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Methods and tools
for the express immunoassay.
A new approach to solving the problem

V E Kurochkin

1. Introduction

The rapid development of heterogeneous immunoassay
(HetIA) techniques is facilitated by the high specificity of
the antigen (Ag)—antibody (At) reaction underlain by the
ability of the two molecules to recognize each other in a ‘lock
and key’ fashion. Theoretically, it allows detecting a single
molecule (particle) of the study substance in a real-time scale,
provided highly sensitive assay methods are available for the
purpose along with a mechanism to achieve a rapid transfer of
individual Ag to the active centers immobilized at the surface.
The practical solution to this problem is paramount for
epidemiology, faced with the necessity of identifying causal
factors of dangerous infections in multi-component environ-
mental samples.

The proposed concept of the construction of highly
sensitive systems for express immunoanalysis is first and
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foremost based on the results of research conducted along the
following three lines:

1. Purpose-oriented application of physical processes
proceeding in the field of an ultrasound standing wave
(USSW) for the transport of Ag to the immunosorbent (IS)
surface under diffusion and concentration constraints
imposed on mass transfer and for the minimization of effects
of non-specific sorbing impurities.

2. Development of theoretical propositions of reflection
photometry in application to thin-layer optically transparent
elements (chemo- and biosensors) for the creation of highly
sensitive detectors operating in a real-time regime and
optimally fit to the reaction block.

3. Investigation into characteristics of the recurrent
stochastic algorithm for processing ‘linear trend’ signals for
the rapid and noise-independent assessment of informative
parameters of the signals.

2. Intensification of antigen—antibody reactions
using the standing wave of an ultrasonic field

Analysis of different methods for the acceleration of mass-
transfer in HetIA has demonstrated that the use of traditional
techniques such as a flow regime, intensification of mixing,
etc. gives poor results [1—3]. The application of ultrasound
(UY) fields appears more promising, and the author believes
that carrying out Ag— At reactions in a noncavitating USSW
field of the megahertz range affords significant advantages
because it permits

e forming IS layers with a 1/2 US-wavelength periodicity
(using the radiation force action on IS particles) [4 - 6];

e retaining suspended IS particles in an US cell in the flow
regime by counteracting the Stokes force to be able to change
solutions of ingredients [7];

e ensuring noncontact free mixing in microsamples with a
given spatial scale L (L > A for convective flows, L ~ 1/2 for
Rayleigh flows and L = (1/4)26 for Schlichting boundary
flows, where 6 = (v/nf)"/? is the width of the acoustic
boundary layer, v is the kinematic viscosity of the liquid,
and f is the oscillation frequency [8]). The boundary layer
width under ordinary conditions (water, temperature 20 °C)
and f=3 MHzis 6 ~ 0.3 um.

The author of this publication has forwarded a hypothesis
that the purpose-oriented creation of the Rayleigh flow or a
combination of the Rayleigh and Schlichting flows may lay
the basis for a new universal and rapid mechanism of Ag
transfer to the IS surface. A flow speed proportional to the
average acoustic energy FE [8] (hence, controllable in a broad
range) should be chosen in order (a) to substantially increase
the velocity of mass transfer, i.e., the probability of the
meeting of Ag and At; (b) not to interfere with specific
interactions (in other words, the kinetic energy of Ag must
be smaller than the Ag— At coupling energy); (c) to decrease
the probability of nonspecific interactions between sample
components and the IS surface; and (d) to ensure rapid and
efficient removal of nonspecifically sorbed components of the
sample at the wash-out stage.

For Ag of bacterial origin, USSW allows realizing an
additional mechanism, that is, Ag transfer to the IS surface
under the effect of radiation forces, which results in the
concentration of particles at pressure nodes and antinodal
points (depending on the medium and particle properties).
The efficiency of such a mechanism increases with increasing
the size of the particles. (At a certain ratio of densities and

compressibilities of the particles and the medium, this
mechanism may slow down and even completely block
particle transfer by acoustic flows.)

The experimental arrangement used to verify the above
hypothesis and the possibility of practical realization of the
proposed mechanism are depicted in Fig. 1. It consists of two
blocks, one for specific reactions at IS microspheres and the
other for fluorescence detection. The former block includes
an US-emitter, removable reaction microchambers (15, 20,
and 25 pl), pumps for the introduction of reaction ingredi-
ents, and a thermostatic liquid. A microchamber is installed in
the focus of objective lens /17 (see Fig. 1) that serves to feed a
beam of exciting radiation onto reaction products and to
collect an informative signal.

The working parameters of the device are f=1-
4 MHz, E =1-10 J m~3, and the pumping speed u =0.02—
0.50 cm s~

The immunosorbent is prepared from optically transpar-
ent agarose or sepharose spherical beads of radius R = 15 pm.

In preliminary studies, the dependence of particle reten-
tion on E, f, u, and R was evaluated and optimal conditions
were chosen for the complete retention of IS particles in the
flow at the bulk velocity up to 1 ml min~!. Methods were
developed for the formation of a desired number of compact
IS monolayers ( = 1) parallel to the emitter plane in one- and
two-wave US-chambers.

The efficiency of the proposed mechanism for the
intensification of Ag— At reactions was assessed by compar-
ing analytical characteristics obtained in analyses using the
USSW technique and a traditional method [9], i.e., mixing by
repeated pipetting on a microplate. The principal analytical

A
AW

0

Figure 1. Diagram of experimental set-up: / — support of the US-emitter,
2 — US-emitter, 3 — microchamber, 4 — microfunnel, 5 — pump with a
thermostat, 6 — high-frequency generator (HFG), 7 — peristaltic pump,
8 — container, 9, /0 — radiation source, // — objective lens, 12, 13, 16 —
light filters, /4 — rotary prism, /5 — eye-piece, /7 — photoelectronic
multiplier (PEM), /8 — analog-digital converter (ADC), /19 — computer.
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characteristics include the time necessary for the reaction to
be completed (7,), the duration of the wash-out procedure
(t,), and the sensitivity or detection limit (DL). The antigens
being studied differ in size (immunoglobulins, toxins, viruses,
and bacteria).

The results of experiments indicate that 7, depends on
antigen dimensions (Fig. 2a), but even in the ‘worst case’
(large Brucella bacteria), the use of a US-field allows 7, to be
reduced 25-fold (to less than 90 s) compared with the reaction
time in the traditional method (curve 3 in Fig. 2a and the
curve in Fig. 2b, respectively).

The use of US-fields not only permits diminishing ¢, but
also makes the wash-out procedure for the removal of non-
specifically absorbed impurities three times shorter. This
result is achieved by combining the flow regime and the
action of acoustic boundary flows (Fig. 2a).

The applicability of the method in question for practical
purposes was checked by assaying coded samples that
contained the threshold or higher concentrations of hetero-
logous microorganisms and toxins as impurities, as well as
dust and some biologically active compounds (at the total
concentration 0.125—0.25 mg ml~!). The type and amount of
admixtures added to the samples were varied according to the
law of random numbers. The incubation time was 120 s.
Based on the analysis of 65 samples, the assay sensitivity
was 1, the specificity was 0.95, the relative risk tended to 0,
and the frequency of false positive and false negative results
was 1/45 and 0, respectively.

These results and estimates of the DL (see the Table)
indicate that the mechanism of HetAl intensification pro-
posed and realized by the author provides a rapid and reliable
tool for the detection of single pathogenic organisms in
microsamples containing interfering impurities. (An US cell
contained 10 and 2 microbial bodies of brucellosis and
tularemia bacteria, respectively).

L a
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Time, s
l -
b
1/1
|
0 20 Time, min 40
1
] c
I/1
2
!
0 20 Time, min 40

Figure 2. Plots of the luminescence intensity versus the incubation time (a),
(b) and wash-out time (c). Figure 2a shows reactions of antigens in an
USSW: curve / — immunoglobulins (D ~ 0.04 um), curve 2 — chlamy-
dine (D ~ 0.3 pm), curve 3 — brucellas (0.4 x 1.2 um); Fig. 2b —
traditional method (brucella antigen); Fig. 2c: curve I — traditional
wash-out procedure, curve 2 — washing out in an USSW.

Table. Evaluation of express assay sensitivity.

Sensitivity, microbial bodies per 1 cm?

Immunoactive subject (dilution)
Instrument Reference method
Tularemia bacteria 1 x 107 1 x10*
Tetanus toxoid anatoxin (1:1000) (1:200)
Brucellas 5 x 10? 1 x 104
Smallpox vaccine virus (1:200) (1:1)
Rickettsia D. sibiricus (1:2000) (1:250)

The novelty of the proposed method is protected by the
inventor’s certificates [10, 11] and the experimental data are
published in part in Ref [12].

The validity of the USSW application concept developed
by the author and the related technical decisions was
confirmed by other researchers who proposed a similar
variant of the construction of one- and two-wave chambers
for the examination of particle aggregation and acoustic flows
in USSW [13], used the Rayleigh acoustic flow and flow
US-chambers for the acceleration of mass transfer toward live
indicator cells in order to evaluate aquatic toxicity [14], and
applied the USSW technique to improve assay sensitivity
for the detection of bacterial spores by HetIA in flow
chambers [15]. (The last two publications are lacking in the
assessment of the applicability of the devices and methods
used for the analysis of real samples.)

3. Principles of the construction of highly
sensitive optical detectors

Classical photometry of thin-layer objects (IS monolayers in
one- or two-wave US cuvettes and optical sensors based on
selective plasticized membranes) in transmitted light is
associated with impaired sensitivity of the analysis [16]. At
the same time, it is known [17] that diffuse radiation is
absorbed more effectively than directed radiation, while
multiple reflections of the light flux automatically lead to
the lengthening of the optical path. It may therefore be
expected that mounting thin optically transparent sensitive
elements (SEs) on a diffusely reflective substrate and
measurements in the transmitted light would substantially
improve the assay sensitivity. Adequate theoretical models
lacking [18—20], we think it appropriate to describe light
propagation processes in SEs of a restricted size that are
optically conjugated with the reflective substrate.

The sensitive element is a cylinder of diameter D and
height / made from an optically transparent material (Fig. 3)
and characterized by the dimensionless parameter g = D/I,
the refraction index 7, and the coefficient of extinction ¢. The
substrate has the reflection coefficient p,(©') and the
refraction index ny,.

It is assumed that (a) the light-absorbing components are
uniformly spread over the SE volume and the transmission
obeys Beer’s law, that is, it changes with varying the
concentration of the components; (b) the coefficient of light
flux reflection near the critical angle ©, of the complete
inward reflection (CIR) changes jump-wise, and (c) the
average height of SE and reflective substrate roughness is
much smaller than the probing radiation wavelength.

Let a parallel light flux with the intensity /; and transverse
cross section d < D be incident perpendicular to the SE
surface. (Beams reflected from the substrate are incident on
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I IAZ
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Figure 3. Schematic of light flow distribution in a thin-layer optically
transparent element / (restricted in size) on a reflecting substrate 2 (see text
for details).

the SE—air interface at an angle ©.) Then, the total intensity
of the light flux /s outgoing from SE at an angle @' can be
written as

]2:[()3(@/)[§D1+@2+@3+¢4} exp |:— Fl(l +@):|,
(1)
where
B(O") = [1 = pio(O")][1 = py] pr(O")
_ E(0) exp(—2el)
-1 — E(0)exp(—2¢l)’

o _JQI do
*7 ), 1= E(@)exp(—2¢l/cos O)

(]

D — JQZ exp(—2el/cos @) dO
3T P 0, | — E(©)exp(—2¢l/cos O)

By — [@3 06(0) p1o(n/2 — @) exp(—2¢l/cos ©) dO
“=Pe 0 1 — EO exp(—2¢l/cos O) ’

1
E(©) = pyppp(@), 6 —0, O <O = arcsin <—) ,
n

. ’
O, > arctan (5) , O, = arctan w ,
2 4

©; = arctan(3g/2), p,, and p,, are the respective reflection
coefficients from the SE—air and air—SE interfaces, p, is the
critical reflection coefficient, and p,(©) is the substrate
reflectance function at the light beam propagation angle ®
in the SE.

Each term in the sum @&; in Eqn (1) describes the
contribution of different constituents of the flux, viz. @, is
the contribution from multiple reflections of the beam
incident normal to the element surface, @, is the contribution
of the first reflection from the substrate in the angle interval
[0,0;] and of multiple reflections of the light flux from the
butt-end surfaces of the SE, @5 is the contribution of the first
reflections from the substrate in the angle range [0, @;] that
undergo CIR from the upper ES surface and form light fluxes
whose high brightness is comparable to the first reflection,
and @, is the contribution of reflections from the side surfaces
of the SE.

Evaluation of the relative contributions of different flux
constituents indicates that @, is smaller than &, and @5. The
magnitude of @, depends on the reflective properties of the
substrate (the contribution of multiple reflections from the
side surfaces being small). The contribution @5 is comparable
to &,, and the upper boundary of the angle interval is
determined by g. The contribution @4 is smaller than @, @,
and @3 because the coefficients p, (@) and p,y(n/2 — @) are
much smaller than 1; the angle interval [@,, O3] being
considered is also small and is close to /2.

The largest contribution to Iy is made by the first
reflection from the substrate and multiple (very bright)
reflections depending on CIR conditions. For g > 10, the
magnitude of Iy largely depends on the sums &, and @;
making the greatest contribution to the resultant light field.

The dependence of the reflection coefficient (@) on &/
can be represented as

I L 1
r(@'):EZO:L—Oexp[—sl(l—i—mﬂ7 (2)

where Iy is the background signal (in the absence of
photoabsorbing components) and @’ is the light flux
propagation angle outside the SE,

4 E(0) o de
L:Zl:@f; Lozl,—E(o)J’L 1-E(0)

o[l e+ [ mionenae)

The calculations indicate (Fig. 4a) that even in the case of
a poorly reflecting substrate (p,, =0.1) in the range
el € (0;0.1), absorption in the reflected light (Inr) is much
higher than in the transmitted light (In ) and depends on g.
For example, the relative amplification of the informative
signal K = In/Inatel = 0.05mustbe K =2.5(g =2),K=3.6
(g=5),and K=5.1(g=20). Atel=1.0, K=24 (g=2)
and K = 3.1 (g = 20).

The strength of the informative signal registered by a
photoreceiver depends on the angle @' at which the reflected
light flux is recorded and on the angle of the detector field of
vision, which, similarly to g, must be chosen as required by the
range and sensitivity of measurements.

Experimental verification of theoretical estimates (2)
(Fig. 4b) was performed using sensor imitators in the form of
HC6,HC7, HC8, HC9, and HC10 neutral glasses (D = 6 mm,
[/ =0.3 mm, g = 20) placed on a ftoroplast substrate. In the
range ¢/ € (0;0.1), we have K =5, in agreement with the
calculated values. In the range ¢/ = 0.12—1.25, the discre-
pancy between experimental findings and theoretical esti-
mates did not exceed +5%. The reader is referred to Refs [23,
24] for a detailed discussion of theoretical and experimental
data.

To conclude, it has been shown that measurements in
reflected light lead to ‘autoadjustment’ of the optical path
length. In other words, the smaller the concentration of the
absorbing substance, the longer the optical path of the
probing radiation, and vice versa (increased concentration is
associated with a decrease in the optical path length). This
finding provides a basis for the improvement of sensitivity of
measurements at low concentrations and the extension of
their dynamical range, i.e., for the creation of conditions
allowing the use of a variety of methods to record the
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Figure 4. (a) Theoretical dependences of estimated logarithms of the
transmission coefficient In ¢ (curve /) and reflection coefficient In r on the
value of &/ for an SE (n = 1.45). Reflectance was estimated for the SE on a
diffusely reflective substrate with p,, = 0.1 at g = 5 (curve 2) and g = 20
(curve 3). (b) Experimental verification of the same dependences for a
sensor simulator in transmitted (1) and reflected (2) light at 2 = 550 nm
and the reflected light angle 45°.

informative signal (not only by the end-point method but also
using the kinetic approach [25, 26]). Kinetic measurements in
transmitted light were carried out for the design of fast-acting
sensors with the use of selective optically transparent
plasticized membranes [25].

4. Study of properties and software —hardware
realization of the recurrent algorithm for the
evaluation of ‘linear trend’ signals

The available methods and tools allow analyzing samples
using two signal recording modes, i.e., the end-point detection
technique and the kinetic regime. In either case, the output
signal of the detector has a determinate form with unknown
informative parameters to be found. Conversion of the ‘signal
g—time ¢’ coordinates by introducing a special time scale ¢(¢)
and transformation x(g) gives the dependence in the form

x=ag+boo(t) +&(1), 3)

where ay and b are the sought informative parameters and
(1) is the additive random noise with an a priori unknown
distribution law.

The principal tasks include (a) analysis of the constituent
signals of the ‘linear trend’ type (3); (b) the choice and
investigation of algorithms for the evaluation of ay and by;
(c) optimization of algorithms in accordance with the criteria
for the minimization of errors and/or the use of computer
resources; and (d) software —hardware realization. A series of

our publications [27-29] were devoted to solving these
problems.

In the majority of cases, the informative parameter is by.
Passing to the first difference in the summation of trends (3)
gives a totality of constant signals with an additive symmetric
(hence, centered) noise. The latter problem is effectively
resolved with the help of the Fabian — Tsypkin algorithm [30]:

Cp+1 = Cp — Z T(Cn - xn+l) ) (4)
where

-1, z< -4
Y()=4q 0, [|z<4
, z=>A

[u—

Xpy1 = ¢ + &, 41 1s the measurement, &, is the noise, ¢, and
¢ny1 are values at the nth and (n + 1)th estimation steps, f is
the algorithm parameter, and 24 is the insensitivity zone size
(in the case where 4 = 0, ¥Y(z) = sign(z)). It is known [30, 31]
that estimates ensuing from recurrent algorithm (4) are robust
(resistant to bursts), unlike those obtained by the least-square
method. The estimation efficiency is generally strongly
dependent on the parameters (f, 4) [31], whose choice is
optimized by the criterion of a minimum of estimation error
dispersion.

The formerly unexplored case of triangular-shaped
(Simpson) noise as the first difference of uniformly distrib-
uted noises is described in [27]. It was demonstrated for the
first time that only in this case, at the optimal f, 4 ratio, is the
estimation error dispersion unrelated to the size of the
insensitivity zone.

One of the basic results is the author’s original interpreta-
tion of algorithm (4) as an automatic control system (ACS)
[29] (Fig. 5), which allows the methods of ACSs to be used for
the evaluation of its stability, that is, convergence between the
estimated ¢, and the true ¢* values.

An ACS has the following main characteristics: (a) it is
discrete, (b) it has two feedback contours, one of them being a
negative feedback contour, (c) it contains a nonlinear element
K, that realizes the function ¥ (a nonideal relay with the
insensitivity zone 24); (d) it contains a link with variable
parameters K;[n] that realizes multiplication by f/n; and (e) it
has a delay line with a one-step delay and the transfer
characteristic K3.

The conclusion obtained at in Ref. [29] that a given ACS is
asymptotically stable in the presence of any zero insensitivity
zone has been fully confirmed by other authors.

The following problems were resolved for the practical
realization of algorithm (4) in the form of a computing device:
(a) the choice of the parameters § and 4 based on extreme

xn+1] = +

cn+1]

I c[n]

Figure 5. Schematic of an ACS realizing algorithm (3) (see text for the
description).
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order statistics requiring only a recurrent recalculation of the
maximum and minimum elements; (b) the choice of the initial
approximation of the estimate as the amplitude center (on the
same basis); (c¢) substantiation of the criterion for the
interruption of estimation (needed, for example, because of
signal discordance, i.e., a change in the signal trend shape). In
addition, we fixed the signs of the nonlinear term in Eqn (4)
and constructed and assessed the asymmetry of their histo-
gram [28, 29]. In other words, economical procedures were
employed that required no ordering (the search for the
median, bend center, etc.).

The device being considered realizes economical compu-
tation procedures by virtue of the effective estimation under
conditions of the minimal a priori information about
random noise parameters. This, in turn, allows realizing
the possibility to develop and design a unified computation
algorithm and a device compatible with a large variety of
instruments for express analyses, including portable and
subminiature ones.

5. Conclusion

The prediction and realization of new mechanisms underlying
acceleration of immune reactions in HetlA opened up
formerly unknown possibilities for the practical utilization
of USSW fields

e to develop highly informative methods for the investiga-
tion of immunoactive phenomena at the molecular, supra-
molecular, and cellular levels and

e to construct highly selective devices for sample prepara-
tion.

We are currently developing instruments and methods to
prepare samples for the identification and characterization of
biological subjects based on the analysis of nucleic acid

Figure 6. Optical scheme of a reflected light photometer: / — emission
source, 2— sensitive element (chemosensor), 3 — reflective substrate, 4 —
radiation collector (elliptical mirror), 5 — photoreceiver.

molecules (polymerase chain reaction, in particular, on a
real-time scale). In these instruments, the isolation of
biological subjects on immunosorbents placed in an USSW
field prevents inhibition of the polymerase chain reaction by
impurities. Express analysis of immunoactive phenomena
containing no nucleic acids, e.g., toxins, is performed with
the help of an immune reaction in the USSW field. The
method is based on the results of fundamental research into
the properties of US fields and the behavior of biological
subjects in USSW fields (see Section 2).

The results of the theoretical analysis of the light flow
distribution in a formerly unexplored subject of photometry,
a thin optically transparent photoabsorbing element
restricted in size, have allowed proposing a simple universal
scheme of a detector (Fig. 6) that is easy to convert to a multi-
channel one, e.g., by using fiber-optic technologies [32]. This
scheme has found application in a variety of instruments and
devices constructed at the Institute of Analytical Instrumen-
tation, Russian Academy of Sciences, that are now available
commercially. These are the Imatest-01 analyzer of immu-
noactive subjects [33]; Nanofor-01 and Nanofor-02 analytical
systems for high-performance capillary electrophoresis with
spectrophotometric and fluorescent detectors; ANK-16,
ANK-32, and ANK-96 nucleic acid analyzers; nucleic acid
sequencer (ANPK); laser immunoluminescent cell analyzer;
and the Sen and pSen chemosensor analyzers.
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Adaptive optical imaging in the atmosphere
V P Lukin

1. Introduction

As is well known, adaptive optics (AO) enjoys effective use in
the formation of optical beams and images with the aim of
concentrating laser beam energy, improving the sharpness of
optical images, increasing the data transfer rate in optical
communication lines, and solving other specific problems.

Investigations to develop methods and systems of adap-
tive optics are being pursued at the Laboratory of Coherent
and Adaptive Optics of the Institute of Atmospheric Optics,
Siberian Division of the Russian Academy of Sciences. This
research is aimed at both elaborating the theory of adaptive
systems and developing new elements, models of the systems,
and their algorithms.

2. Problems in ‘viewing’ through the atmosphere

The bulk of information in astronomy is obtained by ground-
based instruments. However, inhomogeneities of Earth’s
atmosphere (refraction, turbulence, radiation-absorbing
gases, aerosols) seriously limit the capabilities of astronom-
ical systems. In their papers in the late 1960s, Kolchinskii,
Tatarski, and Frid formulated the atmosphere-imposed
limitations on astronomical systems. Their results were
obtained assuming the Kolmogorov—Obukhov model for

the fluctuation spectrum of the refractive index:

Bt h) = 00332 (WP L e L.
Ly l
Here, C2(h) is the structure parameter of the atmospheric
refractive index, / is the current height above the underlying
surface in the atmosphere, x is the wavenumber for turbulent
inhomogeneities, and Ly and /y are the inner and outer
turbulence scales.

Solving the problem of the optical wave propagation
through randomly inhomogeneous media has shown that
the phase structure function at a distance p obeys the five-
thirds power law:

Ds(p) = 2.91 kZJ dh C2(h) p*P3,
0
where k = 21t/ and 1is the radiation wavelength. Proceeding
from the last expression, the so-called atmosphere coherence
radius ry was introduced:

. 5/3
Ds(p) =2.91k? JO dh C2(h) p** = 6.88 (%) ,

which determines the limiting angular resolution y, = 1/rg
of an optical system in the turbulent atmosphere, the Strehl
parameter St = exp(—c?) of the astronomical system atmo-
sphere —telescope (where o2 is the variance of phase
distortions), the optical transfer function, the point spread
function, and other parameters of the astronomical instru-
ment.

Research carried out in the 1960s showed that these
theoretical results agree nicely with experimental data
obtained for optical apertures of the order of 2—4 m.
However, the effective apertures of ground-based astronom-
ical telescopes began to increase swiftly: the 6m BTA
telescope (the Large Azimuth Telescope), the Multiple
Mirror Telescope (MMT) with a matrix of six 8 m apertures,
the 3.6 m New Technology Telescope (NTT), the 10 m Keck
telescope, the 8.2m Very Large Telescope Interferometer
(VLTI), and the 8 m Subaru telescope made their appear-
ance. In this connection, interest was aroused in the study of
the phase fluctuations of optical waves in wide-aperture
reception.

2.1 Phase fluctuations of optical waves
in a turbulent atmosphere
The 1970s saw the development [1, 2] of interference wave
phase meters in the optical range for the investigation of
turbulent phase fluctuations of the optical wave for long
spatial and temporal delays. The phase structure function was
found to be sensitive both to the turbulence intensity and to
the outer turbulence scale. This compelled reconsidering
Tatarski’s and Frid’s results. In the early 1970s, measure-
ments were made of optical wave phase fluctuations in the
USSR (V Pokasov, V Lukin), Italy (L Ronchi, A Consortini),
and the USA (G Ochs, S Clifford), with the result that the
effect of ‘phase structure function saturation’ was discovered
almost simultaneously [1, 2]. In Refs [1, 3, 4], this effect was
interpreted and invoked to describe the spectrum of turbu-
lence with a finite outer scale. We recall that the outer
turbulence scale in the Kolmogorov—Obukhov model is
assumed to be infinite.

In the 1970s and the 1980s, a consistent theory [1, 2] of
phase fluctuations for optical waves propagating through a
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