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An interferometric method for determining the location of a laser beam waist has been developed, which implements the dependence
of the wavefront curvature on its distance to the waist. The initial laser beam, the waist location of which must be determined, is split
by a shear interferometer into reference and information beams, which form a spatially non-localized interference field in reflected
light. The period of the interference fringes observed in any cross-section of the interference field carries information about the location
of the waist of the initial laser beam relative to this section. The distance from the waist to the plane of recording the period of the
interference fringes is calculated using the formulas of Gaussian optics. The fundamental difference of this method from currently
known ones allows for increasing the accuracy of the obtained result while simultaneously reducing the laboriousness of the
measurement process.
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INTRODUCTION

Determination of the spatial parameters of a laser beam is of fundamental importance in such practical applications
as laser material processing [1], including laser welding [2] and cutting [3] in the acrospace and automotive industries,
laser powder metallurgy [4], laser therapy in medicine [5], optical metrology [6], development of refractive [7],
diffractive [8] and reflective [9] optics, spatial light modulators [10], acousto-optic deflectors [11], optical phased
arrays [12] and other optical components [13], matching of eigenmodes of optical devices [14], efficient input of laser
radiation into fiber systems [15], precision laser tracing [16], and others.

Currently, the Gaussian model of a laser beam is widely used to describe the process of radiation propagation, both
in various optical systems and in free space. Although this model does not satisfy Maxwell's equations, it provides
acceptable accuracy of engineering calculations for most typical optical systems and satisfactory agreement with
experimental results. The simplest Gaussian model describes the spatial characteristics of a stigmatic laser beam with
cylindrical symmetry. The location of the laser beam waist plays a fundamental role in the Gaussian model, since it
establishes the origin of the coordinate system, which must be determined with the highest possible accuracy. From a
fundamental point of view, the algorithm for determining the waist location is completely clear. First, taking into account
the length of the laser resonator and the radii of curvature of its mirrors, it is necessary to calculate the spatial parameters
of the radiation beam, including the location of the waist inside the resonator, following the classic article by Kogelnik
and Lee [17]. Then we sequentially calculate the change in the location of the beam waist after passing through each
element of the optical system, using the thin lens formula and taking into account the thickness and refractive index of
both focusing and non-focusing optical elements. This theoretically clear approach is practically of little use, since it
involves extensive calculations and, for a number of reasons, does not provide high accuracy of the calculation results.
Therefore, laser specialists prefer to find the location of the waist experimentally.

To this time, a number of experimental methods have been developed for determining the location of the
waist [18-36] for laser radiation sources with different spatial, temporal, power and spectral characteristics. The very
existence of a large number of methods confirms that all of them are unsatisfactory due to either insufficient versatility
or due to the relatively low accuracy of the measurement result.

The currently valid international standard ISO 11146-1/2/3:2021 [37 — 39] recommends determining the location of
the waist by measuring the beam widths in at least 10 different sections located along the optical axis on both sides of the
waist, with the measurement of the radiation density distribution in each section repeated at least five times. The obtained
results are approximated by a hyperbolic dependence, and the vertex of the hyperbola indicates the location of the waist.
However, such a method can rarely be implemented, as in practice the waist is usually inaccessible for direct
measurements or does not physically exist. In this case, the standard recommends forming an artificial waist with an
aberration-free focusing element, carrying out the above measurement procedure and calculating the location of the
artificial waist. Then, based on the parameters of the focusing element and the distances from its main planes to the
artificial and original waists, it is necessary to calculate the location of the original waist according to [17]. The ISO 11146
standard requires the use of a CCD camera to measure beam widths, which are determined by calculating the first and
second moments of the radiation power density distribution using the formulas given in the standard. If a CCD camera is

Cite as: V.A. Maslov, K.I. Muntean, East Eur. J. Phys. 4, 386 (2024), https://doi.org/10.26565/2312-4334-2024-4-45
© V.A. Maslov, K.I. Muntean, 2024; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2024-4-45
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-7743-7006
https://orcid.org/0000-0001-6479-3511

387
Interferometric Locating the Waist of a Laser Beam EEJP. 4 (2024)

unavailable or cannot be used for any reason, the standard provides for the following alternative methods for measuring
beam widths: the variable aperture method, the Foucault knife-edge method, the moving slit method, which are used when
the radiation beam width is large, its power is high, or when CCD cameras with a suitable spectral range are not available.

Thus, all known methods for determining the location of the waist, except diffraction methods [23, 24] and specific
ionization methods [21, 32], which require direct access to the waist, implement the relationship between the width of the
laser beam in any section and the distance from this section to the beam waist. The main disadvantages of the known
methods are as follows:

—reduced accuracy of measurement of radiation beams with low divergence, which are of greatest practical interest.
As is known, such beams have a large width, which changes little from section to section. In this case, even a small error
in measuring the beam width, as shown in [40], leads to a large error in the measurement result. In addition, wide-aperture
focusing elements have increased aberrations, which further worsens the accuracy of the result;

— a certain labor intensity, since in order to increase the accuracy of the measurement result, it is necessary to
repeatedly measure the beam width in the maximum possible number of its sections at the maximum possible distance
between the sections.

The purpose of this work is to increase the accuracy of determining the waist location of a laser beam while
simultaneously reducing the laboriousness of the measurement process.

THEORETICAL RELATIONS

Based on the relationship between the curvature R(z) of the wavefront at any point of the optical axis of the laser
beam and the distance from this point to the beam waist, an interferometric method is proposed for determining the
location of the laser beam waist [41], which does not require direct access to the waist. According to this method, the
original laser beam, the location of the waist of which must be determined, is split into information and reference coherent
beams that form a non-localized two-beam interference pattern in the space. This pattern is similar to the spatial
interference pattern from two coherent point sources, i. e. it is a family of nested two-sheet hyperboloids of revolution
with foci at the location of the imaginary waists of the laser beams. As is known, the intensity of the two-beam interference
field at any point in space depends only on the wavelength of the radiation, the distance between the two sources, and the
distance from the observation point to the origin. Knowing the wavelength of the radiation, the distance between two,
imaginary in our case, waists and the period of the interference pattern in any registration plane, we can calculate the
distance from the period registration point to the origin of coordinates, and therefore determine the location of the waists.
Thus, the problem of determining the location of the original waist, which is inaccessible or does not physically exist, is

reduced to determining the parameters of the interference pattern from the pair of imaginary waists we have created.
Analysis of the known methods of forming two interfering beams from one original beam shows that in our case,
only a system of two parallel planes is applicable, which forms two imaginary waists, the distance between which is
determined only by the parameters of the formation system itself. Any other known system (Fresnel biprism, Biye bilens,
Fresnel and Lloyd mirrors, etc.) forms sources, the distance between which also depends on the unknown distance
between the plane of the waist of the original laser beam and the formation system. The technical implementation of the
system of two parallel planes can be a transparent plane-parallel plate or a Michelson interferometer tuned to zero order.
In the case of using a plane-parallel plate, the distance 2C between the imaginary waists of the interfering beams is equal

to (Figure 1):
2 = 2d coso ) 1
(n* —sin® @)2

where d is the plate thickness; 7 is the refractive index of the plate material; a is the angle of incidence of the laser beam
on the plate.

Figure 1. Ray path in a plane-parallel plate.

It follows from formula (1) that the distance between the imaginary waists of the interfering radiation beams, i.e. the
position of the foci of the family of two-sheeted hyperboloids, depends on the angle of incidence of the laser beam on the
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plane-parallel plate, and, therefore, the interference pattern of two Gaussian beams formed by a system of two parallel
planes is not a complete analogue of the classical interference pattern from two real point sources. It follows from Figure 2
that a complete analogy of interference patterns should be observed only in the far field of the laser beam.
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Figure 2. Dependence of the wave front curvature on the distance to the radiation center
a) Gaussian beam (A = 0.6328 pm, wo = 1.0 mm), b) point source.

When observing the interference pattern in an arbitrary recording plane, the interference fringes can be calculated
as the lines of intersection of this plane with the family of hyperboloids. The shape, width and direction of the fringes
depend only on the selected orientation of the recording plane.

Let us consider the cases of observing an interference pattern that occur in practice. The origin of coordinates is
placed in the middle between the imaginary waists, the abscissa axis is drawn through the centers of both waists (Figure 3).
In all cases, the observation plane is at a distance of / >> 2C from the origin of coordinates. The following cases of the
location of the photorecorder's light-sensitive area are fundamentally possible:

1) the ordinate axis passes through the center of the photorecorder's light-sensitive area normally to it.
An interference pattern is observed in the form of a series of practically equidistant fringes, which can be considered
straight with high accuracy;

2) the photorecorder's area is located at an angle to both coordinate axes - this is the case most often realized in
practice when measuring the spatial parameters of a laser beam. The interference pattern is a family of curved
nonequidistant fringes;

3) the abscissa axis passes through the center of the photorecorder's light-sensitive area normally to it. The
interference pattern has the form of a family of concentric rings.

y

2C d

Figure 3. Scheme of formation of interfering beams

These three cases exhaust the entire set of observed interference patterns. When forming an interference pattern
using a plane-parallel plate, all three positions of the recording plane can be obtained by changing the angle of incidence
of the radiation beam on the plate. When forming an interference pattern using a Michelson interferometer adjusted to the
zero order, the third case of observation is realized.

The period /4 of the interference fringes depends on the distance / between the recording plane and the origin. Solving
together the equation for the optical path difference between the interfering beams and the equation for the recording
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plane, we obtain, taking into account (1), a calculation formula for determining the distance from the recording plane to
the origin of coordinates by the period of the interference fringes

_(hdsin 20cos® o [cos(a + @) +tgasin (o + (p)]2
= 1 ,
A(n? —sin’ a)?

/

where 4 is the radiation wavelength; ¢ is the angle of incidence of the radiation beam on the recording plane. If the
recording plane is placed perpendicular to the interfering beams, which is almost always possible, then ¢ = 0 and the
calculation formula is simplified

hdsin2a

jofdsinze 3)

(n2 —sin? oc)5

When using a Michelson interferometer, it is more convenient to measure the diameters of concentric rings instead
of the fringe period. In this case, the calculation formula takes the following form

1
,_| 4Dr, =Dy |2
An ’

where d is the thickness of the equivalent air plate of the Michelson interferometer; D, and D, are the diameters of any
two adjacent interference rings.

Thus, by setting the angle of incidence of the laser beam on a plane-parallel plate and measuring the period of the
interference fringes in the recording plane, we determine the distance from the recording plane to the origin using the
above formula.

We will estimate the measurement error of the waist location by differentiating formula (3):

1
2 2 2
o Kﬁ) +(5—dj + 00’ +(ﬁj +§n2}2 :
/ h d A

Typical values of the error components are as follows: da/h = 1073; dd/d = 10%; da = 104, SA/4 = 10, 6n = 104,
which allows us to estimate 5/ = 1073.

It is worth noting the feature of the above-described interference measurement method, which distinguishes it from
the known methods of measuring the spatial parameters of a laser beam and allows us to consider it promising for
measuring the location of the waist of beams with small (on the order of fractions of an angular second) divergence angles.
For example, in known methods, a small difference in beam widths, which is measured with a large error even for large
beam divergence angles, tends to zero as the divergence angle decreases, which leads to a complete loss of the information
contained in it. In the described interferometric method, the value of the informative parameter — the period of the
interference pattern — increases with decreasing beam divergence angle, which allows us to advance in measuring the
waist location for beams with small divergence angles beyond known methods by changing the parameters or design of
the interference pattern formation system.

VALIDATION OF THE INTERFEROMETRIC METHOD

The following equipment was used to confirm the operability and accuracy of the interferometric method: He-Ne
laser LG-56 with a plane-sphere resonator and a radiation wavelength of 0.632816 um, a plane-parallel plate from the
OSK-2 optical bench kit, 20.75 mm thick, made of K8 optical glass with a relative refractive index of n = 1.514627 for a
laser wavelength, a collimator from the OSK-2 bench with a focal length of 1600 mm, a goniometer GS-5, two 1%-category
geodetic rods with a nominal length of 1 meter, an indicator bore gauge NI-50 18—50, a microdensitometer MF-2; screens,
adjustment tables, sheet film.

The tests were carried out as follows. The waist of the original laser beam of the LG-56 coincides with the surface
of its output flat mirror. The location of the waist of the original laser beam was measured by the section method and the
above-described interferometric method. Then the divergence of the beam was reduced using a collimator and the changed
location of the beam waist was again measured by both methods. Consistent application of this procedure allowed us to
obtain and measure a series of beam waist position values in the divergence angle range from ~ 10' to ~ 3".

The laser beam width was measured using the section method using screens with sheet photographic film,
successively installed at different distances from the waist with a step of 5 m. The maximum distance from the output flat
mirror of the laser was 75 m. The distance from the output mirror of the laser was set by successively moving two geodetic
rods with a nominal length of 1 m. A screen with photographic film was placed at the measured distance. After processing
the film, the diameter of the radiation spot obtained on it at the half-intensity level was measured using an MF-2
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microdensitometer. The waist position was determined according to ISO 11146-1 by approximating the measurement
results with a hyperbolic function.

The waist position was measured using the interference method using a standard plane-parallel plate from the OSK-2
optical bench with a thickness of 20.75 mm. The plate was mounted on the goniometer's rotary table so that the front
reflecting surface of the plate coincided with the axis of rotation of the table. The angle of incidence of the laser beam on
the plate varied within the range 0° + 45°. The initial distance from the laser output mirror to the front surface of the
plane-parallel plate was 75 m and was set, as in the previous case, by the method of repositioning the geodetic rods.
A screen with a sheet of photographic film was placed at a distance of 1 m in the radiation beam reflected from the plate
to record the interference pattern. A typical appearance of the obtained interference patterns is shown in Figure 4.
Processing and photometry of the films were carried out in the same way as in the previous case. The location of the waist
relative to the plane of recording the interference pattern was determined by calculation using the above formula (3).

-

| h!i[w

a b

Figure 4. Interference patterns for beams with different divergence 6
a) 0 =8'15"; b) 0 = 1'48" (reduced by 3 times)

DISCUSSION OF RESULTS

As a result of testing the measuring devices described above, the following was established:

— for the initial beam of radiation from the LG-56 laser with a divergence angle of ~ 10', both methods give results
that coincide with each other with an accuracy of about 2 %;

— as the divergence angle decreases, i. €. when the location of the waist changes, the accuracy of the coincidence
of the results decreases;

— the section method recommended by ISO 11146-1 is advisable to use to determine the location of the beam waist
with a divergence angle exceeding 30", while the measurement error is about 10 %. The reason for limiting the
measurement range is an increase in the measurement error in determining the location of the waist;

— the interference method is advisable to use to determine the location of beam waists with divergence angles
exceeding 5', while the measurement error is no more than 5 %. The reason for limiting the measurement range is a
decrease in the number of interference fringes observed in the radiation beam reflected from the plate to two. It is assumed
that the measurement range can be expanded by changing the dimensions of the plane-parallel plate.

CONCLUSIONS

An interferometric method for determining the location of a laser beam waist has been developed, implementing the
known relationship between the curvature of the wavefront in any cross-section of the radiation beam and the distance
from this section to the beam waist. The tests conducted confirmed the operability of the interferometric method for
determining the location of the laser beam waist, and the results obtained allow us to recommend this method as the most
accurate of those currently known.

The laboratory testing process was carried out using fairly complex and bulky universal optical devices and precision
measuring instruments. The development of a specialized device controlled by a microcontroller will significantly reduce
the time of a single measurement by simplifying the operations of optical adjustments, setting the measurement angle, the
process of scanning the interference pattern and processing the obtained data.

It should also be noted that, due to the significantly greater complexity of operation, the Michelson interferometer
is advisable to use for unique measurements in cases where the use of wide-aperture plane-parallel plates of large thickness
and weight is limited by the technological capabilities of their manufacture. The use of the Michelson interferometer is
designed for future needs, while the existing level of needs can be fully satisfied by using those plane-parallel plates, the
industrial production of which has been mastered at present.
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IHTEP®EPOMETPUYHUI METO/ BUSHAYEHHS MMOJIOKEHHSA
HNEPETSKKH ITYYKA JIASEPHOI'O BUITPOMIHIOBAHHSI
Bsiuecnas O. Macaos, Kocrsintun 1. MyHTsin
Xapriecokuil nayionanvruil yrieepcumem imeni B.H. Kapaszina, maiioan Ceoboou, 4, Xapkis, Ykpaina, 61022

Po3pobneHo iHTephepOMETPHYHHI METOJ| BH3HAYCHHS MICILI HEPeTsHKKM IydKa JIa3epHOr0 BHIPOMIHIOBAHHS, L0 peasizye
3aJISKHICTh KPUBU3HH XBUIIBOBOTO (DPOHTY Bijl HOTO BiICTaHi 10 MepeTsHKKU. BUXiAHUIN JTa3epHUIA TyYOK, PO3TAIIYBAHHS IEPETSHKKA
SIKOTO HEOOXIZTHO BH3HAYHMTH, PO3LICIUIIOETHCS IHTEPPEpPOMETPOM 3CYBY Ha OHNOPHHI Ta iH(GOPMALIHUIA IyYKH, 110 YTBOPIOIOTh Y
BiIOMTOMY CBIT/Ii HeJloKaji30BaHe B IpocTopi inTepdepenuiiine nomne. [lepion intepdepeHuiiiHux cMyT, 10 CIOCTEPIraloThes B Oy Ab-
SIKOMY Tiepepisi inTepdepenuiitnoro mosst, Hece iHGOpPMAaLiIO PO MiCIE3HAXOPKSHHSI IEPETHKKU BUXIAHOTO JIA3EPHOTO MyYKa 1010
LBOTO Mepepizy. BiacTanp Big MepeTsHKKY A0 INIOMIMHH peecTpallii nepioqy iHTeppepeHLitHOT KapTHHHA 00YHCITIOETHCA 38 PopMyIaMu
raycoBoi onTHKH. [[pHHIINIIOBA BiIMiHHICT IIBOTO METO/A BiJl BITOMHX HUHI JO3BOJISE MiIBUIIUTH TOUYHICTH OTPUMAHOTO PE3yIbTaTy
3a OHOYACHOTO 3HWKEHHS TPYIOMICTKOCTI IPOIECY BUMIPY.

KurouoBi ciioBa: zasep; eayccie nyyox; po3smauty8anHs NepemsidicKu; KPUBU3HA XEUTbOBO20 (poHmy,; iHmepgepomemp 3cyey;
odeonpomenesa inmepghepenyis; nepiod inmeppepenyiinol Kapmunu



