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Abstract.  The results of calculation and development of a device 
aimed at forming a laser beam with an annular intensity distribu-
tion and spatial mode homogenisation, as well as approbation of 
this device for biological phantoms and eyes in ex vivo experiments 
with laser non-ablative correction of the cornea profile, are pre-
sented. The radiation intensities and thermal field distributions on 
the surfaces of a phantom and isolated rabbit’s eye are investigated. 
The absence of significant heating in the central region of eye is 
confirmed. It is shown that this device can be used for laser impact 
in order to change symmetrically eye’s refraction.

Keywords: laser, refraction, annular intensity distribution, eye cor-
nea, correction.

1. Introduction

Eye diseases are known to  lead often to visual  impairments 
[1]. These impairments are caused by the changes occurring in 
the  elements  of  the  optomechanical  system  of  human  eye, 
such  as  cornea,  crystalline  lens,  etc.  In  some  cases,  these 
changes  are  corrected  using  additional  optical  elements 
(glasses, contact lenses, etc.) [2] or performing surgical inter-
ference to correct the refraction of individual elements [3] and 
recover or replace these elements; an example is the replace-
ment of crystalline lens with intraocular lenses (IOLs) [4].

Recently,  certain  progress  has  been  made  in  refraction 
medicine due to the application of ortokeratology [5]. However, 
overnight wear of contact lenses, which is used in keratology, 
recovers the normal eye refraction for only a short time. The 
local thermomechanical effect of laser radiation on a cornea 
beyond  its  optical  region  leads  to  a more  lasting  change  in 
refraction [6 – 8]. Note also that some new diagnostic methods 
based on optical coherence tomography have been developed 
for  the  last  few  years.  These  methods  make  it  possible  to 

investigate  the  fine  features of  thermomechanical  change  in 
the eye cornea shape [9, 10] and slow deformations occurring 
after the laser impact [11]. Successive irradiation of a series of 
points on the surface of cornea (symmetric relative to its para-
central area) [12] may lead to asymmetry of cornea tension in 
the optical zone and thus cause side effects (astigmatism, ker-
atoconus,  etc.) when  treating  diseases  by  ablation methods 
[3]. This problem can be solved using one-shot irradiation by 
a beam with a symmetric intensity profile.

The  lasers  used  in  ophthalmologic  operations  (erbium-
doped solid-state or diode-pumped fibre lasers) are character-
ised  by  insufficiently  stable  spatial  intensity  distribution 
[13,  14], which  is due  (as preliminary  studies  showed)  to  the 
nonuniform  intensity  distribution  in  different  spatial  modes 
and instability of laser beam transmission system. This is a hin-
drance for clinical tests and further practical application of the 
new method for eye refraction correction in ophthalmology.

Different optical elements and schemes have been used to 
form a laser beam with annular intensity distribution: reflect-
ing  cylindrical mirrors,  lens  optics,  free-form  surfaces,  axi-
cons,  and  diffractive  optical  elements  (DOEs)  synthesised 
based on computer calculations [15]. The devices based on the 
so-called focusers [15 – 17] turned out to be the most efficient 
ones (from the point of view of laser energy conversion and 
quality of annular energy distribution). The elements of such 
kind are being improved [18, 19]. In particular, implementa-
tion of specified illuminance on a curvilinear surface using a 
free-form refracting element was considered in [19]. However, 
all aforementioned approaches have drawbacks. It  is gener-
ally  assumed  that  a  plane wave,  or  a Gaussian  beam,  or  a 
beam of a more complex shape (but with a known intensity 
distribution) [19] is incident on the optical element forming a 
specified  intensity  distribution.  The  initial  beam  is  trans-
formed in a special way (generally with a large loss of power) 
in optical experiments. If the beam shape is far from ideal or 
even unknown, the distribution formed by it may differ sig-
nificantly from the calculated one.

In this paper, we present a modification of the calculation 
method  based  on  the  Gerchberg – Saxton  (GS)  algorithm, 
which makes it possible to form a light ring with a highly uni-
form  intensity distribution due  to  the partition of  the DOE 
region  into  segments  and  individual  calculation  of  the  ele-
ment  phase  function  for  each  segment.  The  results  of  the 
development  of  a  device  for  forming  a  laser  beam with  an 
annular intensity distribution and homogenised spatial modes 
are presented. The final purpose of this study is to implement 
a laser impact, to investigate the intensities of radiation and 
thermal fields on the eye surface in ex vivo experiments using 
modes  of  non-ablative  laser  correction  of  cornea  profile 
implemented  in  the  developed  device,  and  to  estimate  the 
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potential of this method in laser operations aimed at changing 
the cornea refraction.

2. Experimental

The instruments used in the experiments were as follows: a solid-
state  diode-pumped  laser  LAKhTA-MILON  (St.  Petersburg, 
Russia) with a wavelength l = 1.56 mm; fluorescent IR detectors 
FID-AS-22 (OJSC Polironik, Moscow, Russia) for converting 
the energy of IR radiation into visible light (i.e., visualising IR 
radiation);  a  laser  beam  power  distribution  profile  meter 
based on a CCD camera with a VGA resolution of 640 ́  480, 
connected to a computer with image processing software; an 
optical fibre 600 mm in diameter (Avantes, USA); refractive 
converters of the laser beam intensity distribution (VOLO, St. 
Petersburg,  Russia);  and  similar  diffractive  converters 
(Institute of Image Processing Systems, Russian Academy of 
Sciences, Samara, Russia).

To reduce the  influence of  light scattering in fluorescent 
converters when measuring  the  radiation  intensity  distribu-
tion  in  transmitted  light,  thin  fluorescent  films  were  fabri-
cated. A  laser  beam was  directed  to  a  film  and  then  (after 
passing through a green filter GF-1) to a CCD camera. The 
laser  power was measured  by  a  power meter  (Field-master 
Coherent, Inc., USA).

The photothermal effect of laser radiation on eye cornea 
models (gel spheres) was estimated using an infrared imager 
Testo 875-1 (TESTOSE & CO, KGA, Lenzkirch, Germany). 
Laser radiation with a special  form of  intensity distribution 
after an annular converter was directed onto the surface of a 
sphere  10 mm  in diameter. The  thermal  radiation  from  the 
heated  spherical  surface was  focused  using  an  IR objective 
onto the sensitive surface of a detecting infrared imager.

3. Formation of a laser beam with an annular 
intensity distribution

The transformation of a laser beam with a rectangular inten-
sity distribution and nonuniform filling of modes into a beam 
with an annular intensity distribution is based on the synthe-

sis of a DOE that transforms inhomogeneous radiation at the 
laser output into homogeneous one. Figure 1 shows the initial 
intensity distribution for a laser beam consisting of six trans-
verse modes, measured at a distance of 100 mm from the laser 
output connector.

A calculation of a DOE forming a specified annular distri-
bution at a specified distance from the DOE plane is reduced to 
the search for the phase transmission function of the element 
that would form a specified annular intensity distribution in the 
lens focal plane disregarding the phase distribution obtained in 
the  output  plane.  This  problem  can  be  solved  using  various 
iterative methods [20 – 24], e.g., the Gerchberg – Saxton method. 
The main advantage of iterative algorithms is that they are more 
exact as compared with other algorithms for DOE phase calcula-
tion. At the same time, one must take into account that the ele-
ments obtained by these methods have an irregular microrelief in 
most cases, which imposes stricter requirements on their fabrica-
tion technology [20, 21].

3.1. Gerchberg – Saxton algorithm

The GS algorithm is aimed at solving the nonlinear integral 
Fresnel  equation, which  is used  to calculate  the optical  ele-
ments forming an arbitrary specified intensity distribution of 
coherent monochromatic light in some plane oriented perpen-
dicular to the optical axis [18]. A new estimate of the desired 
function  in  each  iteration  is  chosen  not  only  in  correspon-
dence with  the desired  intensity  function but also  in depen-
dence  of  the  previous  estimate.  The  algorithm  convergence 
rate depends on the choice of specific values of some weight-
ing or regularisation parameters. Furthermore, we will con-
sider the conventional GS algorithm without introducing any 
weighting parameters. 

Within  the  scalar  theory  of  diffraction,  the  complex 
amplitude of wave in the (u, u) plane of the optical element,

W(u, u) = A(u, u)exp[if(u, u)]  (1)

is related to the wave complex amplitude in the (x, h) image 
plane,

F(x, h) = B(x, h)exp[iy(x, h)].  (2)

In the formation plane of the desired intensity distribution we 
have
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is the impulse response function of free space in the Fresnel 
approximation, z is the distance between the DOE and obser-
vation plane, and k is the wave number. Within the Fraunhofer 
approximation  the  impulse  response  function  of  free  space 
takes the form

, , exp iH u z k ux u h x uh- - = +^ ^h h6 @.  (5)

Figure 1. Intensity distribution in a laser beam at the output of a diode-
pumped solid-state laser: (left) mode spatial distribution and (right) in-
tensity distribution profile.
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Within the approximation of thin optical element (trans-
parency approximation), which disregards the ray refraction, 
the complex amplitude W in Eqn (3) is the product of com-
plex  amplitude W0(u,  u)  by  the  transmission  eigenfunction 
T(u, u) of the DOE:

W(u, u) = W0(u, u)T(u, u).  (6)

Since the approximation in use considers only phase optical 
elements, the DOE transmission function was chosen in the 
form

T(u, u) = exp[ig(u, u)],  (7)

where g(u, u) is the specified DOE phase.
The  calculation  of  the  phase  function  g(u,  u)  can  be 

reduced to solution of the nonlinear integral equation

, ,I F0
2x h x h=^ ^h h

3

, , , d dz
k A u e H u z u2

,i u
0

2

p u x u h u= - -z y

3-
^ ^^h hhyy ,  (8)

where  I0(x, h)  is  the  specified  intensity  in  the  image  region. 
The image formation scheme using a DOE is shown in Fig. 2.

The  iterative method  for  calculating  the  phase f(u,  u)
and, correspondingly, the phase g(u, u), implies solution of 
Eqn  (8)  by  the method of  successive  approximations. The 
GS  (or  error  reduction)  algorithm  includes  the  following 
steps:

(1) an  initial estimate  is chosen arbitrarily  for  the phase 
f0(u, u);

(2)  integral  transformation of  the  function W0 = A0(u, u) 
´ exp[if(u, u)] is performed according to formula (3);

(3)  the  thus  obtained  complex  amplitude F(x,  h)  in  the 
image  formation plane  is  replaced with  the  complex ampli-
tude  ,F x hr^ h according to the rule

, , , ,F B F F0
1x h x h x h x h= -r^ ^ ^ ^h h h h ,  (9)

where  , ,B I0 0x h x h=^ ^h h ;
(4)  the  transform  inverse  to  (3)  relative  to  the  function 
,F x hr^ h is calculated:
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(5)  the  found  complex  amplitude W(u,  u)  in  the  DOE 
plane is replaced with  ,W u ur ^ h according to the rule
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where Q is the form of the DOE aperture;
(6) transition to step 2.
This procedure is carried out until errors dF and dW, which 

are defined as 
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become  slightly  varying  values.  The  GS  algorithm  conver-
gence is characterised by the stagnation effect: the error dF 
(or  dW)  rapidly  decreases  during  several  initial  iterations, 
and all subsequent iterations do not lead to any significant 
decrease in it.

The modification of the GS algorithm performed in this 
study concerns the calculation domain of the element phase 
function.  The  above-described  algorithm  was  successively 
applied to six segments (Fig. 3).

Each  segment  in  Fig.  3  was  calculated  as  a  completely 
independent element, focusing beam into a ring. The calcula-
tion was performed on the assumption that the initial beam 
had a Gaussian intensity distribution. The joint application of 
six individual focusing elements (even at a significantly asym-
metric shape of the initial beam and error in centring the ele-
ment in the output plane, one can obtain highly uniform illu-
minance in the light ring.
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Figure 2. Schematic of image formation using a DOE.
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Figure 3. DOE segmentation aimed at forming an annular distribution.
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3.2. Calculation of DOE output parameters

The DOE model is a pattern of relief, which is deposited on 
glass  (or some other similar material). Generally,  images of 
phase  transmission  functions  are  calculated  in  the  form  of 
black and white  images with 255 shades of gray. The white 
and black colours correspond to the areas with the largest and 
zero phase relief heights, respectively. When going from white 
to black colour, the relief is decreased by a value of l/(n –1), 
where l is the laser wavelength, and n is the refractive index of 
the  DOE  material.  Therefore,  the  phase  of  the  radiation 
transmitted through DOE changes by 2p from white to black 
segments.  Figure  4  shows  (a)  the  DOE  phase  calculated 
according to the GS algorithm when the intensity distribution 
is formed as a light ring in the Fraunhofer approximation and 
(b) the intensity distribution itself.

Figure  5  presents  a  converter  of  the  radiation  intensity 
distribution, which uses the optical element calculated accord-
ing to above-described algorithm. The converter changes the 
laser  beam  intensity  distribution  shown  in  Fig.  1  into  an 
annular  distribution  (Fig.  6).  Note  that  the  laser  radiation 
(inhomogeneous in space) had a rectangular intensity distri-
bution for each of the six spatial modes, was unstable in time, 
and depended on the emitted power.

The ring converter (see Fig. 5) is mounted on a fibre con-
nected  to  a  LAKhTA-MILON  laser.  The  radiation  at  the 
converter output had an annular distribution. Two distribu-
tions of laser beam intensity, shown in Figs 6a and 6b, respec-
tively, were obtained using a fluorescent converter FID-AS-22 

and  cw  laser with  output  powers  of  7.4  and  7.0 W  respec-
tively; the values of the integral radiation power in the ring at 
the converter output were, respectively, 1.3 and 1.2 W. The 
nonuniformity of the azimuthal intensity distribution did not 
exceed 5 %, and the output power instability in the ring was 
2.5 % of the laser output power.

4. Experimental study of temperature fields  
on homogeneous objects

The radiation after the converter had an annular intensity dis-
tribution; the thickness and diameter of the ring could be con-
trolled. We found and rigidly fixed two converter positions, 
which  provided  rings  of  two  different  diameters  and  thick-
nesses (see Fig. 6), with preservation of the same level of aver-
age intensity throughout the ring.

The irradiation of a spherical hydrogel phantom with a 
curvature radius corresponding to the curvature of human 
eye cornea external surface in the central optical region by 
an annular laser beam directed normally to the surface at 
the upper point of the sphere (Fig. 7) led to inhomogeneous 
but  axisymmetric  heating  of  the  surface.  The  irradiation 
was performed in the repetitively pulsed regime: five 500-
ms  irradiation  pulses  separated  by  300-ms  intervals.  An 
annular thermal field with a maximum temperature differ-
ing by 8 °C from the ambient temperature was formed on 
the gel surface by the end of irradiation. The thermal field 
was symmetric relative to the center and had a dip of 5 °C 
at the center. Since infrared imaging was performed at an 

a b

Figure 4. DOE calculation based on the GS algorithm: (a) DOE phase 
and (b) ring image.

Figure 5. Ring converter of the laser beam intensity distribution.
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Figure 6. Cross  sections  of  laser  beam  intensity  distributions  in  the 
form of rings (a) 8.1 and (b) 8.5 mm in diameter, obtained with a fluo-
rescent converter FID-AS-22.
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angle of 60°, the temperature distribution in Fig. 7 is asym-
metric relative to the irradiation axis.

Note that, to implement symmetric uniform heating of 
spherical  samples,  which  is  necessary  for  changing  sym-
metrically  the eye  refraction,  the  laser beam was directed 
along the sphere axis, and the  temperature was measured 
(using an infrared imager) at some angle to this axis. As a 
result, the recorded radial temperature distribution in the 
irradiated  spot  on  the  sphere  surface  was  asymmetric 
because  of  the  misalignment  of  the  detection  and  beam 
axes (Fig. 8).

The thermal-field patterns on the surface of isolated rab-
bit eye under 5-s irradiation by annular laser beams with wide 
and narrow  intensity  distributions  in  the  cw mode  are  pre-
sented  in  Fig.  9a;  the  corresponding  temperature  distribu-
tions are shown in Fig. 10.

It  can  be  seen  that,  in  the  case  of  the wider  ring,  the 
temperature dip at the centre is larger and its maximum is 
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Figure 7. (Colour online) Temperature distribution on the surface of a 
gel phantom after its exposure to a laser beam with an annular intensity 
distribution (a ring 8.5 mm in diameter) at an average power of 7.4 W in 
the repetitively pulsed regime (5 pulses, pulse duration 500 ms, interval 
between pulses 300 ms).
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Figure 8. (Colour online) Radial temperature distribution over the la-
ser irradiation spot on the surface of a gel sphere.
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Figure 9. (Colour online) Thermal field patterns on the surface of isolated 
rabbit eye irradiated for 5 s by annular cw laser beams with (a) wide (ring 
8.5 mm in diameter) and (b) narrow (8.1 mm) intensity distributions.
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Figure 10. (Colour  online) Radial  temperature  distributions  over  the 
surface of isolated rabbit eye in the laser beam spot: 5-s irradiation in 
the cw regime by an annular beam with an intensity distribution  in a 
ring (a) 8.5 and (b) 8.1 mm in diameter.
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shifted by a larger distance from the laser beam axis. It fol-
lows from the thermal patterns that the temperature distri-
bution retains the form of a ring with a dip by 5 – 7 °C at 
the centre during five pulses; upon cooling, the tendency of 
heat  propagation with dip preserved  at  the  centre  is  also 
retained (Fig. 11).

The  thermal  field  distribution  formed  on  a  spherical 
sample surface as a result of laser beam absorption (Fig.  10) 
is a true temperature distribution only in the vicinity of a 
surface  element  oriented normally  to  the  infrared  imager 
detector. In view of the sample surface curvature, this field 
is perceived by the infrared imager as distorted. On the one 
hand,  an  image  becomes  distorted  under  wide-aperture 
conditions. On  the  other  hand,  one  can observe  attenua-
tion of the IR signal emitted by the surface elements mak-
ing large angles with the detection direction. The consider-
ation of the tilt angle of  the surface to the optical system 
axis made it possible to measure the radial temperature dis-
tribution from the ring centre for a line on the surface lying 
in the observation plane. The distributions of the measured 
and calculated  true heating  temperatures of  experimental 
samples  for  both  irradiation  intensity  distributions  are 
shown in Fig. 12.

To confirm the fact of symmetrical heating of spherical 
surfaces,  we  performed  measurements  in  the  multiangle 
view regime using a rotating camera. As a result, the ther-
mal  field  in  a  spherical  sample  irradiated  by  an  annular 
beam  was  verified  to  be  symmetric  relative  to  the  beam 
axis. 

5. Conclusions

An algorithm was presented and the corresponding calcula-
tion was carried out in order to develop a laser emitter with an 
annular  intensity  distribution  and  homogenised  spatial 
modes.  The  radiation  intensity  distributions  and  thermal 
fields on the eye surface in ex vivo experiments on non-abla-
tive  laser  correction  of  the  eye  cornea  profile  were  investi-
gated for a device based on this algorithm. It  is shown that 
this device can be used to implement a laser impact aimed at 
changing  symmetrically  the  refraction  of  eye  relative  to  its 
optical axis.
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