detector with 1 mm in diameter was
used to monitor the transverse average intensity distribution.
The meter was moved step by step over a range that exceeded
the theoretical extent of the line focus. In each step the
transverse average intensity was recorded. The average
intensity distribution along the axis is presented in figure 4. By
comparison of these experimental results with the numerical
results of figure 2(a), it is evident that good agreement exists.
The ripples in figure 4 are caused by the oscillations of on-axis
intensity of the generated long focal beam.

4. Discussion and conclusion

We have shown that a linear axicon can be designed as a binary-
amplitude element and fabricated on a concave lens surface
with precise alignment by using a laser direct writer. The
effectiveness of the new element was demonstrated. Not only
is focal depth much longer than that fabricated on a flat surface
with the same parameter, but also energy distribution along
axis is more uniform. Moreover, the approach is also valid for
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small Fy, but the paraxial approximation of equation (7) may
no longer be valid, and equation (6) must be used directly.

There remains some room for improvements, however.
For example, the results show prominent rapid oscillations
of the on-axis intensity within the focal region.  The
oscillations are naturally interpreted as a result of interference
of the main conical wave with a boundary diffraction wave
generated at the sharp edge of the aperture. Therefore
the oscillation strength could be significantly reduced if an
apodized illumination [13, 20] is employed. Secondly, only
some 10% of the light incident upon the annular aperture of
the diffractive axicon can be utilized. Multi-level diffractive
axicon can improve light efficiency to 40% [21], but it is
more complex to fabricate it. In order to get more uniform
intensity distribution along the axis, an axicon illuminated with
a Gaussian beam can be used [22].
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Appendix

The field distribution behind the diffractive axicon on a curved
surface can be determined through the Fresnel diffraction
integral:

2 (" rrr?
u(p,z) = )»_Z/ exp [ki (Z + ﬁ —a‘1/2r>]
= Jn
2
x Jo < Z§r> rdr

where the common phase factor exp(ikz) is omitted. So the
axial field of this beam (at p = 0) takes the form

M(QZ)ZZ—H/W1 exp | ki ﬁ-f—ﬁ—a*]/zr rdr.
Az Jr, 2z 2f
(A.2)

According to the stationary phase method [23, 24], when
the first terms of an asymptotic expansion are used, the
following representation is valid [25]:

(A.1)

b
/f(t)eXP[iKM(l)]dt
" 2 2 % T
~ f(t) K@) CXPII[ M(ts)-i-z]]
f(@) . b
K0 exp[iKu()] |, , t, € (a, b). (A.3)
Provided that K —o,u’(t) > 0, w'(a) # 0
and w'(b) # 0, where f(r) and w(¢) are monotonic

functions slowly varying within an integration region against
the argument 7, u/(¢) and w”(¢) denote the first and second
derivatives of (), while f is a single-valued stationary-phase
point derived from the equation

' (ts) = 0. (A.4)

Applying asymptotic representation (A.3) to integral (A.2),
we derive an expression involving two terms only as

U(0, z) = Uy(z) expligg(z)] + Up(z) expligy(z)]  (A.5a)
where )
krg [ 2nfz
U, = —|— A.5b
=7 [k(z + f)] (A0)
Uy(2) a = (A50)
b(Z) = — - - DJC
(i —a ) 2 —a?)
> kr? | b4
R R N I A.
Ps(2) e + 2 ka=7rg 1 (A.5d)
kr12 krl2 _1 T er2 er2 Y
¢b(z)_2_z+ﬁ_ka r1+5_2_z_ﬁ+ka r
(A.5¢e)

U,(z2), Up(z) and Upg(z) stand for the amplitude components
of the geometrical, boundary and interference components of
the axial intensity, respectively. In which the geometrical
component contribution to the axial intensity is the main part.
From equation (A.4) we can derive radial stationary-phase
points ry

—172
o= (A6)
7+ f
So the axial intensity distribution may be simplified as
k2w f3z
1(0,7) ~ 7][ = (A7)
az—f

According to equation (A.6), the propagation distance
range is found to be
I I Iy
m<z<m f<—ﬁ. (A.8)
The full width (diameter of a central lobe) is determined
by the characteristic of the J, Bessel beam:

LU (A9)
AZ
Substitution of equation (A.6) into (A.9) yields
o= 24 (1 + 5). (A.10)
27 By R
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