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Abstract.  Forward scattering of light passing through large-scale 
irregularities of the interface between two media having different 
refractive indices is considered. An analytical expression for the 
ratio of intensities of directional and diffusion components of scat-
tered light in the far-field zone is derived. It is theoretically shown 
that the critical depth of possible interface relief irregularities, 
starting from which the intensity of the diffuse component in the 
passing light flow becomes comparable with the directional light 
component, responsible for the image formation on the eye retina, 
is 3 – 4 mm, with the increase in the refractive index in the postop-
erational zone taken into account. These profile depth values agree 
with the experimentally measured ones and may affect the contrast 
sensitivity of vision. 

Keywords: ablation, photorefractive surgery, scattering, rough sur-
face. 

1. Introduction

Modern techniques of photorefractive surgery correcting the 
refraction abnormalities allow high-probability restoration of 
visual  acuity  up  to  the  baseline  of  preoperational  best  cor-
rected  visual  acuty  under  photopic  conditions  (day-light 
vision). However, clinical observations and experimental data 
show that after such operations the contrast acuity of vision 
may be lower than before the operation with lens correction, 
particularly, under the mesopic (twilight vision) and scotopic 
(night vision) conditions of illumination. The reduction of the 
contrast acuity of vision is more or less present in all patients 
and  is  due  neither  to  surgical  implications,  nor  to  higher-
order aberrations induced [1]. Therefore, there are other fac-
tors affecting the contrast acuity of vision, one of which being, 
apparently,  the roughness of  the operation zone surface, or 
the interface, as they commonly refer  it  in modern ophthal-
mology. This roughness results from the action of a mechani-
cal  microkeratome  or  femtosecond  laser  radiation  used  to 
form the corneal flap, as well as the radiation of an excimer 
laser that forms the cornea ablation profile, required to cor-
rect the abnormalities of refraction.

Earlier  [2,  3]  we  reported  the  estimates  of  the  effect  of 
irregularities of the surface of the stromal part of the eye cor-

nea, appearing at the interface and having the larger size com-
pared with the wavelength of light, on the quality of the image 
produced  on  the  retina.  It was  shown  that  such  large-scale 
irregularities may affect the acuity of vision even under high-
contrast  photopic  conditions.  In  the  present  paper we  con-
sider forward scattering of light passing through a statistically 
rough interface between two media having different values of 
the refractive index. We derived an analytical expression for 
the ratio of directional component intensity to that of the dif-
fuse one in the far-field zone. We also calculated the critical 
values  of  the  irregularity  size  parameters  of  the  interface 
relief, at which the intensity of the diffuse component in the 
light flow passed through the interface becomes greater than 
the  intensity of the directional  light component, responsible 
for producing the image on the eye retina.

2. Formulation of the problem

At  present  the  most  rigorous  of  the  existing  methods  that 
allow description of light scattering by surfaces not only with 
a small-scale (h << l), but also with a large-scale (h >> l) relief 
is  the Kirchhoff method, based on the  idea of replacing the 
real  rough  surface  at  each  point with  a  tangent  plane. The 
refraction and reflection of the incident wave by the tangent 
plane  is  assumed  to  obey  the  Snell  and  Fresnel  laws.  The 
method is applicable to surfaces with large-scale irregularities 
(lc >> l), in which s << lc /l, where s = h/lc  is the mean-square 
slope, h is the mean-square depth of the surface irregularities, 
l is the wavelength of incident radiation in vacuum, lc  is the 
correlation  length  that  determines  the  characteristic  size  of 
irregularities along the interface between the media. Based on 
this approach the theories of electromagnetic wave scattering 
by  an  ideally-conducting  surface  were  developed  for  both 
periodic [4] and stochastic [5, 6] irregularities of the interface 
between two media. The theory of scattering due to reflection 
from  a  statistically  rough  surface,  based  on  the  Kirchhoff 
method,  is  thoroughly discussed  in books  [7, 8]. Except our 
papers [9, 10] we do not know other papers where this method 
was used to study scattering of plane waves caused by refrac-
tion at a statistically rough interface. 

In  Refs  [9,  10]  the  Kirchhoff  method  and  the  integral 
Stratton – Chu relations [11] were employed to develop a vec-
tor analytical theory to describe the refraction of arbitrarily 
polarised light beam with an arbitrary distribution of inten-
sity in the cross section, normally incident onto an interface 
between  two  dielectrics  possessing  a  large-scale  roughness. 
The mathematical  essence  of  the Kirchhoff method  is  pre-
sented and the conditions of its validity are formulated, which 
explicitly determine the limitations imposed on the statistical 
parameters of the surface. General analytical expressions are 
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derived for the mean intensity of the directional and diffuse 
components  of  the  scattered  radiation,  valid  both  in  the 
Fraunhofer and the Fresnel zones. The spatial distribution of 
the mean intensity of the directional component and the spa-
tial evolution of the distribution of mean intensity of the dif-
fuse component are investigated at weak (h << l) and strong 
(h >> l) phase fluctuations, respectively. In the present paper 
we consider a particular problem of  light passing the rough 
boundary of the eye cornea interface after the vision correc-
tion by means of ablation of the stromal part of the cornea 
using the excimer ArF laser (l = 193 nm). 

We make use of a reduced optical scheme of a human eye, 
in which the cornea and the lens are replaced with a single lens 
having the focal length 17 mm. The interface zone is assumed 
to be  localised  in  front of  the  lens, as  shown  in Fig. 1. The 
rough interface between the first dielectric medium with the 
refractive index n1 > 0 and the second medium with the refrac-
tive index  n2 > 0 is described by the equation z = f (x, y). Let 
this surface be irradiated with a light beam having the radius 
r0 and the uniform intensity I0. Our goal is to determine the 
ratio of intensities of the directional and diffuse components 
of the scattered light in the far-field zone, since it is equivalent 
to the ratio of these quantities in the focal plane of a reduced 
eye.

Let us assume that the rough surface is spatially homoge-
neous and statistically isotropic, and the probability density 
distributions for the deviation of the surface z = f (x, y) from 
the mean plane  ( , ) 0f x y =  (the bar over the function symbol 
denotes statistical averaging) obey the Gaussian law. In this 
case  the probability density w(  fx,  fy)  for  the distribution of 
the surface slopes fx = ∂f (x, y)/∂x и fy = ∂f (x, y)/∂y possesses 
random character and is determined by the equation

( , ) expd d d dw f f f f
f f
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The detailed mathematical description of the problem is 
presented  in  [9,  10].  The  physical  nature  of  the  considered 
optical approximation is the following. Each point of the sur-
face acts as a source of a continuum of microscopic beams, 
refracted following the Fresnel and Snell laws by the surface 
irregularities having the Gaussian statistics of the local slopes. 
Microbeams,  scattered  in  one  direction,  are  focused  by  the 
eye into a definite point of the retina. In our scheme this is a 
point in the focusing lens focal plane. Hence, the illuminance 
at this point is a result of mutual action of microbeams, scat-

tered in one direction from all regions of the illuminated irreg-
ular surface. 

In an eye having ideal optical quality of the cornea surface 
the  light beam, passing  through  the pupil,  is  focused  into a 
small spot on the retina  in correspondence with the  laws of 
diffraction.  In  the  real  eye  the  intensity  distribution  in  the 
light spot on the retina is determined by aberrations. In the 
presence of irregularities on the interface between the media 
having  different  refractive  indices  a  certain  fraction  of  the 
radiation is scattered, thus reducing the contrast of the point 
image. To solve the formulated problem it is sufficient to cal-
culate the intensity  ( , , )I z0 0 p  in the far-field zone at a certain 
point z = zp =  const  belonging  to  the  semispace z >  f(x, y) 
(Fig. 1).

3. Calculation of intensity ratio of the directional 
and diffuse scattered light components 

Consider the light propagation through a rough surface from 
the medium with the refractive index n1 into the medium with 
the refractive index n2. Assume that the correlation radius lc, 
the vacuum wavelength of light l, and the radius (determined 
by the pupil size) r0 of the light beam, incident on the surface, 
satisfy the inequality l << lc << r0.

To evaluate the effect of the rough interface boundary on 
the quality of the image on the retina it will be sufficient to 
determine the intensity ratio of scattered and directional com-
ponents of the light on the visual axis, i.e., at a single point in 
the centre of the yellow spot of the retina. Under these condi-
tions one can derive analytical expressions for the light energy 
of the diffuse component after passing through the interface, 
as well as for the intensities of the directional and diffuse com-
ponents of  the  scattered  light. From Eqn  (44) of Ref.  [9]  it 
follows that in the far-field zone (z >> r02 /l) the intensity of the 
directional component at the observation point (x = y = 0, z = 
const) can be presented in the form
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= +  is the Fresnel transmis-
sion  coefficient  in  the  case  of  a  plane  surface;  kph
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- ; sph is the mean-square phase fluctuation of the 
wave, passed through the rough surface. 

In correspondence with Eqn (45) from Ref. [9], the expres-
sion for the ratio of the directional component energy Edir to 
the energy of the incident radiation E0 has the form
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The intensity distribution for the diffuse component at the 
observation point (x = y = 0, z = const) in the far-field zone, 
following from the general  formula  (36) of Ref.  [9], has  the 
form
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From the distributions (1) and (3) we find that the ratio of 
intensities  of  the directional  and diffuse  components of  the 
scattered field in the far-field zone can be expressed as 
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Figure 1. Reduced optical scheme of the eye.
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Let us  introduce the notation  phj s=
2 . It  is easy to see that 

G (j = 0) = 0 and
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From  Eqn  (5),  taking  the  boundary  condition  G (j = 0) = 0 
into account, we get

j

( ) e dt t1t

0
jG = -y .  (6)

Expanding the exponential function in powers of t, it is easy 
to see that Eqn (6) coincides with the expression for the func-
tion G (j) in Eqn (4).

At small  phs2  we have  ( )ph phs sG =
2 2 .  In  this case Eqn (4) 

yields the expression
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Let us determine the asymptotic behaviour of the ratio (7) 
at  high  h. Using  Eqn  (6)  and  the  L’Hospital  rule,  one  can 
prove that at j > 2 the following expansion is valid:
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Substituting Eqn (8) into the expression (4), we get
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4. Results and discussion

When  correcting  the  vision,  the  roughness  of  the  interface 
surface appears  as  a  result of  the mutual  action of  excimer 
laser  radiation and mechanical or  laser  instruments used  to 
cut off the eye corneal flap in the method of laser keratomi-
leusis  in  situ  (LASIK),  or  in  the  process  of  ablation of  the 
cornea  surface  in  the  case  of  photorefractive  keratectomy 
(PRK). Because of the arising post-operation irregularities a 
fraction of the radiation incident on the eye is diffusively scat-
tered  when  passing  through  the  cornea  rough  surface  and 
produces a flare on the retina that does not carry information 
about the object. The remaining part of the radiation passes 
through the fragments of the surface with lc = 0 without scat-
tering and produces a sharp image of the object. On the retina 
of such an eye one will observe a sharp image of the object 
against the flare background produced by the scattered light. 
The  distribution  of  the  light  passed  through  the  interface 
between the diffuse and directional components, as well as the 
intensity  ratio  of  these  components  at  the  point  (0,  0,  z  = 
const), depend on the depth of the surface relief. In the course 
of  the  regenerative  process  the  surface  irregularities  of  the 
cornea stromal part,  induced  in the region of  laser ablation 
when using the PRK method, are covered with epithelial cells, 

which  rather  repeat  the  stroma  surface  relief  and  possess 
almost similar refractive index (n2 = 1.376). In this method of 
correction the scattering occurs at the interface between the 
epithelium and the lacrimal film whose refractive index is n1 = 
1.33. When the LASIK method is used, the light flux after the 
operation  passes  through  the  rough  surfaces  of  the  cut-off 
flap and the zone of the cornea stromal part, ablated by the 
laser  radiation,  and  is  partially  scattered  by  these  surfaces. 
The  space  between  the  flap  and  the  stromal  bed  with  the 
refractive  index n2 = 1.376,  is most probably  filled with  the 
intraocular fluid, whose refractive index is n1 = 1.336. 

All  calculations  are  performed  for  an  ideal  eye,  and  no 
higher-order aberrations, individual in each patient, are taken 
into account. Then the distribution function for the energy in 
the image of a remote point source at the retina of the eye is 
determined only by  the diffraction of  light passing  through 
the pupil. In a real eye the contribution of aberrations is suf-
ficiently high [12], and when the pupil diameter exceeds 4 mm 
the energy distribution function, produced by a distant point 
source on  the  retina,  is  completely determined by  the high-
order aberrations. Hence, in the calculations presented below 
we assume the pupil radius to be r0 = 2 mm, and the correla-
tion length lс = 100 mm.

Figure 2 presents the theoretically calculated dependence 
(2) of the ratio of light energy Еdir, carried by the directional 
component, to the energy of the radiation E0, incident on the 
coarse surface, on the ratio h/l for Dn = n2 – n1 = 0.04. It  is 
seen that for the light with l = 0.5 mm the scattering by irregu-
larities with the relief depth of 3 – 4 mm leads to such an angle 
redistribution of the light energy that the directional compo-
nent fraction appears to be no greater than 10 % of the inci-
dent energy. 

Using Eqns (4) and (6) we calculated the dependence of 
the ratio of the maximal intensity of the directional compo-
nent  Imaxdir  to  that of  the diffuse component  Imaxdif   in  the  far-
field zone (in our case on the eye retina) on h/l (Fig. 3). The 
choice  of  the  values  Dn  =  0.04  and  0.08  is  caused  by  the 
increase of the refractive index of the cornea surface ablated 
by the radiation of the excimer laser (l = 193 nm). As shown 
in Ref. [13], the refractive index of the ablated eye stroma sur-
face depends on the exposure radiation dose and may be as 
large as 1.41. Its increase leads to the reduction of the critical 
size  of  the  irregularities. Thus,  for Dn =  0.04  (difference  of 
refractive  index  values  before  the  operation)  the  diffusive 

0 2 4 6 8

0.2

0.4

0.6

0.8

1.0

h/l

Edir/E0

Figure 2. Ratio of the energy Edir carried by the directional component 
to the energy E0 of the radiation, incident on the rough surface, vs. the 
ratio h/l for Dn = 0.04
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component  becomes  essential  (Idir  =  Idif)  at  the  irregularity 
depth h > 5 mm. After the vision correcting operation Dn may 
reach 0.08, and the irregularities having the depth h > 3 mm 
may affect the contrast sensitivity of vision.

Table 1 summarises the surface relief depth values, mea-
sured when using the mechanical microkeratome (Nidek) and 
femtosecond lasers Intralase (repetition rate 15 and 30 kHz) 
and Da Vinci [14]. It is seen that the depths of the irregulari-
ties at the stroma surface are nearly the same (2 – 3 mm) after 
the use of both the microkeratome and the femtosecond laser. 
The measurements show that in the most advanced surgical 
setups the laser ablation causes additional roughness with h ≈ 
2 – 4 mm. Therefore, we can safely assume the depth of charac-
teristic stroma irregularities after the vision correction opera-
tion to be 3 – 4 mm. As shown by histological studies and elec-
tron microscopy of the cornea sections, after cutting off the 
flap and repositioning it back onto the stromal bed a cavity 
arises, i.e., the flap does not tightly adjoin the stromal part of 
the  cornea.  After  the  laser  ablation  this  gap  may  only  be 
enlarged. Due to the biomechanical disintegration of the cor-
nea,  the  flap does not move as a unit with  the corneal bed, 
which also affects its gapping. Most probably, in a favourable 
case this gap will be filled with a liquid having similar optical 
parameters as the intraocular one. The analysis of the rough-
ness appearing on the stroma surface after ablation yields the 
correlation length lc G 100 mm.

From the dependences shown in Figs 2 and 3 it is seen that 
when the roughness depth is h H 10l, practically all the energy 
of  the  incident  radiation  appears  to  be  concentrated  in  the 
diffuse  component.  The  ratio  of  the  intensity  of  the  direc-
tional component that produces sharp image at the retina to 
the intensity of the diffuse component is close to unity. Let us 
calculate the width of the distribution 2rdif of the diffuse com-
ponent intensity at the level exp(–2) at the retina surface using 
the formula 2rdif = (4h/lc)(n2/n1 – 1) f [10], where  f is the focal 

length of the lens. Assume the focal length of the reduced eye 
to be 17 mm and the ratio h/ lc = 0.05. Then it is easy to calcu-
late that, depending on Dn, the diameter of the diffuse spot on 
the  retina will  be  100 – 200  µm. The  surface  relief  depth,  at 
which  the  scattered  component  becomes  essential  and  the 
directional component may be neglected, is determined by the 
condition  Idif H Idir:  2p2(n2  –  n1)2 (h/l)2 Hln(r0/lc)  [10].  This 
condition is valid for an ideal aberration-free eye. 

5. Conclusion 

Thus, in the present paper it is established that the roughness 
a few micrometres deep, produced in the laser ablation zone, 
may  affect  the  contrast  sensitivity  of  the  vision  of  patients 
after  photo-refraction  vision-correcting  operations,  particu-
larly under  the condition of  low contrast and  low  illumina-
tion, when the pupil is large and the image of a remote point 
on the retina is determined only by higher-order aberrations, 
for which the point-spreading function is much broader than 
the one caused by diffraction.

The  reflection  from  the  interface  between  the  media  is 
practically  zero  and,  therefore,  the  interface  cannot  be 
observed in reflected light using, e.g., a slit lamp. Indeed, the 
Fresnel  reflection coefficient  for a  surface  separating media 
with different refractive  indices may be calculated using the 
formula  R = [1 – 4n2n1/(n2 + n1)2 ], i.e., in our case R < 0.03 %. 

A few words should be said about what will happen after 
the vision correction using the PRK method. In this case the 
rough surface of the stromal part of the cornea is contiguous 
with the lacrimal film rather than with the intraocular liquid 
(n1 = 1.336). In this sense there is no difference between the 
PRK and LASIK methods. In the process of re-epithelisation 
(epithelium  restoration)  the  influence  of  roughness  on  the 
acuity of vision will weaken, and after  six months after  the 
operation,  when  the  rehabilitation  processes  will  be  com-
pleted, the vision of the patient may return to the preopera-
tion level of contrast sensitivity. The process of smoothing the 
cornea surface up to the optical quality is determined by the 
simple nature of the re-epithelisation process [15]. On the con-
trary, after the LASIK correction of vision the quality of sur-
face  of  the  stromal  part  of  cornea  and  the  yawning  flap 
remains  practically  changeless  and  the  contrast  sensitivity 
does not reach its preoperation level.
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