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Some problems of a laser interferometric
measuring system
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This paper emphasizes the importance of the interferometric methods for the measurements
of lengths, flatness and other geometrical quantities. The solution of different types of inter-
ferometers with circularly and orthogonal linearly polarized beams anil their compatibility
in a laser interferometric measuring system are presented.

Introduction

For the most precise measurements of the lengths in metrology, engineering, elec-
tronics and many other branches, the laser interferometry which utilizes the wave
definition of the meter length unit is used. The commonly used wave definition of
the length unit based on the orange line of krypton-86 has a series of disadvantages
and does not seem to be perspective. On the other hand, the laser interferometry
offers wide possibilities of the direct measurement on the basis of the wave definition
with all resulting consequences: high accuracy, large resolution and measuring ranges
of several tens of meters.

A laser interferometer was elaborated in the Institute of Scientific Instruments
of the Czechoslovak Academy of Sciences, Brno, in 1967-1969, and in 1971 it was
introduced in the production at METRA Blansko [1, 2]. The properties of the
single-frequency laser and some applications of the laser interferometer are present-
ed in [3]. A remote laser interferometer which was built up in the following time
period [4, 5] is now also produced at METRA Blansko. By introducing the laser
interferometers into production and by matching the wavelength of the single-
-frequency lasers to the world length standard, preconditions have been created for
the successful application of the laser interferometric methods in the CSSR.

Besides the length measurements, one observes an even increasing importance of
measurements of other geometrical quantities, such as straightness and flatness,
rectilinearity and dynamic phenomena by means of the laser interferometry. These
reasons have led to a laser interference system, designed for the measurements of
lengths (possibly within more coordinates), velocity, straightness and flatness,
angles, dynamic phenomena etc. Up to now interferometers for length and velocity
measurements and a differential interferometer for straightness, flatness and small
angles measurements have been developed and tested. At present our effort is con-
centrated on the work connected with an interferometer for dynamic phenomena and
rectilinearity measurements.
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Laser measuring system

The laser system operates on the interference principle and the quantity to be meas-
ured (length, angle, path difference) is expressed by a number of interference units,
usually A/8 which are indicated on a table, or converted automatically to a metric
measure. The interference of two beams — the reference and measuring one — in
a laser interferometer must fulfill a series of conditions for the achievement of the
highest signal, and the interference signal must carry the information about the
motion direction ofthe moving part. To determine the direction we employ two signals
in quadrature (phase shifted by 90°) which result in the interference of two circularity
polarized beams of the opposite orientation. The interferometers work either directly
with this kind of beams polarization or they use two orthogonal linearly polarized
beams which, after releasing the interferometer, are changed into circularly polarized
beams of the opposite orientation.

In the laser interferometry system various types of interferometers operate,
which employ the polarization optics to obtain two signals in quadrature. The polar-
ization optics of each interferometer allowed interferometers of various types to
operate in a system with a single common laser or a single common detection unit [6].
Hence the input of each interferometer type is adapted to the linearly polarized light
of the laser (standardized input light), and the output is in the form of circularly
polarized beams of the opposite orientation and of the same intensity.

The principle of an interferometer with circularly polarized light
of the opposite orientation

The operation principle of the interferometer with the circularly polarized light of
the opposite orientation, and generating two signals in quadrature used for deter-
mining the motion direction of the moving part is shown in [6]. The work of the linear
interferometer for lengths measurements [5, 6] and of the differential interferometer
for straightness and flatness measurements is based on this principle.

Fig. 1shows an exemplified arrangement of the polarization optics in a differential
interferometer. The properties of the dividing plate can be expressed by means of
Jones matrices [7-11]:
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where R+, R" is the reflectance of the dividing layer for the light of the laser with the
oscillation plane situated in a plane perpendicular to and parallel with the plane of
incidence, respectively, d2, d2 is the difference of the phase shift of the dividing plate
for reflection and transmission, respectively; T L, 7], is the transmittance of the di-
viding plate for the radiation with the oscillation plane perpendicular to and parallel
with the plane of incidence, respectively.
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Fig. 1. Basic diagram of a differential interferometer: 1 — laser head with

collimation optics and the detection part, 32 — the interference divider for

straightness measurements, 42 — double retro-reflector; RPI, RP2, RP3,

RPA — retardation plates; D — dividing plate of an interferometer; FI,

R2 — cube comer reflectors, RO — rotator, Z — plane mirror; DPI,

DPI —dividing plates; FI, F2, F3 — polarization filters; FI, F2, F3 — pho-
toelectric detector

When the remaining members in the interferometer do not show any substantial
influence on the change of the light polarization and the dividing plate meets
the condition

R++Rn= (r 3+ riiy 2

then for the phase retardation <3 the orientation ofthe fast axis <9, and the rotation
angle of the rotator £ of particular elements of the polarization optics we have the
following values:

RPi: 3= 90°, <9 rcl/4, ?)
RO: 3 —180°, £ = 90°, @)
RP2: &= 180°, 9 = 45°. (5)

The design of the detection unit and the values of the optical elements are given
in [6].
The reference beam sr or the measuring beam em can be written as follows:

8.

Ri2 2 0 01
fir = ~2 (- Z,)IZ .
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where Zp are losses of the mirror and Ee is the electric vector of the incoming light.

This result indicates that the reference and measuring output beams of the inter-
ferometer are circularly polarized with the opposite orientation and have the same
intensity. This property is a precondition for the full contrast C of the interference
signal, which is defined as follows:

C= X Anin ®
Lm("'l /m'n '

where /mex, 7mn are the maximum or minimum intensities at the interference. An

example of the contrast of a trial linear interferometer for both signals in quadrature

was published in [6].

Operation principle of an interferometer with orthogonal linearly
polarized beam

We assume that the light entering the interferometer is linearly polarized and express-
ed by the Jones vector

The polarization optics of the interferometer consists for example of a rotator
placed at the input of the dividing unit, a dividing polarizing element or of a divid-
ing coating with polarizing properties and of a linear 2/4 plate situated on the
output of the dividing unit. In the path of both measuring beams there are placed
linear 2/4 retardation plates. We assume that the phase retardation 5, the orientation
of the fast axis 0, and the rotation angle of the rotator £ have the following values:

RO2: d= 90°, £= 45°, (10)
RP5,RP 6:5 = 90°, 0 = 45°, (11)
RP1: $= 90°, 0 = 45°. (12)
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For the reference beam we get:

wHsa qil]= e

where A is a constant, and for the measuring beam:

Ne M 0 ][y -if'["]

It can be seen from this result that in this type of interferometer the output is
standardized — similarly to the previous case — in the form of circularly polarized
beams of light of the same intensity and opposite orientation. In the practical case
usually K = 1 and from the comparison with the expression in section: The prin-
ciple of an interferometer with circularly polarized light of the opposite orientation
it can be seen that the intensity of light beams is doubled with respect to the former
case. Thus, the superiority of the polarizing elements or polarizing coatings over
the nonpolarizing dividing elements is obvious. The next processing of the interfer-
ing light beams in the standarized detection unit is the same as that with the pre-
ceding type of the interferometer [6]. An example of this type is given in fig. 2. This
interferometer is for length measurements in two coordinates using a plane mirror.
At the input of the dividing unit there is a rotator R02 and the dividing polarizing
element is the polarization prism P, behind which the two beams are orthogonal

Fig. 2. Anexample of an interferometer for the length measurements in two co-

ordinates: 1 — the laser head with the collimation optics and the detection

part, 36 — the interference divider for the length measurements in two coor-

dinates, 46 — the retro-reflection element for the length measurements in

two coordinates, RO2 — the rotator at the input of the dividing unit, P —the

polarizing dividing prism; R\, R2 —retro-reflectors; RP5, RP6, RP1 — linear
retardation plates, Z — the reflection mirror
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linearly polarized. The reference beam is reflected by the retro-reflector i?l and
after the reflection from the polarization coating it passes through the linear retar-
dation plate RP1 and proceeds to the detection unit. The measuring beam passing
through the polarization element RP5 is reflected by the mirror Z, it passes again
through the polarization element RP5 and is reflected first by polarizing coating,
then by the retro-reflector R2 and reflected again by the polarizing coating, it passes
through the polarization element RP6, is reflected by the mirror Z, passes first
through RP6 and next through the polarizing coating, the linear retardation plate
RP1 and then together with the reference beam they proceed to the detection unit
as two circularly polarized beams of the opposite orientation, that is, in the form
standardized for all the types of interferometers.

Properties of interferometer and examples of application

The interferometer for length measurement offers the length measuring range 0-30 m,
and the basic resolution 0.08 jxm at the operation mode A/8. At the measurements in
machinery workshops the practical accuracy is of about 1 (i,m/m.

The differential interferometer for straightness, flatness and angle measurements
has the measuring range 0-0.1 rad with the limit accuracy at the straightness meas-
urement of £0.5 {xm/m.

Fig. 3. Arrangement of the laser measuring system for the straightness measurement of the
spindel motion of a NC machine
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More detailed description and parameters of both the types of interferometers
are presented in [5].

An example of the application of the laser interferometer in industry is shown in
fig. 3. There the straightness of the spindel movement of a NC machine is measured
by means of the differential interferometer. For the X-coordinate the deviations
from the straight motion of the spindel of the NC machine are plotted in fig. 4.
It is seen that the maximum deviation from the straight motion on the path 1500 mm
is 5 [im, The region enclosed within two curves denotes the region of measurement
errors.

Fig. 4. Deviation dr from the straight motion of the spindel
in the X-coordinate of the measured NC machine

Fig. 5. The operation principle of a laser measuring system: DS1, DS2,

OS1 — light dividers and reflectors; £11, £12, £13 — various types of

interferometers; EL', E+1, E2, E3, EI — digital electronic units; DI, D2,"
£53 — separated detection units

2 — Optica Applicata X/2
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General arrangement of a laser measuring system

The arrangement can be seen in fig. 5. The whole system consists of several units.
The source of radiations is a single-frequency laser, giving a linearly polarized beam
of light. In the unit of dividers, the division of the light beam into several parts
takes place in the case of length measurements in several coordinates. The input
light in all the types of interferometers is standardized having the form of a linearly
polarized beam of light. Thus individual types of the interferometers operate either
with circularly polarized beams of light of opposite orientation, or with orthogonal
linearly polarized beams. The output form interferometers is standardized again in
the form of circularly polarized light of opposite orientation. The detection unit is
standardized being either built in the laser or separated.

Conclusions

The design of a laser interferometric measuring system requires the solution of a se-
ries of problems in the field of optics and electronics. A very important presumption
for this system is the solution of universal units with standardized input and output
quantities. These units must allow the application of various variants of the units
arrangement within a system. This paper shows an example of the units (interfero-
meters) with circularly and orthogonal linearly polarized light, and the general
arrangement of the detection unit.

The laser measuring system, introduced into the production, enables the exten-
sion of the precise interference methods to other fields of the measuring technique.

References

[1] Petru F., Krsek J., Popela B., Stejskal A., Strojiremstvi 22, 744 (1972) (in Czech).
[2] Petru F., Popela B., Krsek J., Stejskal A., Jemna mechanika a optika 18,226 (1973) (in Czech).
[3] Petru F., Optica Applicata V, 7 (1974).

[4] Petru F., Feingeratetechnik 25, 252 (1976).

[5] Petru F., Popela B., Krsek J., Stejskal A., Strojirenstvi 28, 37 (1978) (in Czech).
[6] PetrO F., Optica Applicata VII, 85 (1977).

[7] Jones C. R., J. Opt. Soc. Am. 31, 488 (1941).

[8] Jones C. R., J. Opt. Soc. Am. 32, 466 (1942).

[9] Jones C. R., J. Opt. Soc. Am. 37, 107 (1947).

[10] Shurcriff W. A., Polarized Light, Harward University Press, Cambridge 1962.

[11] PetrO F., Jemnd mechanika a optica 22, 129 (1977) (in Czech).

Received, December 6, 1978,
in revised form, April, 4, 1979

|/|36paHHbIe BOMPOCHI /1la3epPHbIX I/IHTep(*)epOMETpVILIECKI/IX CUCTEM

MofuYépPKHYTO 3HaYeHVe UHTePHEePOMETPUYECKUX METOAOB ANS U3MepeHWUid AnWHbI, MI0CKOCTU
N ApYrUX reoMeTpuyeckuMx BenMuuH. MpeAcTaBneHo peLleHWe BaXKHbIX TUMOB MHTeP(epoMeTpoB
C KpYroBoil UK OPTOrOHANbHO-NMHENHON nonsipusauueli NyyKoB, a TakKe WX MPUMEHSEMOCTb

(COBMECTMMOCTb) B /a3epHbIX UHTEP(HEPOMETPUUECKMX CUCTEMAX.



