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38 Abstract. Conventional refractive lenses concentrate the incident light at focal distance. A
39 narrow beam waist can be achieved by increasing the lens numerical aperture, but strongly reduces
40 the depthyof focus. In this paper, we explore diffractive lenses designs, with fast angular variation
of the focal distance, that produce both a narrow beam waist and a long depth of focus. We
41 predict_the focusing properties or the diffractive lenses with a simple analytical model based on
42 an incoherentisuperposition of standard lenses with different focal distances. The histogram of the
43 local focal distances is used to determine the weights in the superposition. Our model optimizes
thee shape of the diffractive lenses, in order to extend the depth of focus, which corresponds to
44 therlotus, lens./We verify our results with numerical simulations based on Rayleigh-Sommerfeld
45 approach. Experimentally, we validate our analytical and numerical solutions with a Spatial Light
46 Modulator, are carried out and compared to the analytical and numerical results. We have found
47 configurations for the lotus lens where the depth of focus is significantly incremented with only a
slight increment of the focal width. For example, we increased the depth of focus from 7.6 mm to
48 37.2'mm while the beam waist varied from 35.0 microns to 51.6 microns for a lens with diameter
49 D = 4 mm, and focal distance f’ = 125 mm. These results may find applications in the design of
50 contact and intraocular lenses with extended depth of focus, laser focus generators, and imaging
51 applications where extended depth of focus is needed.
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Optimization of angular diffractive lenses with EDOF 3
1. Introduction

Conventional refractive lenses are optical elements which concentrate the incident light at a certain
distance, called focal distance. There are another two important parameters related to'the focus:
focal width and depth of focus. Standard lenses are based on light refraction at surfaces separating
media with different refractive index. A narrow beam waist can be achieved using lefises with a high
numerical aperture (NA), that is, when the diameter of the lens is increased or_the focal distance
of the lens is reduced. However, a strong reduction of the depth of focus is produced., With the
development of diffractive optics, diffraction-based elements with extended depth of focus (EDOF)
have been proposed, such as axicons [1, 2|, optical apodizers [3], optical<€lements with multiple
transmitting rings [4], computer generated holograms [5], or diffractive optical elemients [6]. These
diffractive optical elements (DOEs) are used in numerous applications such'as microscopy, imaging,
optical interconnection or optical alignment [7]. Diffractive lenses have some advantages over other
elements, such as axicons. First, diffractive lenses does not require a tip at the'eenter of the element,
difficult to manufacture. Also, the intensity of the secondary rings of a Bessel beam is higher than in
the case of diffractive lenses, which may be detrimental in some@applicationss especially if nonlinear
phenomena are present (like in laser processing). Finally, diffractiverlenses have more degrees of
freedom, making them more flexible for optimization.

In this work, we analyze how diffractive lenses with asfast angular variation of focal distance,
such as daisy and lotus lenses, can produce EDOF, that is, having@ long depth of focus but still
a narrow beam width [8-12]. Firstly, we analyze daisy lenses, which present a sinusoidal angular
variation in the focal distance. Although theseflenses may produce a complex intensity structure
around the focus spot, when the number of petals issufficiently high the focus distribution is simple,
radially symmetrical, and narrow. Nevertheless, dual focus is obtained in most cases. Thus it is
necessary to develop a technique for lens optimization in order to obtain EDOF. To do so, we
consider that, when the number of petals is highythe focus of the diffractive lens can be determined
as an incoherent superposition of multiple standard refractive lenses, and we propose to use the
histogram of the focal distances to obtain the weights of the superposition. Then, in Section 4,
we analyze the properties of the optimal EDOF lenses and the histogram of lotus lenses using
this model. Also, we study how thesotus. lens increases the depth of focus. Finally, we perform
experiments using standard, daisy, and lotus, lenses implemented in a Spatial Light Modulator
(SLM). We have found configurations for lotus lenses where the depth of focus is significantly
longer than that of the standard lemsesywith only a slight increment in the beam waist. These
results may find applications in the design of contact and intraocular lenses with extended depth
of focus, in laser focus generators, and, in general, in any imaging applications where an extended
depth of focus is required.

2. Extended depth of focus of diffractive optical elements with an angular variation
of the focal distance

Let us consider‘a conventional refractive lens, characterized by its transmittance which, in paraxial
approximation, is given by [13]

tr(F)= P(r)exp (—zk:TZ> , (1)

where f"is.the focal distance, k = 27/ is the wavenumber, A is the wavelength of the incoming
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beam, r is the radial coordinate, and P(r) represents the pupil function of the lens

1 r <R,
P(r){o T;R

being R the radius of the lens. For a collimated Gaussian beam in normaltincidence at the'lens
plane, the beam width at focus, wg, and depth of focus, DOF, for this standard lensy ¢t (r), are
given by [14]

2\ f/

“ TaD )
2w 8A [ f ? ~

bOF==3 _7r<D :

where D = 2R is the lens diameter. We can see that a narrow beam waistan be achieved reducing
the wavelength of the incident beam, increasing the diameter of the lens, or reducing its focal
distance. However, this leads to a strong reduction of the'depth of focus.

In order to increase the depth of focus, we proposesthe userof a diffractive lens which, instead
of a single focal distance, it presents a periodic angular variation of the focal distance

2
t =P —tk——— 3
6(1,6) = P eap ikl ®
where ¢ () is a periodic function in 8 € [0, 27, and M is he number of periods in the 27 range
(number of petals). The daisy lens issone example of this kind of DOEs [8, 10]. It presents a
sinusoidal variation of the focal distances

9(0) = 1+ (Af/2) sin (O),, (4)
where the minimum and maxim@m.focal values are f' — Af/2 and f' + Af/2, respectively. The
phase generated by a daisy lens is'shown inyFigure 1, and it is compared to that produced by a
standard lens with focal distance f’."The daisy lens presents a certain similitude to the petal-like
zone plate proposed by Sabatyan and Golbandi [9]

[r — aRcos (NO))*

2f ’
which, in addition to anfangular. variation in the focal distance, also presents a slight radial variation
of the focal distance/In beth cases, dual focus is reported.

Now, let us determine the optical performance of the daisy lens by computing the intensity
distribution around the meandocal distance f’. We have used a fast-Fourier transform-based direct
integration method'that implements the Rayleigh-Sommerfeld formula as a propagation kernel [15].
This algorithm has beendmplemented in an open source software module for diffraction analysis
in Python [16]. The\intensity distributions at focus for a standard lens and three daisy lenses
with different. number of petals M are shown in Figure 2. We observe that, in the case of the
lenses with'8 and.16 petals, the intensity distribution at focus presents a number of lobes with
noticgable intensity surrounding the main central spot. Nevertheless, when the number of petals
is increased to 64, (Figure 2d) the surrounding lobes disappear, leaving a narrow spot as focus.
This effectywas also observed by Sabatyan and Golbandi for the petal-like lenses [9]. The focusing
propertiesiof a binary Fresnel zone plate with rough edges at the rings were analyzed in reference
[17]. Analytical equations were obtained which show that, when the roughness is high, the focus
is elearyand symmetrical without the presence of surrounding lobes. In the present case, instead of

tp(r,0) =exp {—ik (5)
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Figure 1. Phase produced by a) a standard léns and 'b) a daisy lens. The parameters for these
lenses are f’ = 50mm, D = 1mm, and the waveléngth of $he incident field is A = 0.6328 pum.
For the daisy lens Af = 20mm and M = 16.

rough edges, we have a periodic structure, but we think,that the effect is quite similar: when the
number of petals is increased, high frequencies are produced which separate from the center (low
frequencies). Therefore, for a high number ofipetals, no surrounding lobes are present around the
central spot and only the central peak is obtained (Figure 2d).

Figure 3 shows the beam width at focus, measured using the Full Width at Half Maximum
parameter (FWHM), for daisy lensesiwith a different number of petals, being the rest of parameters
f = 250mm, Af = 25mm, D = 3aum.,_The focus presents the smallest beam width, 52.7 ym,
for M = 0, the standard lens. Then, it abruptly increases for M = 1 to 106 um. Nevertheless, the
FWHM parameter decreases as M ‘increases and, for M > 20, the beam width stabilizes at 60.8 um,
when the surrounding lobes disappeat.

In addition to the beam width (lateral resolution), the depth of focus (DOF) is another
important parameter used to measure the focusing performance of the lenses. We have measured
it as the distance between the twospositions around the focus where the width of the beam is v/2
wider than the beam waist, that is, w = v/2wo. The XZ intensity distributions for a standard lens
and a daisy lens whose parameters are f/ = 50mm, D = 1mm, Af = 12.5mm, and M = 64 are
shown in Figure 4. (It shows that, although the beam width for the daisy lens is slightly greater
than for M = 0 (42.5um compared to from 31.1 um), the depth of focus increases from 11.6 mm
to 21.0mm. This reduces:the peak intensity from 600 arb.u. to 125 arb. u., since it is wider and
longer.

Now, let ‘us determine how much we can increase Af in a daisy lens in order to obtain an
EDOF. The beam width at several distances around the mean focus with f/ = 25mm for several
values of Af is shown in Figure 5. It shows that, for small values of Af, an extension of focus
is possible. Using these parameters, we can obtain an EDOF up to Af = 3mm, resulting in
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Figure 2.Intensity distribution (logarithmic scale) at focus produced by (a) a standard lens and
a daisy lens with Af = 12.5 mm and different number of petals (b) M =38, (¢) M = 16, and (d)
M = 64. In these examples, the focal distance is f/ = 125mm, the diameter is D = 4mm, and
the wavelength of the incoming beam is A = 0.6328 ym.
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Figure 3. Beam width at focus, measured using FWHM, for several daisy lenses with different
number of petals M. The focal distance is f’ = 250mm, Af = 25 mm, the diameter is D = 3mm,
and the wavelength of the incoming beam is A = 0.6328 um.

Af/f =12%. However, for higher values, Af > 3mm, dual focus is obtained instead of EDOF.

3. Model based on an incoherent sum of standard lenses with different focii

Based on the analysis of the daigy, lens, we propose a simple model to predict the behavior of
diffractive lens with a fast angular wvariation of the focal distance. This model can be used to
optimize the behavior of angular lenses in terms of depth of focus. As shown in Figure 2, in
increment in the number of petals causes diffraction orders to separate from the axis to an extent
that is outside the transverse samp]Ql region. Since the shape of the focus is radially symmetrical
for daisy lenses with a high number of petals M, we propose that the behavior around the focus
for this complex lenses can be numerically explained as an incoherent superposition of the intensity
produced by standard lenses, equation/(1),

I(r.6) % / DGt Ip: () df', (6)

where I;(r) is the intensity distribution provided by a standard lens with focal distance f’, and
p(f’) is the weightfor each focal distance. Also, we propose that these weights p(f’) can be obtained
using the histogfam, h, of.the g(M0) function,

p(") =th [9(2d0)] - (7)
From a mathematical point of view, the histogram h(y) of a continuous function F'(z) results in
[18]

(8)

hly) = ‘M’

dy
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Figure 4. Intensity distribution around the focus for a) a standard lens, with parameters
f' =50mm and D = 1mm, b) a daisy lens with the same parameters than the standard lens,
Af =12.5mm, and M = 64. The lenses are illuminated with a plane wave whose wavelength is
A = 0.6328 um. The white dashed lines represent the FWHM of the beam at different distances
z. ¢) Beam width, measured with FWHM parameter for these lenses. The arrows represent the
depth of focus.
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Figure 5. Effect of Af in the depth of focus for,a daisy lens with mean focal distance f' = 25 mm
and diameter D = 1 mm. The wavelength of the incident beam is A = 0.6328 um. For low values
of Af, EDOF can be achieved, but for high values dual focus is obtained, in this example, for
Af > 3mm.

The conditions for F(z) to have a histogramare the existence of the inverse function F~!(y), and
the absence of extrema of F(z). For these reasons, in the case of periodic functions we cannot
directly apply equation (8), but we must restrict,to one semi-period between a minimum and a
maximum. For F(z) = a + fsin(gx)pa > (5, the normalized histogram results in

——1l & “a-pf<y<a+p,

hy) = VG ’ )
0 elsewhere.

As a consequence, for daisy lenses y\: zya = " and B = Af/2, thus it results in

fr=Af2<z< fl+Af)/2,

elsewhere.

1

h(z) = { mﬁAfﬂg—(z—f’)z (10)
Figure 6 shows the histogram for.adaisy lens with f' = 250 mm, D = 3mm, Af = 30mm, M = 64,
and A = 0.632 um, computed numerically, Eq. (4), and using Eq. (10), with very similar results.

The comparison between the beam width around the focus of a daisy lens computed using
Eq. (6) and usingithe numerical Rayleigh-Sommerfeld approach is shown in Figure 7. We have
simulated two/caseswith different A f. For Af = 30 mm the beam width is approximately constant
at focus and an, EDOF is obtained. However, when Af = 60 mm, a dual focus is obtained instead
of an EDOFjras preposed in [10]. In both cases, EDOF and dual-focus, the equation (6) accurately
predicts/the focuswidth for these complex lenses.
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Figure 6. Analytical - Eq. (10) { and dumerical’histogram for the case of a daisy lens with
focal distance f' = 250mm, diameter/D = 3mm, Af = 30mm, M = 64, and wavelength
A =0.632 pm.

4. Optimized EDOF lenses based on focal histogram

As it is shown in Figure 5, when we. try torextend the depth of focus in a daisy lens more than a
certain limit, a dual focus is produced."We can explain this effect with our model, considering that
the weights p(f’) are hightfor extreme focal distances f’ + Af/2 and low at the center, as shown
in Figure 6. As a consequenceplenses with other periodical functions g (6) are proposed to reduce
this effect. The most direct approach to equally weight all the focal distances between two given
values, f'—A/2 and f'+ A/2, is usinga function that presents a constant histogram between these
maximum and minimums-fecal values. This histogram can be obtained for the triangle periodic
function, which produces the lotus lenses [10], also called star lenses,

,  Af 0 0 1
gp(0)y=f"+ 5 {4 5 floor <27T + 2> 1} , (11)
where floor() represents the floor function (round to the nearest integer lower than the function
argument). / Figure, 8 shows the phase produced by a lotus lens and the focal XY intensity
distribution for M = 32. Now let us compute the beam width for high values of Af/f’. Figure 9
shows the. EDOF of /a lotus lens whose parameters are D = 1.5mm, f' = 50mm, Af = 25mm
(Af/f=50%),and M = 128. The beam width of a standard lens using these parameters is 21 ym

which is idereased to more than double for the lotus lens, 56 um (measured at the position of the
standard focus). Nevertheless, the DOF increases more than five times, from 4.8 mm to 26.4 mm.

Page 10 of 19
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Figure 7. Beam width, measured using FWHM, for a standard lens with focal distance

45 f' = 250mm, diameter D = 3mm, a daisy lens with the same average focal distance, and

46 the predicted beam width using Eq. (6) for (a) Af = 30mm, M = 64, and (b) Af = 60mm,
M = 64.
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Figure 8. a) Phase of a lotus lens whose parameters are f' = 50mm, D = 1mm, M = 32 and
Af =20mm. b) Intensity distribution at/the miealY focal distance for this lotus lens.
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Figure 9. Numerical computation of the beam width, measured using FWHM parameter, for a
standard lens and a lotus lens illuminated with a plane wave whose wavelength is A = 0.6328 um.
The parameters for the lens are D = 1.5mm, ' = 50mm, Af = 25mm, M = 128. We can see
that the depth of focus is much larger for the lotus lens, with the cost of an increase of the beam
width.



Page 13 of 19

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JOPT-107119.R2

Optimization of angular diffractive lenses with EDOF 13
5. Experimental results

We have performed an experimental verification of EDOF in angular diffractive lensesusing a Spatial
Light Modulator (SLM). The experimental setup is described in Figure 10a. The light seurce is a
He-Ne laser, A = 632.8_nm, which is expanded to illuminate completely the SLM. We use a spatial
filter formed by a 40x microscope objective (OBJ), a 10um pinhole (PH), and a €ellimating lens
(CL). Two linear polarizers (P1 and P2) are used to produce a phase lens [19].-The SLM is an
Holoeye LCR-2500 reflective light modulator, with 1024 x 768 pixels (8 bits resolution) and a pixel
size 19umx19um. A 50/50 beam-splitter (BS) is placed at 45° with the propagation axis, so the
SLM is illuminated normally to its surface. An image-relaying system, formed by,twodenses with
focii fi = 80mm and fo = 40mm, is used to produce an image of thé lens<at a plane near to
the linear stage and, also, to reduce its size in a factor fo/f; = 0.5x. A72BUC02-ML CMOS
camera (Imaging source) is placed on a SMC100 linear stage (Newport)s The, CMOS camera has
2,592x 1,944 pixels with a pixel size of 2.2umx2.2um. The camera is free to travel along the beam
propagation axis, so we can measure the intensity distribution at ‘any. desired plane after the lens.

Since the SLM adds a certain amount of aberrations to themwavefront/of the reflected beam,
particularly astigmatism, an astigmatic phase is added to the phase maps to eliminate this
aberration. Its phase is

N2 D2
dettiptioat — ki (x cost 2—;134 sind) n (z 00562f2y smgil ’ (12)
where f; = 4.58 m and fy = 11.69m are the sturm focii ‘and § = 108° is the angle between the
lens axes and the x axis. These parameters have been adjusted experimentally until aberrations are
negligible. Figure 10b shows the phase map of the standard lens plus the phase map to eliminate
the astigmatism.

Experiments using standard, daisy, and lotus,lenses have been performed. The intensity
distribution around the focus has been measured and analyzed for angular diffractive lenses with
different parameters. In the first place, we measured the intensity distribution at focus for daisy
lenses with 8, 16, and 64 petals, as shown in Figure 11. The rest of the parameters of these lenses
are f/' = 125mm, D = 4mm, Af =12.5mm. We can see that, for a low number of petals, there
are lobes which disappear when the number of petals is increased. These experimental images can
be compared to that shown in Figure 2, for/the numerical computation, since the parameters are
the same. Both figures are vety similar sinee, for M = 8 and M = 16, artifacts appear which are
eliminated for M = 64.

Also, we have measured thelintensity distribution at focus for standard, daisy and lotus lenses
with the same parameters of Figure 11 (M = 64), as shown in Figure 12. In all cases, the intensity
distributions present radial symmetry with no lobes present. We also see that the beam width of
the standard lens isfsmallersthan those of daisy and lotus lenses. In the case of daisy lens, the
maximum intensity.at the focus is lower than those of the standard and lotus lenses.

We have also.obtained the YZ profile of the intensity distributions of these three lenses, which
is shown in Figure 13. The focii for both the daisy and lotus lenses are clearly longer than for the
standard lens! Alse, thelintensity distribution for the daisy lens is dual-focus, Figure 13b, while it is
much more_ uniform for/the lotus lens, Figure 13c. These results are in agreement to the numerical
simulations and the proposed analytical model based on incoherent sum of standard lenses with
different focii. In‘the images, there are also zones with zero intensity along the optical axis, which
are produced by an undesired interference due to spurious reflections.
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Figure 10. a) Experimental setup. He-Ne: He-Ne laser, P1 and P2: two linear polarizers, OBJ:
microscope objective, PH: pinhole, CL: collimation lens, SLM: Spatial light modulator, BS: 50/50
beam-splitter, and CMOS: CMOS camera. The camera is placed on a linear stage and it is free
to travel along the beam propagation axis. b) Example of image implemented in the SLM for
a standard lens. We can see, in addition to the phase produced by the lens, the phase map to
eliminate the astigmatism.
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Figure 11. Experimental intensity distribution at focus for daisy lens with a different number

of petals: a) M =8, b) M

in Figure 2: f' = 125mm, D = 4mm, and Af = 12.5mm._
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Figure 12. Experime%l intensity distribution at focus for a) standard b) daisy, and c) lotus
lenses. The focal distdnce for this lenses is f’ = 125 mm and the diameter is D = 4 mm. For the
case of daisy and lotus lenses Af = 12.5mm and M = 64.

Lens DOF (mnm) FWHM (pm)
Standard 7.6 35.0

Daisy 37.1 65.1 (at center, z=0 mm)
Lotus 37.2 51.6

Table 1. Focus parameters obtained with experiment of Figure 13.

Figure 14 showsthe experimental ZX intensity distribution for the same lenses of Figure 12.
Also, the experimental FWHM parameter and the polynomial fit to the experimental values are

shown. The parameters obtained using these experimental data are shown in Table 1.
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Figure 13. Experimental YZ intensity distribution for the lenses

lines represent the polynomial fitting to these experimental FWHM.
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Figure 14. Comparison of the experimental FWHM, for standard, lotus and daisy lenses,
computed from XZ profiles of Figure 13. The dots(represent the FWHM from the experimental
data and the dashed lines represent the polynomial fitting to these experimental FWHM. It is
clear that lotus lens produce EDOF{

It is clear that the daisy and the lotus lenses produce EDOF, increasing significantly the depth
of focus of a standard lens. Nevertheless the beam. width at the location of the mean focus is smaller
for the lotus lens. Comparing the lotus and the standard lenses, we obtain an increase in the DOF
of 389% with only an increase of 47% in the beam waist. These results may find applications in
the design of contact and intraocularilenses with extended depth of focus, in laser focus generators,
and in imaging applications where an-extended depth of focus is required.

6. Conclusions

A S

In this work, we analyze how (diffractivedenses with fast angular variation of the focal length (daisy
and lotus lenses) can produce narrow focal spots with extended length of focus in comparison to
standard lenses. We show that theseldénses produce a complex light structure around focus for a low
number of petals, which results in a round spot by increasing it. In order to explain the behavior
of these lenses, we developran amalytical model based on the incoherent pondered summation of
standard diffractive lenses with different focal distances, which results in good agreement with
the numerical results)obtained by using an implementation of the Rayleigh-Sommerfeld beam
propagation formula. Finally, we also experimentally corroborate the lenses performance with
a Spatial Light Modulator. The agreement between all of them validates the behavior of the lenses
and their potential applications such as the design of contact and intraocular lenses, laser focus
generators, or imaging applications where extended depth of focus was needed. As an example, we
have experimentally found that, for a lens with diameter D = 4mm, focal distance f’ = 125 mm,
and Af =,12.5 mm, the depth of focus can be increased from 7.6 mm to 37.24mm with only an
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increase of the beam waist from 35.0 pm to 51.6 ym.
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