Quantized tuneable Helix Phase Plates - Design and Experiment
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Light with a helical phase is used in multiple applications like optical tweezing [1]
and resolution improvement in optical systems [2]. A tuneable helix phase plate
based on Alvarez-Lohmann leses was earlier introduced by Bernet. A disadvan-
tage of these elements is the generation of undesired phase sections. We demon-
strate a quantization method that eliminates these effects.

1 Introduction

A helix phase plate transforms an incident plane
wave into a spiral stair case wave front. In cylindrical
coordinates (r, 0, z) the phase rises linearly in the
angular coordinate 6 while remaining constant along
the radial coordinate r, generating a phase disloca-
tion, also called vortex, at the center (r = 0). Light
with helical phase is used in optical tweezers to ro-
tate specimens due to the generated orbital angular
momentum [1]. Light with helical phase will, when fo-
cussed with a lens, generate a ring shaped intensity
distribution with zero intensity on axis. This is used
e.g. in vortex coronagraphs to make dark objects in
the vicinity of bright sources visible [2]. Changing the
steepness of the helical phase, the so called topo-
logical charge [, allows one to tune the intensity ring
diameter and the amount of angular momentum the
light carries. Hence it it desirable to have a simple
optical element enabling that tuning. For that pur-
pose the Alvarez-Lohmann principle for generating
tuneable optical elements was chosen.

2 Alvarez-Lohmann Principle

The addition of two phase functions differing only
in sign results in no relative phase change since
both functions cancel each other. When a lateral
offset or shift between the initial phase functions is
introduced, the new function resulting from the ad-
dition correlates with the first derivative of the ini-
tial functions with respect to the shift direction. Fur-
thermore the resulting function is weighted by the
amount of shift. This was used independently by
Adolf Lohmann and Luis Alvarez to describe tune-
able lenses [3, 4]. Harm and Bernet used this prin-
ciple to generate diffractive tuneable helix phase
plates [5, 6]. If the two diffractive elements are
passed by light sequentially, they impose a helical
phase onto it, which slope is proportional to the rel-
ative rotational shift between both elements. The ini-
tial functions of the elements are shown in eq.1.
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The resulting phase in eq.2 shows a linear depen-
dency of 4, thus a helix phase plate, weighted by the
constant [ and twice the amount of relative shift 4A6.

3 Problem of inverse Phase Sections

A problem with Alvarez-Lohmann type tuneable opti-
cal elements tuned by rotation is the ambiguity of the
rotational shift due to the 27 periodicity. As a result
the phase function generated in an angular region
the size of 2A0 is ¢(r,0),.s = 410(A0 — 27). This is
depicted in principle in figure 1. As a result of these
two inverse sections the intensity distribution in fo-
cus is an open ring, see figure 2.
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Fig. 1 Generation of two inverse sections due to 2r ambi-
guity.

Fig. 2 left: phase of two combines elements showing two
sections of different slope; right: focussing the phase re-
sults in an open ring intensity distribution.
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4 Quantization Method to eliminate inverse
Sections

The effect of a second phase section can be elim-
inated for discrete tuning positions by quantizing
the single Alvarez-Lohmann elements. A similar ap-
proach was proposed by Farn for lens arrays [7]. the
condition for the quantization is, that if the resulting
function is shifted by one period, here 2, its phase
yields an offset to the unshifted phase by an integer
k multiple of one wavelength (27), see eq.3.

¢1(r,0) = ¢1(r,0 + 2mw) — 2km

102 =1 (6% + 407 + 47?) — 2k
k=20(0+m)

20(—7) < k <2(w) for —2r <6 <0

Now [ can be chosen in these limits to realize
equidistant quantization steps and to provide a feasi-
ble amount of tuning steps. For 200 tuning positions
of the phase plate pair [ is chosen as:

1 . s
= 20inc with einc = ﬁ (4)
The diffractive elements are quantized according to

eqg. 5, where m is an integer number and round rep-
resents a rounding operation to full integer values.
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A detailed description of the quantization process
can be found in [8].

5 Experimental Results

For feasible fabrication a second quantization step
was applied to the elements to realize 4 level diffrac-
tive elements. The elements where illuminated with
a plane wave of 500nm wavelength. After passing
the elements, the light was focussed by a lens of
180mm focal length. The intensity distribution in fo-
cus was captured by a CCD for different tuning po-
sitions of the element pair. Figure 3 shows, that
the simulated intensity is in good agreement with
the measurement. The quantized elements realize a
closed ring intensity distribution. The first major lim-
itation of the method is the reduced efficiency of the
elements quantized twice which is:

Fig. 3 a: intensity simulation for non-quantized 4 level ele-
ments with 45° offset; b: measurement coresponding to a;
c: intensity simulation for quantized 4 level elements with
with 45° offset; d: measurement coresponding to c.

A second limitation is the accuracy of the rotational
tuning. Since the quantization holds only for integer
tuning steps m of 0,,., at rotation angles in between
the inverse section is not eliminated. That is shown
in figure 4 for 16 level elements.
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Fig. 4 Intensity distribution for different tuning positions.

6 Conclusion

Rotatory diffractive Alvarez Lohmann elements pro-
duce inverse sections upon tuning. These can be
eliminated by quantizing the single phase plates ra-
dially [6] and/or angularly. The resulting elements
are subject to the limitations discussed above and
offer great potential for numerous applications.
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