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The development of methods for increasing the sensitivity of interferometers intended for
studying complex phase media, which are characterized by abrupt changes in internal
inhomogeneities, is a very urgent task.

The aim of the study, the results of which are presented in the article, is a theoretical
analysis of the possibility of improving the sensitivity of the output data of a holographic
interferometer using digital methods of processing optical information. The research results
showed that the presence of digital information about the object and reference waves and about
the interference pattern recorded by the CCD matrix allows performing various mathematical
operations on these data, after which they can again be displayed on the screen, i.e., visualized.
These operations can be carried out both in the sections from the object to the output plane, and
at the output of the system, directly with the intensity distribution, which is fixed by the CCD
matrix.

A sequence of numerical operations is proposed, which makes it possible to increase the

sensitivity of the holographic system by a factor of 2", where m =0,1,2,3,.... It is also shown

that the increase in sensitivity according to the indicated scheme is limited only by possible
speckle noise, which can worsen the contrast of the fringes of the interference pattern.

The proposed method for increasing the sensitivity of the interferometer, in contrast to
the known ones, does not rely on hardware changes in interferometric systems, which is
associated with high costs, but digitally improves the characteristics of the output data of low-
sensitivity interferometers.

The results of the work can be used in studies of complex phase media.

Key words: holographic interferometry, holographic system sensitivity, CCD matrix,
digital methods, Fresnel transform, Fourier transform, object wave, reference wave.

Introduction

Interferometric methods are well suited for measuring the optical densities of dynamic
phase media like plasma or complex aerodynamic flows [1]. However, taking into account such
a feature of such media, as, in most cases, the presence of only small gradients of the refractive
index, it can be concluded that the sensitivity of classical interferometers is insufficient for
recording the density distribution in such phase media [2]. In principle, the sensitivity of
classical interferometry methods can be increased. It should be borne in mind that in classical
interferometry, any change in the wavefront is determined by an optical method, which makes it
possible to use precisely optical methods for increasing the sensitivity. First of all, this is an
opportunity to increase the number of wave passes in the interferometer. The addition of various
interference orders can be used, as is done in a multichannel holographic interferometer [3]. You
can use the methods of multiwave interferometry, various nonlinear effects, etc. [4]. Moreover,
all these methods can be used both to increase the sensitivity of classical interferometry methods,
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and to reduce them [4] . However, the development of information technology makes it poss &
to achieve similar results through various transformations of the recorded and digitized image of
the interference pattern. The transition to digital methods for processing interferograms is
especially effective in holographic interferometry, since digital holographic methods are very
well developed, and the methods of holographic interferometry themselves turn out to be much
more sensitive. That is, it is possible to achieve the highest efficiency of the sensitivity of
interference methods for measuring the parameters of phase media using, first of all, the methods
of digital holographic interferometry.

The purpose of the study considered in the article is to theoretically substantiate the
possibility of improving the sensitivity of digital holographic interferometry methods, which will
allow one to determine very small fluctuations in the inhomogeneities of the phase media under
study.

Theoretical substantiation of the possibility of increasing the sensitivity of the method of
two exposures

Consider the classical scheme of recording a quasi-Fourier hologram. In this scheme, an
off-axis point reference and an object, which in general can be either opaque or transparent, are
placed on the same plane, which can be called the input plane of the system. In the case of digital
holography, the plane of the CCD (charge coupled device) sensors of the matrix is usually taken
as the output plane. Let us denote the distance between the input plane of the system and the
plane of the CCD matrix by /. The coordinate system in the input plane will be denoted by

(Xy>)p ), in the output plane ( X, ) ). Mathematically, the input plane can be represented as [5, 6]
WXy, Vo5 20) =00 =X, 3y =Y ) +u(x,, ).
(1)

Here ( X,Y ) are the coordinates of the position of the point source in the input plane,

u(xo,y0)=aexp[i9(x0,y0)] is the wave coming from the object, 5()60 —X,y,—Y) is the delta

function describing the point source. The distance between the input and output planes is such
that the plane in which the CCD is located barks the Fresnel region. That is, the field of a light
wave in the plane of the CCD matrix can be found using the Fresnel approximation.

_ explikz) ir 2 2
v(n 0 == — | j v(xo,yo,zo)exp{z[(x—m +(y =) ]}dxodyo.
(2)

Equation (2) represents the diffraction integral in the form of the Fresnel transform,
which is obtained as a paraxial approximation of the general diffraction integral [7].

Here k :2% is the wave number, is the length of the light wave, z is the coordinate on

the axis along which the light wave propagates.
The Fresnel transform can be reduced to the Fourier transform [8]

exp(ikz in
Vz(xayaz) :%IIV(XmYOaZO)eXp{Z[(x_x0)2 +(y_yo)2:|}dxody0 =

. . 2 2 . 2 2 .
_ exp(zkz) exp{m(x +y )}IIV(XO,yO,ZO)eXp{m(xO + )}exp{— P27 (xyx + yoy)}dxodyo
ikz Az . Az Az
- (3)
Such a transition will make it possible to use the well-known properties of the Fourier
transform, and in the case of digital holography, to use the fast Fourier transform algorithms.
The intensity distribution recorded by the CCD matrix, which is an interference pattern,

is, in fact, a digital hologram. If we apply the operation of the inverse Fresnel transform to such a
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hologram, and in our case this action is reduced to the inverse Fourier transform, then we can
the reconstructed imaginary and real images of the original object and, also, the zero diffraction
order. Analytically, this procedure can be described as follows

exp(ikz in
v(Xg, ¥y, 2y) = %O)vaz(x,y,z) exp{—z[(x—xo)2 +(y —yo)zj}dxdy =
0 0
. . 2 2 . 2 2 .
_ exp(zkzo) expi— ir (x, +y0)}IIVZ(x’y,Z) expi— ir(x“+y°) exp{lzﬂ(xox-'_yoy)}dxdy
ikz, Az, . Az Az

.4

If we are talking about the intensity distribution in the plane of the hologram or, in our
case, in the plane of the CCD matrix, then the distribution of the intensity of the light field,
which, in fact, is an interference pattern recorded by the CCD matrix, has the form

I(x,y)=Ax)f

Based on formula (1), we can write for the intensity

[(X,y) :Iu(xay)a where Iu(xay) :{ M(X,y) |2-

)

(6)

Let us consider the applicability of these formulas in digital holographic interferometry.
Let's change the phase of the object wave to AG(X;,},). Then the object wave in the input

plane has the form u (xo,yo) =a eXp[iH(xo,y0)+iA9(x0,y0)]. In this case, the object wave in the

hologram recording plane has the form
If we consider the case of two exposures used in holographic interferometry, then
mathematically this means the restoration of the sum of two waves - the initial one u(x, y) and

with a changed phase u (x,y). Since the interference pattern is recorded in the form of an
intensity distribution, then

1(x,y) =[u(x, ) +u (6, p)][u(x, y) +u (x,»)] =

= {aexp[—-iO(x, y)]+ aexp[—iO(x, y)]exp[—iAO(x, )]} x

x{aexp[if(x, y)]+aexp[if(x, y)]exp[iAO(x, )]} = '

=2a’ +a’{exp[iAO(x, y)]+exp[-iAO(x, y)]}
(8)

Let us use Euler's formula to pass from the complex form of recording the intensity to the
real one

I(x,y)=2a" +2a’ cos[Af].
€))
Based on relations (6), expression (9) can be represented as
Iy =1,(x, y)B; {1 +cos[AO(x, y)]} ,
(10)
where B; is some real coefficient describing the total, i.c., the total brightness of the image, Iy

is the image of the reconstructed object, modulated by interference fringes, in the case of usual,
not improved sensitivity.

If it is necessary to find separately the value of the intensity /y and the corresponding
value of the phase shift A@(x, y), you can use the following relations

1,04 y) 4 F e )},
(11)
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F{y (x,0)}

expliAB(x,,,)] = ,
PLIAO(x, Yo)] =5 o)}
(12)

Here F~' means the operator of the inverse Fourier transform, and F', accordingly,
describes the operator of the direct Fourier transform.

As can be seen from relations (11) and (12), they contain essential information about the
amplitudes and phase characteristics of the waves that form the interference pattern.

Consider the possibility of increasing the sensitivity of the interference system.

The presence of digital information about the object and reference waves, about the
interference pattern fixed by the CCD matrix allows performing various mathematical operations
on these data, after which they can again be displayed on the screen, i.e., visualized. These
operations can be carried out both in the sections from the object to the output plane, and at the
output of the system, directly with the intensity distribution, which is fixed by the CCD matrix.
These are operations such as digital filtering, convolutions, etc.

Let's carry out the sequence of the following mathematical operations on the data
obtained at the output of our interferometric system:

1. Let's perform the operation of subtracting the light fields in the output plane from the
original object and the object with a changed phase. We will restore the obtained result, that is,
in our case it is the operation of the inverse Fourier transform, and then we will represent the
result in the form of the intensity distribution for the difference of the light fields.

AV(XO’yO’ZO) =

B 1532005 s |

i
i z

> [(x—x0)2+(y—yo)2]}dxdy=

_ explikz,) expi— in(xg + yé)} y

ikz, Az,
. 2 2 .
] 1. e )= e,y ) exp | - V) o PRE O Do)y g
° Az Az

(13)

We find the intensity distribution in the form of the relation

1%, 10) = AV, Y3 20) =10, 1, 2)AVOG 1 2T
(14)

since in the general case AV(Xy,),,Z,) is a complex expression. For the exit plane, expression
(14) can be represented, by analogy with expression (10), in the following form

1%, y) =1, y) By {1~ cos[AO(x, y)]; .
(15)

2. Subtract expression (15) from relation (10). The resulting result is raised to the second
power
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L =[I;(x,y) =L, (x, )] =

={1,(x, y)Bg {1 +cos[AO(x, )]} = 1, (x, y) By {l —cos[AO(x, y)]} }* =
={21,(x,y)B; cos[AO(x, y)]}* =

=17 (x,y)B; {2cos[AO(x, y)]}* =

= 21%(x, y) B2 {1 + cos[2A0(x, y)]} =

2

_ I(x, y)%{l +c0s[2A00x, W]} = I2(x, ¥)B, {1+ cos[2A0(x, )]}

(16)

It can be seen from relation (16) that the sequence of performed operations doubles the
phase shift between the original and distorted waves, which also doubles the frequency of
interference fringes in the output plane. That is, the sensitivity of the holographic interferometer
is doubled. The interferometer can capture inhomogeneities in the phase medium, the magnitude
of which is two times less than before the considered mathematical operations.

Let's multiply relations (10) and (15)

L= )L&y)  (1,0x,y) By {1+cos[AO(x, y)]}) *
*(1, (%, ¥) By {1 -cos[AB(x, y)]}) =

= I2(x,y)B{1—cos’[AO(x, 3]} I’(x,y)

3722{1—cos[2A0(x, M-

(17)
We will carry out a sequence of actions similar to those that were carried out to obtain
relation (16), that is, subtract relation (17) from expression (16), and square the result obtained
I, =[1,(x,y) _]3(35:)’)]2 =
B: B!
= (If(x,y)jz{IHOS[M@(Xa N =1 (x, y)jz{l —cos[2A0(x, )]})* =

4 4

=I*(x, y)%4 cos’[2A0(x, 3] I*(x, y)% {1+ cos[4A0(x, »)]}.
(18)

If relation (16) doubles the sensitivity of the interference system, then from expression
(18) it can be seen that in this case the phase difference between the reference, i.e., the original
object wave, and the wave with a changed phase increases four times. As a result, the spatial
frequency of the interference pattern localized on the reconstructed real image of the object
under study increases fourfold.

In a generalized form, the proposed for /, and [, scheme for increasing the sensitivity
of the holographic interference system can be represented as follows

g
L,=I % {I+cos[2" AB(x, y)]}.

2
(19)

Here m =0,1,2,3,...

It can be seen from relation (19) that the numerical increase in the sensitivity of the

holographic interferometer is limited, in fact, only by possible speckle noise, which can worsen
the contrast of the fringes of the interference pattern.

Conclusion
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It is shown that the presence of digital information about the object and reference waves,
about the interference pattern recorded by the CCD matrix allows performing various
mathematical operations on these data, after which they can again be displayed on the screen,
i.e., visualized. These operations can be carried out both in the sections from the object to the
output plane, and at the output of the system, directly with the intensity distribution, which is
fixed by the CCD matrix.

A sequence of numerical operations is proposed, which makes it possible to double the
sensitivity of the holographic system. It is shown that the proposed scheme for increasing the
sensitivity of a holographic interferometer can be generalized to the case of increasing the

sensitivity by a factor of 2", where m =0,1,2,3,... It is also shown that the increase in

sensitivity according to this scheme is limited only by possible speckle noise, which can worsen
the contrast of the fringes of the interference pattern.
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