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Abstract: Nowadays, optical methods are widely used to measure the movements of various objects. In this case, it is 

necessary to measure both longitudinal displacements at a large distance, and transverse ones. Such tasks have to be solved 

when measuring the displacements of the cutting tools of machine tools. Among the optical methods, the most accurate is the 

method of heterodyne interferometry. However, this method does not allow making absolute measurements, since the period of 

the interference pattern is commensurate with the wavelength of light, which requires counting the number of stripes. In 

addition, the readjustment of this method requires two-frequency lasers and rather complex optical and electronic systems, 

which significantly complicates their application. To solve this problem, we used the method of heterodyne interferometry 

developed by the authors, which, in contrast to the known methods, allows us to make absolute measurements of the 

parameters of objects. This is achieved by creating a period of the interference pattern, which is equal to the speed of sound in 

the acousto-optical modulator divided by the modulator control frequency. The result was aa block diagram of a device for 

measuring transverse and longitudinal displacements of objects by the heterodyne method is developed. Analytical 

expressions are obtained for calculating the signal strength at the photodetector, the periods of interference patterns, 

the phase shift depending on the transverse and longitudinal displacements, the measurement range and the 

measurement accuracy, which allowed us to determine the main parameters of the device. To confirm the results 

obtained, an experiment was carried out. For this, a block diagram of the experiment was developed, with the help of which the 

influence of the beam divergence on the period of the interference pattern was determined. The experiment showed good 

agreement between theory and experiment. 
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1. Introduction 

There are currently various optical methods for measuring 

the displacements of objects. In new method is proposed to 

improve the accuracy of interference measurements by 

isolating the lines of the centers of the interference bands-

isophotes [1]. However, this method can only be used when 

processing interferograms. 

A new method for measuring displacements using an 

optical raster is proposed [2]. The method is easy to 

implement and has high measurement accuracy. At the same 

time, the requirements for the accuracy of the raster 

production are low. The disadvantage of the method is a 

rather narrow measurement range (up to 1 m.). 

The most technically feasible parameters of the surface 

relief of diffraction gratings are proposed to create the 

required phase shifts between the diffracted beams and the 

quadrature modulation signals and to achieve the required 

accuracy of measurements with nanometric resolution [3]. 

The disadvantage is the narrow measurement range. 

The main issues of constructing a receiving system for a 

pulsed laser rangefinder with digital signal processing for 

determining the range are considered and its hardware is 

described [4]. The disadvantage of the device is limited 

functionality, since it can not measure transverse movements. 

A new fiber-optic converter of micro-displacements of a 

mirror surface into the power (amplitude) of an optical signal 

is proposed [5]. The disadvantage is the narrow measuring 

range. 

The results of comparative field tests of rangefinders with 
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an eye-safe radiation wavelength of 1.54 microns and a 

radiation wavelength of 1.06 microns under the same weather 

conditions are also presented [6]. The disadvantage is the 

limited functionality of the device. 

A new method for determining the astronomical 

coordinates of an object by finding the direction of the 

meridian at the observation point and a variant of an 

optoelectronic device that allows implementing the necessary 

angular measurements are proposed [7]. 

The disadvantage is the relatively low measurement accuracy. 

A new method of vibration isolation of optical devices is 

proposed, which significantly improves the accuracy of their 

measurements [7]. This method can be used in the device we 

offer. 

A new method for determining the distance to cars "in the 

blind zone" using a side-view camera is proposed [8]. The 

disadvantage of this method is the relatively low 

measurement accuracy. 

A new mobile high-precision sensor is proposed for 

measuring the movements and monitoring the geometric 

parameters of products in production based on the laser 

triangulation method [9]. The disadvantage of this method is 

the narrow measurement range. 

However, this method can only be used when processing 

interferograms. 

A completely new optical element, the quadrolens, is 

proposed, which is used as part of a shear speckle 

interferometer to provide measurements of deformations of 

objects simultaneously in two mutually perpendicular 

directions [10]. The disadvantage of the device is a narrow 

measuring range. 

A new method for improving the measurement accuracy 

by isophotometric processing of the interferogram is 

proposed [11]. However, this method can only be used when 

processing interferograms. 

Method for measuring the longitudinal movement of an 

object using a Michelson interferometer is considered 

[12]. However, to measure the transverse displacements, 

an additional interferometer is required, which, with this 

method, does not measure the absolute displacements of 

the object, so it requires counting the phase cycles. In a 

heterodyne method for simultaneous measurement of the 

absolute transverse and longitudinal displacements of the 

reflector is considered [13, 14]. The disadvantages include 

the relatively low accuracy of measuring the longitudinal 

movements of the object. 

The purpose of this article is to develop a high-precision 

device for measuring the transverse and longitudinal 

movements of cutting tools of machining machines by the 

heterodyne method. 

2. Materials and Methods 

The block diagram of the developed device is shown in 

Figure 1. The peculiarity of this scheme in comparison 

with the scheme considered is that in order to increase the 

accuracy of measuring the longitudinal displacements, a 

zero-order beam from the output of the AOM through the 

mirror 5 and through the plane-parallel plate 6 is directed 

to the slit 7, where it interferes with the beams diffracted 

on the AOM 2. In addition, the scheme includes a 

collimator 3, which expands the diffracted beams, which 

allows you to increase the measurement range of 

transverse displacements. 

 

Figure 1. Block diagram of the transverse and longitudinal displacement meter. 

1 – laser; 2– acousto-optic modulator (AOM); 3–collimator; 4 –reflector consisting of two mirrors; 5–mirror 6– plane-parallel plate (PPP); 7– slot; 8–

photodetector; 9–filter low frequencies (LPF); 10–digital phase difference meter; 11–filter high frequencies (HPF); 12–phase discriminator; 13– generator high 

frequency (GVC); 14 –multiplexer; 15–a phase detector; 16 –low-frequency oscillator (LFO); 17–microprocessor. 

With longitudinal movements of the reflector 4 along the 

Z axis, the distance between it and the photodetector 8 

changes, which leads to a change in the phase shift of the 

light wave. With the transverse movement of the reflector 4, 

the interference pattern created in the beams diffracted on 

the AOM 2 is shifted along the slit of the photodetector, 

which also leads to a change in the signal phase. Let us 

consider in more detail the process of beam interference on 

the photodetector 8. On the AOM 2, after the multiplexer 

14, the voltages of two frequencies fb and fb +fn are 

applied, where fb is the high frequency from the generator 

13, fn is the low frequency from the generator 16. As a 

result, two diffracted beams are obtained at the output of 

AOM 2, which interfere with each other. To increase the 
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measurement range of transverse displacements, these 

beams are expanded by the collimator 3. As a result, when a 

zero-order beam is fed to the photodetector, interference of 

three beams will occur. Then the signal at the output of the 

photodetector, taking into account [15], can be represented 

in the following form: 
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vzv-the speed of sound in the AOM; - increase in the size of 

the diffracted beams at the output of the collimator 3; A0 -the 

amplitude of the diffracted beam at the output of the 

collimator; A np –the amplitude of the zero-order beam; Ssh = 

lshx, lshu - the dimensions of the gap 7 in the x and y 

coordinates; SFP-the sensitivity of the photodetector; - the 

frequency of laser radiation; /н н звf vθ λ= nв- light diffraction 

angle; pv-refractive index of air; k = 2 π nв/ λ  — wave 

number; λ - the wavelength of the laser radiation; L is the 

distance from the collimator 3 to the slit 7. 

Filters distinguish signals with frequencies fb and fh. 

Constant phase shift oϕ , introduced by a zero-order beam, it 

can be compensated by phase shifters. Therefore, we will not 

take it into account in the future. Then the signals at the 

output of the filters can be represented as: 

0

2
2 cos( )в нп ФП щ в

L
U A A S S t

πω
λ

= +                (2) 

2
02 sin ( ) cos( )

2

щх

н ФП щ н H

kl
U A S S c tω ϕ

β
= Θ −       (3) 

The voltage Uvc is applied to the phase discriminator 12, 

which allocates a proportional signal 
2

cos( )
Lπ

λ
 and counts the 

number of N phase cycles, which allows the microprocessor 17 

to determine the distance L by the expression: 

2
L N

λ=                                  (4) 

The voltage Uh is supplied to the digital phase difference 

meter 10, which measures the phase ϕ  and transmits the 

received information to the microprocessor 17. 

We determine the magnification for the divergent beam. 

The diameter of the diffracted beam at the collimator output 

can be represented as: 

2 /лD D Lγ α γ= +                           (5) 

where Dl is the diameter of the laser beam; - the divergence 

of the laser; - the apparent magnification of the collimator. 

Тогда увеличение размера пучка будет равно: 
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Taking into account (1) and (6), we determine the 

transverse displacement of the reflector: 
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The microprocessor 17, using expression 7, calculates the 

transverse displacement of the reflector 4. 

An important issue in remote measurements of reflector 

displacements is the determination of the interference region 

of diffracted beams, since the measurement range of 

transverse displacements depends on this. An expression was 

obtained for the interference region of beams, which, in the 

presence of a collimator, taking into account the divergence 

of the beam, can be represented as [15]:  
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To determine the measurement range, it is also necessary 

to determine the power of the signals received by the 

photodetector. Using the expressions (2), (3), taking into 

account (5), (6), we obtain formulas for the powers of two 

harmonics: 
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where Pb and Ph are the harmonic powers at the frequencies fb 

and fn, respectively; - the light loss in the device; - the 

diffraction efficiency of the AOM; Rl-the laser radiation 

power. 

3. Results and Discussion 

Let's evaluate the device parameters. When processing 

large, long parts to control the movement of the cutting tool, 

the longitudinal and transverse movements can be selected in 

the range L=100 m, Cmax=100 mm. 

As a radiation source, we choose a helium neon laser 

GN 25 with a radiation wavelength of 0.63 microns, a 

power of 25 MW, a beam diameter Dl=1.5 mm and a beam 

divergence =1.2*10
-3

. The coherence length of such lasers 

reaches 600 m, which will allow the use of this laser in 

this device. AOM is made on paratellurite, in which the 

sound propagates at a speed of 617 m / s at an excitation 

frequency fb=15 MHz. 

Determine the apparent magnification of the collimator 

max 67
л

C

D
γ = ≈ . We choose the period of the interference 

pattern at the output of the AOM equal to the diameter of the 

laser beam. Then from this condition we can find the low 

frequency: 0,41 .зв
н

л

v
f МГц

D
= ≈  Using the above parameters, 

using the expression (8), we find the interference region of 

the beams, therefore, the measurement range of transverse 

displacements will be preserved over the entire distance. 

Using expressions (9) and (10), we determine the power of 

the harmonics. To do this, the light loss and the area of the 

gap. The diffraction efficiency of the AOM in Bragg 

diffraction can be 0.9. The light loss in the device will consist 

of the losses in the elements (3-6) and will be approximately 

τ =0,3. In addition, the target function must be taken into 

account in the expression (10). In order to determine the 

width of the slit ls, it is necessary to know the size of the 

photodetector. As a photodetector, we choose a pin 

photodiode with a threshold sensitivity of N=5 * 10-12 W * 

Hz-0.5, with a diameter of the photosensitive Vsp pad =0.5 

mm. Choose ls=Vsp. Substituting the values of the 

parameters defined above in (9-10), we get Rv=10-6 W, 

Ph=10-7 W. 

Let us determine how much the values of these powers 

exceed the minimum radiation power detected by the 

photodetector, which is determined by the well-known 

expression: minP G f= ∆ , where is the frequency band. 

Then for the used frequencies fb=15 MHz and fn=0.41 MHz, 

respectively, we get Pmin b=1.93*10-8 W, Pmin h=3*10-9 W. 

Then we determine the signal-to-noise ratio for these 

two cases 
min min

( ) 51,8; ( ) 33,3в н
в н

в н

P PS S

N P N P
= = = =  this 

will ensure a sufficiently reliable reading of the 

information. 

We now find the minimum longitudinal and transverse 

displacements that the device can measure. The minimum 

longitudinal displacement from (4) will be equal to 

315 .
2

нм
λ =  The minimum transverse displacement can be 

found from (7), given that the sensitivity of modern digital 

phase meters is equal to 00, 01 .ϕ =  Then from (7) we get 

min 3 .C мкм≈  

Let us determine the relative error C / C of the 

measurement of transverse displacements. To do this, we use 

the method of differentiating expression (7) by parameters 

that have errors. Parameters , D , ,л Lα γ  their errors can be 

measured and taken into account in the course of work, as 

they are systematic. The remaining parameters are random. 

Then, given (7), we get: 

2 2 2(∆φ φ) ( ) ( )н нX X v v f f∆ ≈ + ∆ + ∆       (11) 

As shown in [15], the specified (11) parameters have the 

following values: 3∆φ φ 2,7 10−= ⋅ , 45, 2 10v v −∆ = ⋅ , 

410н нf f −∆ ∆ = . Substituting these values in (11), we find 

0, 27C C∆ = %. 

To test the effect of the laser divergence on the period 

of the interference pattern, an experimental setup was 

assembled. The scheme of the experiment is shown in 

Figure 2. The installation used a semiconductor laser 

KLM-650/5 with a wavelength of 650 nm, the coherence 

length of which was sufficient to ensure the interference 

of closely spaced beams. As a high-frequency generator, 

the G4-107 generator with amplitude modulation was 

used. 

To create the divergence of the beam, a cylindrical lens 3 

is used. 

When experimentally determining the period of the 

interference pattern, the photodetector was first set to the 

d1 position and then moved to the d2 position by a 

distance L. In both positions, the diameter of the diffracted 

beam was measured and the phase dependence on the 

displacement was removed. To do this, the photodetector 

together with the amplifier was installed on a table, the 

movement of which was measured by an indicator with a 

scale division price of 10 microns. An increase in the 

beam size was determined: 

� =
��

��
=
40мм

26мм
= 1,53 

where d2 and d1 are the beam diameters in two positions. 

The table with the photodetector moved perpendicular to 

the beam with a step of 0.25 mm. The displacement was 

measured by the ICH – 10 indicator, and the signal phase was 

measured by the phase difference meter F2-16. The low 

frequency was 200 kHz. The measurement results are shown 

in the table. 
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Figure 2. Scheme of the experiment. 

1-laser; 2-acousto-optic modulator (AOM); 3-screen; 4-cylindrical lens; 5-slot; 6 - hour indicator; 7-photodetector; 8-movable table; 9-amplifier; 10-phase 

difference meter; 12-low frequency generator; 11-high frequency generator. 

On the basis of the data obtained in Figure 3, graphs are built in Excel. 

 

Figure 3. Dependence of the signal phase on the movement of the photodetector at different beam diameters. 

We determine the periods of the interference patterns for 

two beam diameters by the formula: 
0

1 0

2 360 *1
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x мм
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where x∆ =1 mm is the selected range of movement of the 

photodetector; ∆φ is the phase change corresponding to this 

movement, taken from the table. 

Table 1. Dependence of the phase φ of the signal on the movement of the 

table X. 

X (мм) φ (deg.) beam diameter d1 φ (deg.) beam diameter d2 

0 0 0 

0,25 4,6 6,2 

0,5 9,3 12,6 

0,75 13,7 19,1 

1 18,1 25,4 

1,25 21,9 31,9 

1,5 25,7 38,4 

1,75 29,5 44,9 

2 33,3 51,4 

2,25 37,1 57,9 

2,5 40,9 64,4 

2,75 44,7 70,9 

3 48,5 77,4 

3,25 52,3 83,9 

3,5 56,1 90,4 

3,75 59,9 96,9 

4 63,7 103,4 

The increase in the period of the interference pattern based 

on the experiment is determined by the expression: 

2
.

1

20,8
1,485

14
эксп

мм

мм
β Λ

= = =
Λ

 

The error in determining the increase in the beam 

diameters and in the periods of the interference patterns is 

equal to: 

4,5%эксп

эксп

β ββ
β
−

∆ = =  

The obtained result indicates a fairly good agreement 

between the theory and the experiment. 

4. Conclusion 

A block diagram of a device for measuring the transverse 

and longitudinal movements of an object has been developed. 

The parameters of the device are estimated and it is shown 

that the longitudinal movements of the reflector can be 

measured in the range from 315 nm to 50 m, and the 

transverse ones - from 3 microns to 100 mm with an 

accuracy of 0.27%. Experimental studies were carried out to 

assess the effect of the beam divergence on the period of the 

interference pattern, which confirmed the coincidence of the 

theory with the experiment. 

Thus, the results of the work can be used in the design of a 

device for measuring the displacements of metal-cutting tools 

when processing large-sized parts. 
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