OHTI/IKA N CIIEKTPOCKOIINUA

OPTICS AND SPECTROSCOPY

VIIK 535.42+537.86

CBETOBBIE I1YUKH, TEHEPUPYEMBIE AKCUKOHOM
C 3AKPYITAEHHOMU BEPHINHOUA

C. H. KYPHIIKHHA"?, P. E. A. A. AJIFJTOOLIN,
II. H. POIIOT", A. M. BAPAHEIIKHH"

1)H;Ltcmumym Guszuku um. B. . Cmenanosa HAH Benapycu,
np. Hezasucumocmu, 68, 220072, 2. Munck, benapycw
2>Een0pyccz<uﬁ eocyoapcmeennblil yHusepcumem, np. Hezasucumocmu, 4, 220030, e. Munck, Berapyco

Buumanue cokycrupoBaHo Ha peabHON (hopMe aKCHKOHA, HE OCTPO, a 3aKpyIVIeHHOH. PaccMOTpeH HecoBepIeHHBII
AKCHKOH C 3aKPYIJICHHOW BEPLIMHOM, (hopMa KOTOPOTo alpoOKCHMHUPOBaHa FUIIEpPOOJIONIOM, U ITPOBEICH TEOPETHYECKUN
1 9KCTIIEPUMEHTANIbHBINA aHAINU3 CBOMCTB Iy4Ka, FEHEPUPYEMOIo B AajbHEH 30HE 3a TaKUM aKCHUKOHOM. [IpompeMoHcTpH-
POBaHO, 4TO €CJIM B BepIINHE (JOpMa AKCHMKOHA OTKJIOHSIETCSI OT KOHWYECKOH B IpejieliaX IeCsITKOB MUKPOMETPOB, TO T10-
MepeYHOe PaclpeiesICHUe HHTEHCUBHOCTH (DOPMUPYEMOI'0 CBETOBOI'O IOJISI MIMEET CHIIBHO OCLMJIMPYIOIIUHA Xapakrep.

O0pa3en HUTUPOBAHHUSA:

Kypuixuna CH, AnGnooun PEAA, Ponor ITH, Bapareykuii AM.
CBeTOBbIE ITyYKH, FEHEPUPYEMbIE AKCUKOHOM C 3aKPYTIICHHON
BepiuHoit. JKypran Beropycckozo eocyoapecmeeniozo ynueep-
cumema. @usuxa. 2023;2:14-21 (ua ann.).
https://doi.org/10.33581/2520-2243-2023-2-14-21

For citation:

Kurilkina SN, Alblooshi RYAA, Ropot PI, Varanetski AM. Light
beams generated by oblate-tip axicon. Journal of the Belarusian
State University. Physics. 2023;2:14-21.
https://doi.org/10.33581/2520-2243-2023-2-14-21

ABTOPBI:

Ceemnana Huxonaeena Kypunkuna — noxrop Gpusnko-Mare-
MaTHYEeCKNX HayK, Podeccop; IIaBHBII HAYIHBIH COTPYAHUK
neHTpa «JIHarHocTuueckne cueteMb» ", mpodeccop kadeapsr
(u3nUeCKO ONTUKY U IPUKJIAJHON HHPOPMATHKH (PU3HIECKOTO
daxymsrera”.

Paweo Eycegh A6oynna Anxaviac Anénoowu — MarucTpant
Kadeapel 1a3epHON (HU3NKH 1 CIIEKTPOCKOINH (u3mdecKoro da-
kynbTeTa. Hayunsrit pykoBogutens — C. H. Kypunkuna.

Iemp Hocugosuu Ponom — xannuaat Gu3nKo-MaTeMaTHuecKux
HayK, JIOLICHT; 3aMECTHTEIIb 3aBEIyIOLIEro HEHTPOM «JlnarHoctu-
YECKHE CHCTEMBD».

Anexceit Muxaiinoguu Bapaneyxuit — HayuHbII COTPYAHUK
LEHTpa «/IMarHoCTHYeCKUE CHCTEMBI».

Authors:

Svetlana N. Kurilkina, doctor of science (physics and mathe-
matics), full professor; chief researcher at the center «Diagnos-
tic systems»” and professor at the department of physical optics
and applied computer science, faculty of physics®.
s.kurilkina@ifanbel.bas-net.by
https:/lorcid.org/0000-0002-1866-4791

Rashed Yousef Abdulla Alhayyas Alblooshi, master’s degree
student at the department of laser physics and spectroscopy,
faculty of physics.

rashed.alblooshi@tii.ae

Piotr 1. Ropot, PhD (physics and mathematics), docent; deputy
head of the center «Diagnostic systemsy.
p-ropot@dragon.bas-net.by
https:/lorcid.org/0009-0005-6132-8952

Aliaksei M. Varanetski, researcher at the center «Diagnostic
systems».

a.varanecki@ifanbel.bas-net.by
https:/lorcid.org/0009-0005-3466-5902

14


https://orcid.org/0000-0002-1866-4791

OnTHKA U CIEKTPOCKOTHSI
Optics and Spectroscopy

[Ipu 3TOM mupuHa Konbla (0671acTh, B KOTOPO HOPMUPOBAHHAS HA MAKCHMAJIFHOE 3HaUCHHE HHTEHCUBHOCTD MTPEBBIIIACT
BennuuHy 0,5) MEHbIIIe TAaKOBOM B ClIy4ae H/IeaJbHOI0 aKCHKOHA. DTH KoJieOaHUs BO3HUKAIOT B pe3yJIbTaTe HHTEp(EepeHIIMN
yacTel MMajaromiero my4ka, MpoXOoIsIero Yepe3 Kpynibli JTMH3000pa3Hblii HAKOHEYHUK aKCHKOHA M OKPY)KAIOIIYIO €ro
KOHHYECKYIO TOBEPXHOCTb. [I0Ka3aHo, YTO NEpHOIMIHOCTH KOJICOAHHUH 3aBUCHUT OT ITapaMeTpa 3aKpyIJICHHUS: TIPH YBEIH-
YEHUH JIAHHOTO NapaMeTpa MEepUOANIHOCTh KOIeOaH!H (2 Takke paJiyc IEHTPAIIbHOTO MAaKCUMyMa) YMEHBILAETCS, a UX
aMIUINTYJa yBenn4uuBaeTcs. [Ipeaioxken n anpoOupoBaH METO/I ONPEIesIeHNs 3aKPyIICHUs pealbHOTO akcukoHa. [Tomy-
YEHHBIC PE3YJBTaThl MOTYT OBITh TTOJIC3HBI /I YTOYHEHHUS XapaKTePUCTUK N3TOTABIUBACMbIX aKCUKOHOB.

Knrouegoie cnosa: akcukon; 6ecceneBbl Mydyky; qudpaknus; nHTep(epeHnns; HHTCHCUBHOCTh CBETA.
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The attention is focused on the real shape of the tip of the axicon, which is not sharp but rather oblate. The imperfect
axicon with rounded tip approximated by a hyperboloid is considered, and the properties of the beam generated in far
field behind such an axicon are analysed theoretically and experimentally. It has been demonstrated that if the axicon tip
deviates in its apex from the ideal sharp tip in the range of tens of micrometers, the transversal intensity distribution is
strongly oscillatory. Meanwhile, the ring width (area, within which normalised intensity is larger than 0.5) is smaller as
compared with the case of ideal axicon. These oscillations result from the interference of parts of the incoming beam pro-
pagating through the round, lens-like axicon tip and the conical surface surrounding the tip. It is shown that the periodicity
of oscillations depends on the parameter of bluntness: if this parameter increases the periodicity of oscillations (as well
as the radius of the center of the light ring) decreases, and their amplitude increases. The method for determination of the
bluntness of real axicon is proposed and tested. Obtained results can be useful for correction of characteristics of conven-
tional axicons.

Keywords: axicon; Bessel beams; diffraction; interference; intensity of light.

Introduction

Axicons are a family of cylindrical symmetrical optical elements that produce a line focus rather than a point
focus from incident collimated beam [1]. There are several types of axicons, working either by reflection or
by transmission, and being either converging or diverging, but the most common one is probably the conical
lens. Recently, new types of axicons are created using metasurfaces [2; 3]. Axicons are widely used in many
applications, ranging from optical coherence tomography [4] and multi-photon imaging [5; 6] to manipulation
and sorting of micro objects like biological cells [7-9] and generation of non-linear optical interactions
(including plasma formation) in solids [10—12], liquids [13—15] and gases [16—19]. This interest is mainly
due to the ability of axicons to form the light beams whose transversal intensity distribution is described by the
zeroth-order Bessel function of the first kind. Meanwhile, this distribution is invariant along the beam propa-
gation. Such beams are called as «quasi-non-diffracting» ones.

As a rule, considering the features of the field behind the axicon authors ignore diffraction effects on the
axicon edges and assume an ideally sharp tip (see, for example, [20—25]). However, in most of the experi-
mental realisations, the obtained pattern is more complicated than predicted such a way. Recently, it is shown
that the diffraction from the axicon edges causes noticeable modulation of the on-axis optical intensity along
the beam propagation [26—28]. Moreover, due to manufacturing constraints [29], the tip of the axicon de-
viates from the ideal cone shape and becomes rather round, causing significant aberrations in the intensity
profile [30-32] (introducing modulations in the on-axis intensity). These oscillations result from the interfe-
rence of parts of the incoming beam propagating through the round, lens-like axicon tip and the conical surface
surrounding the tip [30]. Meanwhile, for narrow beams the axicon acts similarly as a conventional lens. Axicons
with smaller base angles (longer zones of diffraction-less) are more prone to such aberrations. Results, obtained
in works [30—32], demonstrated that axicon blunt profile should be taken into account for most applications,
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especially those requiring high, smooth and continuous on-axis intensities. But determination of the bluntness
value stays important problem because it needs a complex and expensive equipment.

In the present paper, we study the modifications induced by the bluntness of the conical lens vertex on the
transverse intensity distribution of the beam. We show in particular that the round-tip axicon causes the oscilla-
tions in transversal intensity distribution. The periodicity of them can be used for estimation of bluntness and,
as a consequence, optimisation of the transverse size of the incident beam.

Theory: the beam behind axicon

Axicons — conical lenses — are optical elements that have rotational symmetry about the z-axis (fig. 1, a).
They generate a quasi-Bessel beam throughout their depth of focus (DOF) region. It is known that beyond
the DOF, the beam gradually transforms into a ring of constant width and increasing the radius as it pro-
pagates. The important parameters that characterise an axicon are its front face radius R, the base angle o
and the refractive index n (see fig. 1, a). These parameters together determine the length of the DOF of the
axicon.

DOF

Fig. 1. 1deal refractive axicon ray tracing for the Gaussian input (a),
DOF and approximation of its the rounded tip by hyperbola (b)

Let us consider now the input light beam to be a collection of rays traveling parallel to the z-axis. All these
rays refract at the conical surface of the axicon towards the axis with the same angle 6. All the rays at one
radial distance, come to focus at one point on the axis. The rays incident at the extreme of the axicon (i. e. the
furtherest radial distance) determine the DOF of the axicon, as shown in fig. 1, a. As follows from Snell’s law,
sin® = nsina. Thus, for the small angle o, the DOF is calculated by the formula

_R
(n—l)(x.

But when the incident beam waist and the axicon radius are approximately equal, the contribution of diffrac-
tion on the edges becomes significant. It displays in oscillatory axial intensity [28]. Owing to this, as a rule, the
beam waist is chosen smaller than axicon diameter D = 2R, and the length of focal line becomes less:

W
(n—l)oc’

where w, is the half-width of incident beam on the front face of axicon.

Consider now the field formed by axicon with rounded tip (fig. 1, b). It was found that the latter can be
correctly approximated by hyperbola [31] that yields a very good match between the calculations and ex-
periments. The center of used coordinate system is combined with the tip of the perfect axicon, and z-axis is
directed from the input surface.

The axicon surface is approximated by the hyperbola

22
Z 1
2 ph @)

where a and b are parameters characterised the curve. From equation (1) it follows

zz—%\/b2+r2. 2)

DOF =

F=
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Here gz tg%, T is the apex angle (the angle between asymptotes of hyperbola). Then we can rewrite equa-

tion (2):
=4 /a2 + rzctgzg = —\/a2 + rztgzoc.

Parameter a (below — parameter of bluntness) characterises the shape of axicon, namely, the smaller the para-
meter a the closer the axicon shape to the ideal.
The transmission function of the axicon with rounded tip is determined by following relation:

t(r) = exp(—iko (n - l)qa2 + rztg20c), 3)

where £k, denotes the free-space wavenumber associated with frequency . It should be noted that for a — 0
and small angles o equation (3) transfers to well-known formula for transmission function of ideal axicon:

toert (1) = exp[ —iky (n = 1) rtga].

Let the field in the front face of axicon is the Gaussian beam:

where W, = n% Here (as well as above) w is the half-width of the beam. According to scalar wave optics, the

field on distance z from the axicon is described by the integral

_ 2, 2
rl, \/lij.exp[ iko(n - 1)\/a2 + rltg’o + ik, i ;-z )Jo(kzrrl )rdr. (4)

Let z > F. For this case the forming field is the conical beam. Let use equation (4) for calculation of its transver-
sal intensity distribution. For definiteness we suppose below that A = 532 nm (A is the wavelength); R=1.77 cm;
n=1.4657; oo=2° w, =2 mm. Thus, /=12 cm. In fig. 2 the transversal intensity distribution in the pla-
ne z =45 cm is represented for the case when we ignore the bluntness of the axicon tip (¢ = 0) and take it into
account. It is seen that if @ = 0 the ring field is characterised by negligible oscillations. For axicon with blunt
profile the transversal intensity distribution is strongly oscillatory. Meanwhile, the ring width d (area, within
which normalised intensity is larger than 0.5) is smaller as compared with the case of ideal axicon. These os-
cillations result from the interference of parts of the incoming beam propagating through the round, lens-like
axicon tip and the conical surface surrounding the tip.

2
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1.0
I/
~| £ 0.8
Ne———
=
£ 0.6
£
=
2
= 044
g
]
z
0.2-

! I ! I ' T i T T T T T T T
1000 2000 3000 4000 5000 6000 7000
Transversal coordinate, pm

Fig. 2. Transversal intensity distribution of the field formed by ideal axicon (black curve)
and axicon with blunt profile with @ = 8 um (red curve).
Parameters: A =532 nm; R=1.77 cm; n = 1.4657; 0. =2°, w; =2 mm; z =45 cm
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The periodicity of oscillations depends on the parameter of bluntness a. As illustrated in fig. 3, if parame-
ter a increases the periodicity of oscillation (as well as the radius of the center of the light ring) decreases, and
their amplitude increases.

It should be noted that diffraction pattern behind axicon is strongly dependent on the base angle o. For
example, as seen from fig. 4, the change of angle o on 0.1° causes the shift of intensity maximum in the plane
z=45 cm on approximately 380 um. But variation of the base angle does not cause the change of the periodicity
or amplitude of intensity oscillation.

A
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~|Z 0381
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£ 0.6
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= ]
2
2 041
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z
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T Y T T T T T T
1000 2000 3000 4000 5000 6000 7000
Transversal coordinate, pm

Fig. 3. Transversal intensity distribution of the field formed by axicon with blunt profile
with a =3 um (black curve), a = 5 um (red curve), a = 8§ um (blue curve).
Parameters: A =532 nm; R=1.77 cm; n=1.4657; 0. =2° w, =2 mm; z =45 cm
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Fig. 4. Transversal intensity distribution of the field formed by ideal axicon (@) and axicon
with blunt profile with @ = 3 um (b) at base angle o = 2° (black curve) and o. = 1.9° (red curve).
Other parameters: A = 532 nm; R = 1.77 cm; n = 1.4657; w; =2 mm; z =45 cm

Thus, position of maximum of transversal intensity distribution is the function of two parameters (parame-
ter of bluntness a and value of the base angle o), which are determined in manufactory specification, as a rule,
very roughly. Using the features of diffraction patterns in far field behind the axicon one can estimate these
characteristics. In detail this problem will be consider in next section.
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Experiment

In experiment the incident Gaussian beam was transformed by a commercially available axicon Thorlabs
with the front face radius R = 1.27 cm and the base angle o = 2° (according to manufactory specification).
Transversal intensity distribution was registered by CCD camera. Measured beam waist is equal 246 um. Axi-
con was placed on the distance of 2.94 m from the laser. The diffraction patterns from two axicons with the
same «nominaly» parameters, experimentally observed in the plane z = 45 cm, is represented in fig. 5. As seen
from fig. 5, despite equal «nominal» base angles of axicons diffraction patterns, formed by them, strongly differ
as in position of the maximum of transversal intensity distribution (for the first axicon — 5265 um, and for the
second axicon — 5648 um) as the amplitude of oscillation. It indicates the bluntness of their tips and difference in
characteristics of axicons.
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|
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0.6

0.4 1
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0 T LA S R R >

T ———T
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Fig. 5. Diffraction pattern and transversal intensity distribution
for the case of the first (a, b) and the second (c, d) axicons

For determination of these characteristics we measure diffraction patterns from the axicon in some planes
(z=45 cm, z = 60 cm and z = 80 cm). Results of measurements for definite z (for example, z = 45 cm) are
compared with the transversal intensity distributions calculated according to equation (4) for every possible
pair of values o and a (value o changes from 1.8 up to 2.2° with the step 0.1°, and value a changes from 3
up to 30 um with the step 1 um). Thus, the pair of values . and a, is determined, for which coincidence
of measured and calculated transversal intensity distributions takes place. Further, we verify the correlation
between measured and calculated (for o, and @) transversal intensity distributions for another z (for example,
z=60 cm and z = 80 cm). Satisfactory fit between curves for fixed z testifies that the pair of parameters o, and a,
is chosen rightly.
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In fig. 6, there are presented measured and calculated transversal intensity distributions for the first and the
second axicons. As a result of technique described above we obtained that for the first axicon oo = 1.85° and
a =10 pum, for the second axicon o. = 1.9° and a = 8 um.

a b
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Fig. 6. Experimentally (black curve) and theoretically (red curve)
obtained transversal intensity distribution of the field behind the first () and the second () axicons.
Parameters: A =532 nm; R=1.77 cm; n=1.4657; 0. = 2°, w; =2 mm; z =45 cm

Conclusions

We considered an imperfect axicon with rounded tip approximated by a hyperboloid, and we analysed
theoretically and experimentally the properties of the beam generated in far field behind such an axicon. In the
course of the study we have established that if the axicon tip deviates in its apex from the ideal sharp tip in
the range of tens of micrometers, the transversal intensity distribution is strongly oscillatory. Meanwhile, the
ring width d (area, within which normalised intensity does not exceed 0.5) is smaller than in the case of ideal
axicon. These oscillations are caused by the interference of parts of the incoming beam propagating through
the round, lens-like axicon tip and the conical surface surrounding the tip. It is shown that the periodicity of
oscillation depends on the parameter of bluntness a: when it increases the periodicity of oscillations (as well
as the radius of the center of the light ring) decreases, and their amplitude increases. We have proposed and
tested the method for determining the bluntness of real axicon.

Obtained results can be used to correcting the characteristics of conventional axicons.
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