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MATHEMATICAL MODELING

1.  Introduction

Signal processing in the time domain is one of the 
necessary operations in many radio-engineering systems. 
To solve this problem, electromagnetic, acoustic, digital 
and optical delay lines (DL) are more often used  [1–4]. 
In  [1], a continuously tuned dispersive DL is presented. 
Here, the base unit consists of a stepped resistance section 
and two variable resistors in the form of p-i-n diodes.  
The use of this DL provides fast tuning in a given fre-
quency range. In  [2], a low-loss acoustic DL based on 
transverse horizontal waves in a thin film of lithium 
niobate (LiNbO3) is demonstrated. In  [3], a digital DL 
with multiple inputs is described to ensure operation in 
a wide frequency range. In  [4], a tunable optical DL is 

discussed, which allows one to choose time delays of 110, 
225, and 330  ps.

In all types of DL, the signal delay is due to the finite speed 
of the physical processes occurring in them. The fact that the 
speed of propagation of acoustic oscillations is about 105 times 
less than that of electromagnetic ones explains the undeniable 
advantages of acoustic DL in comparison with electromagnetic 
and optical ones when it is necessary to obtain large delays 
in analog signals. The impossibility of obtaining a smoothly 
controlled signal delay is a significant drawback of acoustic DL. 
Smoothly controlled signal delay up to several hundreds of 
nanoseconds is achieved using an electromagnetic DL.

Adjustable delay can be obtained using digital DL.  
In these devices, the analog signal is sampled, quantized 
and, after encoding, converted into a digital signal, which is 
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entered into a memory device (memory), and then output 
from the memory and converted into an analog signal.  
The disadvantages of digital DL are: the presence of quan-
tization errors, aperture errors, etc.; the difficulty of creat-
ing analog-to-digital and digital-to-analog converters with 
high speed; narrowband, etc.

Signal processing in the time domain is used, for example, 
in the implementation of matched filters, radar simula-
tors  [5, 6], and signal generators of various shapes are 
built on their basis  [7, 8]. In  [5], a linear invariant filter 
is presented, in which the required time interval is formed 
by an electromagnetic DL implemented on the basis of 
LC and RC chains. In  [6], the implementation of a ra-
dar simulator based on a digital DL is discussed. In  [7], 
a  high-frequency generator based on a broadband acous-
tic DL made of LiNbO3 is described. In  [8], a compact 
triangular-shaped signal generator with broadband tuning 
is described, the main element of which is an optical DL.

From the analysis of the manufacturing technology, as 
well as specific applications of the above-mentioned DL, 
it is obvious that they cannot be used for a smoothly 
controlled delay of broadband analog signals over a wide 
range, for example, up to several tens of microseconds. In 
the context of solving such a problem, the photoelastic 
effect has a high potential  [9–12]. In  [9], the possibility 
of using the features of the photoelastic effect to con-
struct broadband delay lines is discussed. The potential 
possibilities of an acousto-optic delay line are discussed 
in  [10] in the context of the formation of a sequence of 
ultrashort laser pulses. In  [11], the features of the photo-
elastic effect are used to delay femtosecond pulses up to 
6 picoseconds with high accuracy. In  [12], the results of 
picosecond optoacoustic experiments are presented.

A device that is implemented on the basis of the photo-
elastic effect and provides signal processing in the time domain 
is commonly called an acousto-optic delay line (AODL). 
In devices of this class, efficient signal processing in the 
time domain is due to the low propagation velocity of an 
acoustic wave in a photoelastic medium (PЕМ) and the 
possibility of synthesizing PЕM of sufficiently large  sizes. 
At the same time, the low propagation velocity of an elastic 
wave predetermines the geometric and energy parameters 
of the photoelastic interaction, since it crosses the optical 
beam at the same speed  [13].

The photoelastic effect is realized in an acousto-optic 
modulator (AOM), which consists of РЕМ and an electro-
acoustic transducer (EAT) attached to its end (Fig. 1). The 
thickness of the EAТ depends on the operating frequency 
and can range from a few microns to a few millimeters. 
It should be noted that AOM-based acousto-optic proces-
sors have a high potential in the context of processing 
broadband analog signals. The AOM operating frequency 
range is 40–60 percent of its central frequency, which is 
selected in the range from tens of MHz to units of GHz.

The signal processed in AODL in most cases is pulsed [14]. 
At the same time, the diameter of the optical beam has finite di-
mensions. Therefore, the design, development, and adjustment 
of AODL in all cases requires matching the duration of the 
input pulse signal τi with the velocity of propagation of an elas-
tic wave in the РЕМ υ and the diameter of the light beam d.

The known theories of photoelastic interaction are quite  
complex in the context of adaptation to the development 
of AODL with specified parameters  [15, 16]. All this de-
termines the relevance of developing such a theoretical 

model of photoelastic interaction in AODL, which is avail-
able for applied applications. In the context of solving the 
formulated problem, it is taken as a basis that the use of 
axonometric projection makes it possible to increase the 
visibility of photoelastic interaction.
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Fig. 1. Structural diagram of AODL

Thus, the object of research is a mathematical model 
of the photoelastic interaction in an acousto-optic delay 
line  (AODL).

The aim of this research is to create a mathematical 
model of the photoelastic interaction based on its axono-
metric projection and to derive calculated ratios to assess 
the limiting capabilities of AODL.

2.  Materials and Methods

The studies were carried out by theoretical and numerical 
methods, the results of which were tested experimentally.

An electric signal uin(t) with a carrier frequency f0 in 
the range from tens of MHz to a few GHz is supplied to 
the EAТ terminals, which excites an elastic wave in the 
PEM with a power Pa and with cross-sectional dimensions 
equal to the length L and width H of the EAT, respec-
tively. When the laser beam falls into the PEM aper
ture  (in this case at the Bragg angle, θВ), a photoelastic 
effect is observed, i.  e. part of the light is deflected. In 
the case of Bragg diffraction, only one diffraction order 
is observed. The spatial position of the deflected beam 
and the light intensity in it is determined by the para
meters of the radio frequency electrical signal connected 
to the terminals of the EAТ  [17]. The deflected light 
beam passes through a slit in the diaphragm (D) and is 
recorded by a photodetector (PD). The signal at the PD 
output uout(t) lags behind the input signal uin(t) by time 
τ = x0/υ, where x0 is the distance from the EAТ to the 
acousto-optic interaction point. The desired signal delay 
uin(t) is set by changing х0. It is on this principle that 
AODL is implemented, in which the photoelastic interac-
tion occurs within the limits of the laser beam aperture.

Fig. 1 illustrates the Bragg diffraction mode, in which laser 
radiation with power P0, wavelength λ and frequency v falls 
into the РЕМ aperture at the Bragg angle θB = arcsin(0.5λ/Λ), 
where Λ = υ/f0 is the elastic wave length.

As a rule, a weak acousto-optic interaction is used 
in AODL. Therefore, it is possible to assume that the 
intensities of the incident light I0 and the deflected light 
I1 are related by the following approximate equality  [18]:

I1 ≈ I0⋅η,	 (1)

where η = [π2MPaL]/(2λ2H) – the diffraction efficiency; 
M = n6p2/(ρυ3) – quality factor of PEM; n, ρ and p are the  
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refractive index, density and photo-elastic constant of the 
interaction medium, respectively.

To simplify the interpretation of the mechanism of 
formation of the output voltage uout(t), let’s assume that 
the power flux density is uniformly distributed in the 
laser beam cross section. Let’s also assume that a photo
multiplier tube (PMT) is used as a PD.

Taking into account the accepted initial conditions, 
the power of the deflected light beam P1 is determined 
on the basis of formula (1) in the stationary mode, i.  e. 
when the light beam fully interacts with an unmodulated 
elastic wave packet and the cross-sectional area of the 
deflected light beam S1 remains unchanged:

P1 = S1I1 = S1I0η = S1ηP0/S0,	 (2)

where S0 – the cross-sectional area of the light beam inci
dent into the AOM aperture.

Let’s note that in any case, the cross-sectional area 
of the deflected light beam is equal to the cross-sectional 
area of the acousto-optic interaction in the collinear plane.

The deflected light beam through the aperture in the 
diaphragm falls on the photosensitive surface of the PМT. 
The current at the output of the PМТ is determined ac-
cording to the laws of general physics as follows:

iout = Geη′P1/(hν),	 (3)

where G – PMT gain; е = 1.6⋅10–19  C – proton charge; 
η′ – quantum yield of the photocathode (the average number 
of electrons emitted by the photocathode when one photon 
falls on it); h = 6.63⋅10–34  J⋅s – Planck’s constant. Let’s note 
that in this case, the number of photons incident per se
cond on the photosensitive PMT surface is equal to P1/(hν).

Based on expressions (1)–(3), let’s write the formula 
for the voltage at the PMT load with resistance RL:

uout = RL∙iout = RLGeη′S1ηP0/(S0hν).	 (4)

In photoelastic interaction, the stationary regime with 
all its attributes is established only under certain conditions. 
On the whole, the cross-sectional area of the acousto-optic 
interaction, respectively, the cross-sectional area of the de-
flected light beam S1, and the PMT output voltage uout are  
functions of the current x coordinate. Therefore, let’sd re-
write formula (4) as a function of the x coordinates in 
the following form:

uout(х) = сS1(х),	 (5)

where с = RLGeη′ηP0/(S0hν) is a constant multiplier for 
the selected AODL design, with the dimension V/m2.

In accordance with the above statement, when model-
ing the process of photoelastic interaction in AODL, it is 
possible to assume that a pulse signal of duration τi arrives 
at its input. In this case, two cases are possible:

a)  the duration of the input pulse signal is longer than 
the time of crossing the laser beam by the acoustic wave 
packet, τi > d/υ;

b)  the duration of the input pulse signal is less than 
the time of crossing the laser beam by the acoustic wave 
packet, τi < d/υ.

For the selected design of AODL, the parameters d and  
υ remain unchanged. Therefore, to assess the limiting ca-

pabilities of a particular sample of AODL, it is convenient 
to introduce the parameter τ0 = d/υ, which is equal to the 
time of establishment of a stationary mode, at τi > d/υ.

In both cases, the duration of the acousto-optic in-
teraction is equal to τi+τ0. However, the pulse duration 
at the PMT output will be determined in the first case 
as τout = τi, and in the second case as τout = τ0. In addition, 
the mechanism of pulse formation at the PMT output in 
the first and second cases differs significantly.

The axonometric projection of the photoelastic interaction 
for the case when the duration of the input pulse is longer 
than the time of crossing the laser beam by the acoustic 
wave packet, i.  e. when τi > τ0 is shown in Fig.  2. Under 
these conditions, the leading and trailing fronts of the pulse 
at the PMT output are formed by the process of entry and 
exit of the leading and trailing fronts of the elastic wave 
packet into the optical beam, respectively.
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Fig. 2. Axonometric projection of the photoelastic interaction on a plane 
perpendicular to the direction of propagation of the laser beam, for the 

case when the pulse duration τi > τ0

When the leading edge of the elastic wave packet enters 
the optical beam, the process of changing the cross-sectional 
area of the deflected light beam is modeled by the follow-
ing equation:

S x H x x
x

x

11

0

( ) ( ) ,= ′∫ d  by x0 ≤ x ≤ x0+d,	 (6)

where the length of the interaction line of the leading 
edge of an elastic wave packet with a laser beam in the 
xoz plane:

H ′(x) = 2[d(x–x0)–(x–x0)2]0.5, by x0 ≤ x ≤ x0+d.	 (7)

At x = x0+d, the area of acousto-optic interaction will 
have a maximum value and is defined as:
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x d x x
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x d
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∫ d  

by 

π
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The value of the cross-sectional area of the deflected 
light beam, determined by formula (8), will remain un-
til the leading edge of the elastic wave packet reaches 
the distance x = x0+υτi. Then the process of exit of the 
elastic wave packet from the optical beam begins, which 
is accompanied by a decrease in the cross-sectional area 
of the deflected light beam. Under these conditions, the 
cross-sectional area of the deflected light beam is given by:
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by x0+υτi ≤ х ≤ x0+υτi+d.	 (9)

The above interpretation of the photoelastic interaction 
allows to conclude that the change in the cross-sectional 
area of the deflected light beam occurs in accordance with 
equations (6), (8) and (9). Therefore, when the AODL 
input is exposed to a signal in the form of a rectangular 
pulse (in this case, with a duration τi > τ0), the voltage at 
its output will be determined by the sum of three terms.

Taking into account the fact that in the case under 
consideration the current coordinate x is related to the 
current time t by the equality x = υ∙t, equations (6)–(9) 
can be transferred to the time plane in the following form:

H′(t) = 2υ[(d/υ)(t–τ)–(t–τ)2]0.5, by τ ≤ t ≤ τ+τ0.	 (10)

S t H t t
t

11( ) ( ) ,= ⋅ ′∫υ
τ

d  by τ ≤ t ≤ τ+τ0.	 (11)
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τ
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by τ+τi ≤ t ≤ τ+τi+τ0.	 (13)

In accordance with the above, the voltage at the PMT 
output will be formed as the sum of three components. 
Based on equations (5), (10)–(13), let’s obtain the following 
equations for the voltage components at the PMT output:

u t c H t tout

t

. ( ) ( ) ,1 = ′∫υ
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by τ+τi ≤ t ≤ τ+τi+τ0.	 (16)

The resulting equation for the voltage at the output 
of the РМТ will have the following form:

uout(t) = uout.1(t)+uout.2(t)+uout.3(t), by τ ≤ t ≤ τ+τi+τ0.	 (17)

From the joint analysis of equations (14)–(17), let’s 
obtain the following formula for calculating the voltage 
at the PMT output:

uout(t) = uout.1(t)∙[Φ(t–τ)–Φ(t–τ–τ0)]+

+uout.2(t)∙[Φ(t–τ–τ0)–Φ(t–τ–τi)]+

+uout.3(t)∙[Φ(t–τ–τi)–Φ(t–τ–τi–τ0)],

by τ ≤ t ≤ τ+τi+τ0,	 (18)

where Φ(t) – Heaviside unit function.

Summarizing the accepted conditions, the established 
regularities and the results obtained, it can be postulated 
that when the inequality τi > τ0 is satisfied, the shape and 
parameters of the response of the AODL to a rectangular 
input action can be calculated using formula (18).

Numerical simulation of the AODL reaction with para
meters: d = 1.6 mm; υ = 3.63 km/s; τ = 0.5 μs to a rectangular 
input effect with a duration of τi = 1.5 μs. The calculation is 
carried out according to the formula (18). The calculation 
results are presented in Fig.  3, in the form of a normalized 
graph of the voltage at the output of the PMT.

Fig. 3. Normalized graph of the voltage at the output of AODL  
with the duration of the input pulse τi = 1.5 μs
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According to the graph in Fig.  3, the rise (fall) time 
is determined, which is equal to 0.44 μs and coincides 
with the calculated value τ0 = 0.444 μs. The pulse duration 
is 1.5  μs (defined at level 0.5), which also corresponds 
to the above position.

The above approach to analyzing the features of the 
photoelastic interaction was used in  [19] to study the 
temporal and frequency characteristics of AODL. Here, 
the cutoff frequency of the AODL with direct detection is 
determined from the rise time of the pulse at the output. 
In the same place, the result obtained was confirmed by 
numerical simulation and tested experimentally.

Let’s now consider the case when the duration of the 
input pulse is less than the time of crossing the laser beam 
by the acoustic wave packet, i. e. when τi < τ0. Some aspects 
of this operating mode of the AODL are discussed in [20].

Fig.  4 shows an axonometric projection of the inter-
action of an elastic wave packet with a duration τi < τ0 
and a width H with an optical beam with a diameter d 
onto the xoz plane.
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Fig. 4. Axonometric projection of the photoelastic interaction on a plane 
perpendicular to the direction of laser beam propagation for the case  

when the pulse duration τi < τ0

Under these conditions, if to assume that the coordinate 
system moves along the x axis with a speed υ, then the 
AODL can be considered as a linear stationary system 
with a rectangular impulse response of duration τi. Such 
an interpretation of physical processes allows accepting 
that the optical beam enters the above linear stationary 
system with a velocity υ. In this case, the acousto-optic 
interaction includes only that part of the optical beam 
that is within the cross-sectional area equal to:
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S x H x x
x
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 by x0 ≤ x ≤ x0+d+υτi.	 (19)

The equation for the AODL output voltage obtained 
on the basis of (19) has the following form:

u x c H x xout

x

x i

( ) ( ) ,= ′
+

∫ d
υτ

 by x0 ≤ x ≤ x0+d+υτi.	 (20)

Moving to the time plane, equation (20) can be rewrit-
ten in the form:

u t c H t tout

t

t i

( ) ( ) ,= ′
+

∫υ
τ

d  by τ ≤ t ≤ τ+τ0+τi.	 (21)

When calculating the integral in equation (21), it is 
necessary to distinguish three areas. The first region is 
characterized by the entry of an elastic wave packet into 
the aperture of the optical beam. In this area, the output 
voltage of the AODL is calculated by the formula:

u t c H t tout

t

. ( ) ( ) ,1 = ′∫υ
τ

d  by τ ≤ t ≤ τ+τi.	 (22)

The second region is characterized by the process of 
advancing an elastic wave packet in the aperture of an 
optical beam. Here the calculation is performed by the 
equation:

u t c H t tout

t

t

i

. ( ) ( ) ,2 = ′
−
∫υ
τ

d  by τ+τi ≤ t ≤ τ+τ0.	 (23)

The third region is characterized by the process of the 
elastic wave packet exit from the aperture of the optical 
beam. In this area, the output voltage of the AODL is 
calculated by the expression:

u t c H t dt H t tout

t i

. ( ) ( ) ( ) ,3
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= ⋅ ′ − ′











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τ

τ τ

τ

τ

d  

by τ+τ0 ≤ t ≤ τ+τ0+τi.	 (24)

The output voltage of AODL is determined on the basis  
of expressions (22)–(24) as the sum of three terms:

uout(t) = uout.1(t)+uout.2(t)+uout.3(t), by τ ≤ t ≤ τ+τ0+τi.	 (25)

The formula for calculating the output voltage of the PMT 
is obtained from the joint analysis of equations (22)–(25)  
in the following form:

uout(t) = uout.1(t)∙[Φ(t–τ)–Φ(t–τ–τi)]+

+uout.2(t)∙[Φ(t–τ–τi)–Φ(t–τ–τ0)]+

+uout.3(t)∙[Φ(t–τ–τ0)–Φ(t–τ–τ0–τi)], 

by τ ≤ t ≤ τ+τi+τ0.	 (26)

Summarizing the accepted conditions, the established 
patterns and the results obtained, it can be postulated 
that when the inequality τi < τ0 is fulfilled, the shape and 
parameters of the AODL response to a rectangular input 
effect can be calculated by the formula (26).

Numerical simulation of the AODL reaction to a rect-
angular input impact with a duration of τi = 0.2  μs, with 

the following parameter values: d = 1.6  mm; υ = 3.63  km/s; 
τ = 0.1  μs.

The normalized graph of the voltage at the output 
of the РМТ uout(t)/uout.max, constructed according to the 
formula (26), is shown in Fig.  5.

Fig. 5. The normalized graph of the voltage at the output of the AODL  
at the duration of the input pulse τi = 0.2 μs
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From the graph in Fig.  5, it can be easily determined 
that the pulse duration at the output of the AODL is ap-
proximately equal to τ0. At the same time, the shorter the 
duration of the input pulse, the closer the shape of the graph 
is to the configuration of the cross-section of the laser beam.

Now let’s assume that the duration of the elastic wave 
packet is much less than τ0, i.  e. τi << τ0. Under these condi-
tions, the voltage at the output of the PМТ, determined by 
equation (25), is formed due to the component, which is 
determined by equation (23). At the same time, the con-
tributions of the components determined by equations (22) 
and (24) become negligibly small. For greater persuasiveness, 
let’s repeat the above numerical simulation for the case when 
τi = 0.01  μs. The corresponding graph is shown in Fig.  6.

Fig. 6. Normalized graph of the voltage at the output of the AODL  
at the duration of the input pulse τi = 0.01 μs
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From the graph in Fig.  6, it is easy to determine that 
the pulse duration at the output of the AODL is also 
equal to τ0. However, in Fig.  5, the duration of the base 
of the graph is 0.64  μs, i.  e. the sum τi+τ0. At the same 
time, the duration of the bottom of the graph in Fig.  6 is 
equal to 0.45  μs, i.  e. also the sum τi+τ0. However, τi << τ0 
and therefore the shape of the graph almost repeats the 
configuration of the laser beam cross section. Features of 
the photoelastic interaction with such properties can be 
used to study the energy-geometric parameters of laser 
radiation. This issue is discussed in  [21].

Thus, the results of the numerical analysis unambigu-
ously confirm the effectiveness of formulas (18) and (26), 
which were obtained on the basis of the axonometric pro-
jection of the photoelastic interaction for determining the 
shape and calculating the parameters of the AODL response 
to a rectangular input action at various ratios τi and τ0.

The above equations are easily modeled in the Mathcad 
environment, which is an obvious prerequisite for the suc-
cessful application of the proposed axonometric model in 
the design, development and commissioning of AODL, both 
with direct detection and heterodyne type.

The above regularities and results of numerical simula-
tion have been tested experimentally. The scheme of the 
layout for experimental studies, as well as the measuring 
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equipment used, is shown in Fig. 7. Here, a semiconductor 
laser is used as a source of coherent light. The light beam 
is incident into the AOM aperture at the Bragg angle. 
AOM is made on glassy photoelastic material TF-7 with 
the following parameters: υ = 3630 m/s, M = 5.12∙10–18 s3/kg. 
As an EAТ, a LiNbO3 crystal with dimensions L = 7  mm, 
H = 4  mm and a thickness of 3  mm is used. The center 
frequency of the AOM is 80  MHz. In the experiments, 
a photodetector device based on FEU-114 developed in 
the laboratory was used  [22].

  
 
   
     
   
                
 
     

FEU-114 MSO 4052 

G4-107 G5-54 

АОМ D 

Laser 

 
Fig. 7. Layout diagram for experimental studies

Note that, if it is necessary to implement large delays, the 
best results can be obtained using TeO2 paratellurite crystals 
as PEM. Since, the speed of transverse waves in these mate-
rials is approximately 616  m/s. However, it should be taken 
into account that these materials exhibit anisotropy  [23].

The rectangular pulse generated in the generator G5-54 
modulates the oscillations of the high-frequency generator 
G4-107 (operates in external pulse modulation mode) and 
synchronizes the oscilloscope MSO4052. The oscillation 
frequency of the generator G4-107 is selected equal to 
the central frequency of the AOM, i.  e. f0 = 80  MHz. The 
deflected light through a slit in the diaphragm (D) falls 
on the photosensitive surface of the FEU-114.

The following results of theoretical studies have been 
experimentally tested:

1.	 If the duration of the rectangular pulse at the input 
τi > τ0, then the pulse duration at the output AODL τout 
is equal to τi, and the rise time τr is equal to τ0.

2.	 If the duration of the rectangular pulse at the input 
τi < τ0, then the pulse duration at the output AODL τout 
does not depend on the duration of the input pulse and 
is equal to τ0.

The voltage waveforms at the input and output of the 
AODL for the case τi > τ0 are shown in Fig.  8. The dura-
tion of the input pulse (determined by the oscillogram at 
a level of 0.5 of the maximum value) is equal to τi ≈ 1.0  μs. 
Rise time, i.  e. the time during which the output voltage 
changes from 0.1 to 0.9 of its maximum value is approxi-
mately 0.44  μs, which is equal to the time of crossing an 
optical beam with a diameter of d = 1.6  mm by an acoustic 
wave packet. The duration of the output pulse is 1.0  μs. 
Thus, the provisions of the first paragraph are unambigu-
ously confirmed.

The situation for the case τi < τ0 is illustrated in Fig. 9, 
which shows the oscillograms of the voltages at the input 
and output of the AODL with the above parameters.

The duration of the input pulse (determined by the 
oscillogram at a level of 0.5 of the maximum value) is 
equal to τi ≈ 300  ns. Rise time, i.  e. the time during which 
the output voltage changes from 0.1 to 0.9 of its maximum 
value is approximately 300  ns, which is equal to the dura-
tion of the input pulse and fully corresponds to the above 
statement. The duration of the output pulse is 440 ns, which 
also corresponds to the above position.

(1) 

(2)

Fig. 8. Oscillograms of pulses at the input (1) and output (2) of the AODL 
with parameters τi ≈ 1.0 μs; υ = 3630 m/s; d = 1.6 mm

(1) 

(2)

Fig. 9. Oscillograms of pulses at the input (1) and at the output (2) AODL 
with parameters υ = 3630 m/s, d = 1.6 mm

Let’s note that the duration of the output pulse shown 
in Fig.  9 is equal to the rise time of the output pulse 
shown in Fig.  8. This is due to the fact that both pa-
rameters are formed by the d/υ ratio.

Some differences between the oscillograms of the output 
pulse and the calculated graphs are explained by the fact 
that the radiation of the laser used has a round cross sec-
tion and an uneven distribution of the power flux density 
in it. In addition to all of the above, the shape of the 
input pulse is not ideal.

The dependence of the duration of the output pulse 
τout on the duration of the input pulse τi was established. 
The graph of this dependence is shown in Fig.  10.

(τout, µs) 

(τi, µs(τi, µs)

(τout, µs)

0

1

2

0.5

1.5

20.5 1 1.5

Fig. 10. Experimental graph of the dependence of τout(τi)

From the experimental graph in Fig.  10, the following 
features of the output pulse formation are obvious:

1.	 If the duration of the input pulse is less than the time 
of crossing the optical beam by an acoustic wave packet (in 
this case it is approximately 0.4  μs), then the duration of 
the output pulse is determined by the value d/υ and practi-
cally does not depend on the duration of the input pulse.
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2.	 If the duration of the input pulse is longer than 
the time of crossing the optical beam by an acoustic wave 
packet, then the duration of the output pulse is equal to 
the duration of the input pulse.

It should be noted that minor deviations of the ex-
perimental curve from the calculated values are mainly 
due to inaccuracy of measurements.

Thus, the results of experimental studies confirm the 
above statements and coincide with the results of nu-
merical analysis.

3.  Results and Discussion

1.	 According to the AODL response oscillogram (Fig. 8), 
the rise time τr of the output pulse is determined as the 
time during which the pulse amplitude changes from 0.1 
to 0.9 from the maximum value. Then, according to the 
formula fs = ln(0.9/0.1)/(2πτr) = 0.35/τr, the cutoff frequency 
of the amplitude-frequency characteristic of a specific imple-
mentation of AODL is calculated. In this case, determined 
by Fig.  8 rise time is τr ≈ 440  ns. Accordingly, the cutoff 
frequency fs = 795  kHz. The recommendation is valid only 
for the case τi > τ0.

2.	 According to the oscillogram of the AODL re-
sponse  (Fig.  9), the duration of the output pulse τout is 
determined, at the level of 0.5 of the maximum value. Then 
the real diameter of the light beam is calculated using the 
formula d = υ∙τout. In this case, the duration of the output 
pulse, determined by Fig.  9, is τout ≈ 440  ns. Accordingly, 
the actual diameter of the light beam is d ≈ 1.6  mm. The 
recommendation is valid only for the case of τi < τ0.

There are no restrictions on the use of the developed 
axonometric model. It is applicable both for direct detec-
tion AODL’s and for the heterodyne type. In all cases, 
only the limiting conditions listed above must be met.

4.  Conclusions

The axonometric model of photoelastic interaction 
improves the spatial representation of this physical pro-
cess and greatly simplifies the calculation of the response 
parameters of AODL with specified design characteristics 
and parameters to the input effect in the form of a rect-
angular pulse. In this case, three parameters are decisive: 
the duration of the input pulse, the velocity of propaga-
tion of the elastic wave in the PEM and the diameter 
of the light beam. The ratio of these parameters uniquely 
determines the shape and parameters of the AODL output 
signal. By simple calculations, it can be easily established 
that the proposed model is equally valid for all types of 
AODL with direct detection and heterodyne type.

Based on the results of numerical modeling and ex-
perimental approbation, two postulates are formulated:

1)  if the pulse duration at the AODL input is longer 
than the time of intersection of the optical beam by an 
elastic wave packet, then the duration of the output pulse 
is equal to the duration of the input pulse;

2)  if the duration of the pulse at the input of the 
AODL is less than the time of crossing the optical beam 
by the elastic wave packet, then the duration of the output 
pulse is equal to the time of crossing the optical beam 
by the elastic wave packet.

According to the oscillogram of the output response 
of a specific implementation of the AODL, it is possible 

to determine both the cutoff frequency and the diameter 
of the light beam incident on the surface of the photo-
detector. To do this, it is enough to choose τi > τ0 and 
τi < τ0, respectively.
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