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Abstract. Spatial structure of optical vortex helical wave fronts is for the first time directly
tested using various interference arrangements and precise measuring techniques. Experimen-
tal data are compared with simulation results. On this base, advantages of interference tech-
nique of any kind for testing of optical vortices in solving the specific problems are revealed.
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1. Introduction

Singular optics dealing with the light fields possessing
wave front dislocations grows rapidly in last decades [1-
3], being the most fundamental branch of modern optics.
It studies the fields bearing amplitude zeroes and phase
jumps by mat some points or lines, or surfaces. There are
resonator eigenmodes, i.e. transversal Hermite-Gaussian
and Laguerre-Gaussian (LG) modes, Bessel beams, as
well as waveguide modes; combined “smooth” and sin-
gular beams, speckle-fields; singular beams transformed
by any optical system; diffraction patterns from screens
and gratings, as well as fields in the vicinity of foci and
caustics [3-6]. By analogy with defect crystalline struc-
tures, a phase jump of the field along any line perpen-
dicular to the direction of propagation of the beam is
referred to as the edge dislocation, while a phase change
by m2r(m = 1,2,3...) under circumference of the point of
zero amplitude is referred to as the screw dislocation [1].
In the last case, a wave front is helical, and optical vortex
(OV) s attributed by topological charge (/) and orbital
angular momentum [6].

Experimental singular optics develops since 1981 [3].
Theoretical predictions on vanishing of the field ampli-
tude at singular point at transverse cross-section of a beam
or along OV axis, where a phase becomes undeterminate
and wave front acquires helical structure, have been quali-
tatively verified by the vast majority of experiments. Until
now, however, these statements no underwent quantita-
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tive experimental verification. A notable exception is the
paper [7], where advance precise technique is applied to
test the edge dislocations produced by a relief diffraction
grating. It has been shown that intensity of a field at
singular point, actually, exceeds negligibly noise of a
detector, and the phase jump on moccurs within the mini-
mal resolved interval 10 nm.

Direct detecting of strictly zero magnitude of the field
intensity at singular point is impossible due to finiteness
of an area of the minimal receiving cell (pixel), noise of
detector, and light scattering. In contrast, interference
testing of helical structure of a wave front of OV at trans-
verse cross-section (2D) had been performed yet in initial
experiments on singular optics [8-10]. For that, spatial
(3D) structure of a phase helicoid was not experimen-
tally studied up to now. This problem is the subject of our
communication. Section 2 is devoted to concise descrip-
tion of the structure of OVs, as well as the technique for
producing of vortex beams by the use of a computer-gen-
erated hologram (CGH). We also represent computed
interference patterns. In Section 3 we describe experi-
mental procedure and results, including coaxial and off-
axis interference of the modes LG{ and LG§ with diver-
gent Gaussian beam kind of LG — mode for controlled
changes of optical path difference (OPD) among inter-
fering beams. Experimental results are compared with
computed ones. Advantages of any of interference tech-
niques in solving of specific problems of singular optics
are discussed in Section 4.
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2. Structure, generation and detecting of opti-
cal vortices

The structure of LG mode is described in cylindrical co-
ordinates p, ¢,z by the expression [4]
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where p=0,1,23,...; [ =0,£1,£2... are radial and azi-
muthal indices, respectively. Radial index characterizes
the number of nodes of the field amplitude along the ra-
dius. When /=0 or || # 0 , the number of nodes is equal
to p, orto p + 1, respectively. Modulus of azimutal index
characterizes the number of wavelengths per helicoid
pitch. wy, w(z) are radii of caustics (z = 0) and the beam at
the distance z from caustics estimated by the level ¢! in
respect of the maximal magnitude of amplitude; k = 2z/A4

is a wave number; z is the Raileigh distance; R(z) is the
radius of curvature of a wave front at the observation
plane z. LPV I(x) am‘e Laguerre polynomials [4]; in part,
forp=0and1, Lj(x)=1and Lllll(x) =l {1+1-x, respec-
tively. Magnitude of the topological charge of LG mode is
determined as m = /. The sign of a charge is conventionally
determined as "plus" or "minus" for right and left twirling of
helical phase surface of the OV, respectively [3].

Amplitude distribution over the beam cross-section
may be determined experimentally by photometric meas-
uring of intensity distribution, while the phase related
parameters of optical beam, such as radius of curvature
and spatial form of a wave front, are measured interfe-
rentionally. As the parameters of a reference wave, such
as amplitude distribution and radius of curvature of the
wave front, are known, then coaxial interference pattern
contains the data both on phase difference of the refer-
ence and tested beams at the each point of the observa-
tion plane (equiphase lines with the period A¢ =2rx ),
and on difference of radii of curvature of the wave fronts
(the number of interference fringes per unit area).

As it is well known [11], coaxial interference of two
smooth wave fronts with different radii of curvature re-
sults in Fresnel rings. Gradual changing of OPD between
two beams within A manifests itself as running out of the
rings from the center (or running them to the center), where
bright fringe sare altered by dark ones and vice versa. In
contrast, as one of two co-axially interfeing beams pos-
sesses helical wave front (as in the case of longitudinal
OV), then the loci of constant phase difference of such a
beam and reference beam with smooth wave front is spi-
ral. The number of interference fringes nucleating at the
center of spiral and the direction of twirling determine
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unambiguously the magnitude of the OV charge and its
sign [3,10], see Fig. 1. So, if Rg /R,e >1 (Rg and R,.r
are the radii of curvature of the singular beam and refer-
ence one, respectively), then left twirling corresponds to
the negative charge, and the number of interference fringes
nucleating at the OV core (one-star or two-star) is associ-
ated with modulus of the charge. Gradual changing of
an OPD between two beams within A manifests itself as
intertwine or untwisting of a spiral. Thus, one can “scan”
3D helical phase surface interferentionally.

If the set of OVs exists at the field (for example, di-
pole of OVs or OVs at speckle field), coaxial interference
pattern may be obtained for any one OV alone. Moreo-
ver, this pattern occurs to be distorted due to the presence
of neighbouring OVs. On this reason, one applies off-
axis interference technique for testing of such vortex bear-
ing fields [5]. Each singular point just causes disconti-
nuities of interference fringes with appearance of m addi-
tional fringes (so-called “forklets”). Magnitude of OV
charge is determined directly by the number of such ad-
ditional fringes at the forklet, and the sign of a charge is
determined from known direction of propagation of a
plane reference wave in respect to the singular beam [10],
as it is shown in Fig. 2. Gradual changing of a phase
difference between two beams within m27 manifests itself
as transformation of a forklet. So, additional bright in-
terference fringes are bent and then turn into dark ones,
but the position of fringe discontinuity remains un-

a b

Fig. 1. Computed structures resulting from coaxial interference
of the spherical reference wave with singular beams of the
charges m = -1 (a) and m = -2 (b); Rs/R,.r; OPD is Az = mA.

1

screen

Fig. 2 [10]. Off-axis interferograms (a, d) of a wave front with a
unity-charged screw dislocation (m = 1), and the corresponding
interference schemes (b, ¢). A wave with screw dislocation propa-
gates normally to the screen, the reference plane wave is tilted
by an angle +6. Interferogram (a) corresponds to the orientation
(¢), where the reference wave-vector projection on the polar
axis is negative, and the "forklet" is directed downwards.
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Laser
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Fig. 3. Experimental arrangement for direct measurement of OV phase helical structure. CGH - computer generated hologram for

reconstruction of Laguerre-Gaussian modes LGy' and LGg2
BS, — beam-splitters; SF;, SF, — spatial filters; M,

the source of direct current PS; L — lens, O — objective.

changed. Comparison of computed and experimental re-
sults demonstrating transformations of off-axis interfer-
ence pattern in the vicinity of OV with m = —1 will be
presented in the following section (see Fig. 7).

3. Experiment and discussion

It has been proposed in Refs. [8,9,13] to generate LG
modes with desirable p and /using a CGH, whose ampli-
tude transmlttance is calculated as an interference pat-
tern from LG{, — mode and Gaussian beam with a plane
wave front at the plane of caustic. Spacing of a pattern is
chosen in such a manner that the angle at the 15 diffrac-
tion order occurs to be in excess of angular divergence of
laser beam enough to provide separation of the diffrac-
tion orders at desirable distance behind a CGH. CGH is
prepared at amplitude photographic film that undergoes
bleaching.

CGH is placed at the plane of caustics of unexpanded
laser beam with diameter 2w =1.6 mm, for which it was
calculated. Diffraction of laser beam at phase grating
results into reconstruction of LGS—r” — modes at nth or-
ders. OVs reconstructed at conjugate orders are of the
same magnitude of charge but of the opposite signs.

It is well known [1,10,12] that single-charged OVs
are stable alone. Free-space propagating beams with such
OVs keep not only amplitude distribution (that is typi-
cally for all Gaussian beams), but also their initial phase
structure. Multiple OVs with charges exceeding unity
exist at small distances from the point of nucleation only,
and break-up into isolated single-charged OVs of the same
s1gn [14]. This is the reason to test a phase structure of
LGO —mode just at the plane optically conjugated with
the plane of a CGH.
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at the minus-first and the minus-second orders, respectively; BSy,
— moving mirror; PM — piezoceramics-mounted mirror fed to the voltmeter V and

Experimental arrangement is shown in Fig. 3. Unex-
panded laser beam (He-Ne laser, A = 0.6328 um,
power P=50mW, divergence 6= 2.5-107 rad, wy = 0.8 mm)
diffracts at CGH. Zero diffraction order, LG8 — mode,
serves as the reference wave. Using the beam-splitter BS;,
this wave is guided into the reference arm of Mach Zehnder
1nterferometer and the singular beam (LG —mode or
LGO —mode) is guided into the object arm. Spatial filters
SF; and SF, pass the working beams only.

A mirror mounted on the piezoceramics PM is fed to
the source of direct current PS, whose voltage is control-
led from zero to 50 V" with the step 0,1 V. Thus, we can
gradually change an OPD of two interfering beams within
a wavelength. It has been found by graduating of the
piezo-mirror that changing of OPD by A corresponds to
changing of voltage by 9,5 VVand 9 V, respectively, in the
cases of coaxial and off-axis interference for interference
angle oo = 3.9-1073 rad. Graduating graph of the used
piezo-mirror is shown in Fig. 4.

A reference beam reflected by the piezo-mirror im-
pinges upon objective O (f = 35 mm) that forms divergent
Gaussian beam with radius of curvature R,r= 35 mm. Sin-
gular beam reflected by the mirror M; impinges upon the
lens L that images the grating plane into the observation
one with magnification —1. Two beams are mixed at pre-
cisely controlled beam splitter BS, Rotation of this beam
splitter at small angles and moving the mirror M provide
performance of both coaxial and off-axis interference.
At the observation plane, where the ratio of the radii of
curvature of the wave fronts of mixed singular and smooth
beams is Rg /R, =513, CCD camera is placed, being
fed to the computfer.

Coaxial interference of OVs with charges —1 and -2
and a smooth reference wave for controlled change of an
OPD 6z is shown in Fig. 5, (a)-(e) and (f)-(j), respec-
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Fig. 4. Behavior of intensity of interference pattern and relative
OPD between two beams vs voltage fed to piezo-mirror. The
solid and dotted curves correspond to coaxial and off-axis
(a0 = 3.9-1073 rad = 0.25°) interference, respectively.

tively. One can see that gradual changing of an OPD
results into rotation of the phase maps around the core of
OVs with different rate for different charges. As an OPD
is changed by a half of a period, then a spiral (projection
of a helicoid onto the observation plane) of single-charged
OV rotates by 180°, while a spiral associated with two-
charged OV rotates only by 90°. The reason is that a pitch
of helical phase surface is equal to A for single-charged OV
and to 2A for two-charged one. One can see also that sub-
helicoids of two-charged OV are spaced by A.

Transition from coaxial interference to off-axis one re-
sults in transformation of a spiral to the forklet. In Fig. 6 we
show the experimental result of adding of the single-
charged singular beam and smooth reference one at the
angle ~ 0.8-10- rad. Such conditions are close to ones
pointed out in Ref. [15], where it has been stated that
interference pattern may be regarded as coaxial one up
to the angle of interference 0.5-107 rad. It can be seen in
Fig. 6 (a) "saddle" neighbouring an OV (shown by ar-
row), and maximum of intensity not far from OV. Chang-
ing of the OPD among singular beam and reference one
by A/2 results in altering of maxima and minima at the
interference pattern.

Off-axis interference arrangement is much simpler
into adjusting and beam testing, especially when the beam
possesses several OVs, which must to be tested simultane-
ously. Such arrangement is proper also for determina-
tion of the charge of OV, equality or difference of the
signs of adjacent OVs, or distinct actually singular point
(line) from a point (line) of small but non vanishing am-
plitude. Changing the angle of interference (and, conse-
quently period of interference pattern), one easily distincts
m close single-charged OVs from one m-charged OV.
Changing of an OPD by 9z within A results in transforma-
tions of an interference forklet as it has been mentioned
above. The results of computer simulation [10] on trans-
formation of off-axis interference pattern for single-
charged OV are compared in Fig. 7 (a) to (d) with the
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A2 18

34 32

Fig. 5. Testing of OV phase helicoid via coaxial interference
with reference Gaussian beams by gradually changed OPD, 6:.
a—e — LGa1 -mode, m = -1, helicoid pitch Az = 1; f~j — LGO_2 -
mode, m = -2, helicoid pitch Az = 2I.

0z=112

a b
Fig. 6. Interference of vortex beam with the charge m = —1 and

reference beam demonstrating transition from the spiral struc-
ture to the fork-like one; the interference angle o =~ 0.8-1073 rad.
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Theory

Experiment
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Fig. 7. Testing OV (m = —1) phase helical structure by the off-
axial two-beam interference with the reference Gaussian beam.

experimental data (e) to (h), respectively. Dark lines at
Fig. 7 (a)—(d) correspond to maxima of the interference
pattern.

One can check perfect correspondence of the experi-
mental results with theoretical predictions.

4. Conclusion

Thus, we have demonstrated the possibilities for direct
interference detection and testing of 3D helical phase
structure of OV. We have verified experimentally the re-
sults of computer simulation concerning to transforma-
tions of coaxial and off-axis interference patterns pro-
duced by OV and a reference wave with smooth wave
front due to controlled changing of the OPD within the
wavelength. Transition from spiral structure to fork-like
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one due to changing of interference angle has been ob-
served.

Coaxial interference arrangement is convenient for
diagnostics of isolated OVs and provides direct determi-
nation both the magnitude and the sign of the OV’s topo-
logical charge, as well as the radius of curvature of a
vortex beam. Resolving power of coaxial technique is
mainly dependent on the ratio of radii of curvature of
interfering beams. Off-axis interference arrangement is
preferable for testing of complex optical fields bearing
the set of OV. Resolving power of off-axis technique is
determined by the interference angle between superim-
posed beams.
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