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Abstract. The structure of thermal lens induced in active rod of cw Nd: YAG laser was investigat-
ed using the Mach-Zehnder interferometer and electronic speckle pattern interferometry (ESPI)
system. It is shown that thermal lens has weak aberrations and coincides to the with that of para-
bolic lens. The se aberrations play role of perturbations and lead to the oscillation of all transversal
modes that exceed the threshold of oscillation. It is shown that the change of the pumping level
leads to thermal lens displacement and the changes of its principal planes.
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I. Introduction

High power cw Nd:YAG lasers are widely used in dif-
ferent industrial applications, especially for welding and
cutting of metal sheets [1]. Therefore it is particularly
important to predict the quality of output laser emission
for the laser “under construction”, especially divergence,
that is the basic parameter limiting the achievement of
high density power on the working surface and decreas-
ing the field of possible applications of such lasers. Widely
used method for describing output laser beam based on
the Wigner distribution function allows only to approx-
imate the characteristics of the real laser beam, but can
not be used in the stage of development of laser with
purpose to predict the output parameters of laser [2].
Much work has been performed on cavities with a
varying internal thermal lens induced in active medium
in the last decades [3-4]. One should mark the work [4]
where a modified matrix model for cavities with internal
thermal lens and Gaussian diaphragm, which approxi-
mate a real apertures, was proposed for calculating di-
vergence and diameter of output laser radiation. Such
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method can be used in designing laser cavities with the
purpose to obtain necessary divergence of output laser
radiation using measurements of the thermal focal length
of laser rod and the known dimensions of the real aper-
tures.

This method [4] will be valid when the thermal lens is
not far from perfect parabolic lens. Only in this case one
knows structure modes — Hermite functions — and it’s
losses. In case when the strong aberration of thermal lens
is present, the Hermite functions can not be used for de-
scribing cavity’s modes. When one wants to estimate the
losses and divergence of modes for cavity including ab-
erration lens, it is necessary to fulfil complicated
calculations that have not been fulfilled up to date. Ob-
viously, since Hermite functions form complete sets, one
should be able to express the field of arbitrary laser beam
in terms of those functions. But on this way we can only
approximate the real laser beam, as well as we use the
Wigner distribution function, and can not predict the
output characteristics of laser emission.
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The calculated results performed for two types of la-
sers in work [4] were in a good agreement with experi-
mental results. It indicates applicability of describing the
thermal lens as perfect parabolic lens, at least, for laser
cavities investigated by the authors of this work.

As the main parameter — the thermal focal length of
laser rod — must be tested before designing the cavity.
Different methods are used for measurements of the ther-
mal focal length of laser rod. Usually, the testing beam
of He-Ne laser with a plane wavefront is used for these
measurements. The focal length is determined by mea-
surements of the testing laser beam spot diameter in two
positions after laser rod or in the focal plane of the addi-
tional lens placed near laser rod [5]. It is evident, that
such methods allow to determine only the average focal
length but do not allow to estimate the aberrations of
thermal lens.

In this paper, we fulfil the direct measurements of the
wave front structure of the testing He-Ne laser beam pass-
ing through the pumping laser rod. For this purpose we
used phase-shifting interferometry method [6]. Describ-
ing in [7] method based on the Hartmann wavefront sen-
sor can be used for such measurements, but it is insensi-
tive when a jump of phase of the wavefront takes place.

I1. Experimental Set-up

The active rod O 6.3 x 100 mm (1) in the single lamp
pumping cavity (2) was placed in one leg of the Mach-
Zehnder interferometer (3) (Fig. 1). The telescope with
pinhole (4) expanded the emission of He-Ne laser (5).
The mirror in the free leg of the interferometer was
mounted on the piezoelectric drive (6) creating the de-
termined phase shift between two beams of interferome-
ter. The lens (7) creates the image of the active rod’s end
surface on the CCD camera (8). The iris diaphragm (9)
placing in the focal plane of this lens and filters (10) was

used for protection of the CCD camera from the emis-
sion of the pumping lamp. Without pumping, the inter-
ferometer was aligned for obtaining of unlimited width
fringes.

Hardware and software worked up for the electronic
speckle interferometry system [6] was used for stored and
analysis of interferograms and control for piezoelectric
drive. The system automatically stores three images of
interferograms with the phase shift equal 0, £ 2TV3 be-
tween two beams passed through the interferometer. It
allows to determine the real wavefront of the beam passed
through the pumping active rod. This wave front is equal
to phase delay produced by the pumping active rod and
therefore can be used for describing of equivalent ther-
mal lens induced in active rod.

In addition to described above method of measure-
ments of the wave-front structure of the testing laser
beam, we used the traditional method of measurement
of the thermal lens focal length — measurements of test-
ing laser beam spot diameter in two positions after laser
rod.

IIL. DIscussion of the experimental results

Fig. 2 shows the views of the wavefront of the beam with
initially plane wave-front passed through the active rod
with the different pumping current and it’s cross sections
along x-axis. We have found a least-square fit of the wave
front experimental data (matrix 364 X 250) using the 4-
degree polynomial:

4 4
W(ixy=5%5 G. X'y | (1)
m=0n=0
where z means the sum for n satisfying the inequality
n+m < 4, the center of coordinate system (X,Y) is the
geometrical center of active rod. The coefficients of fit-

Fig. 1. Experimental set-up for measurements of the wave front perturbations of the testing beam passing through the pumping
laser rod: 1 — laser rod; 2 — pumping cavity; 3 — Mach-Zehnder interferometer; 4 — telescope with pinhole; 5 — He-Ne laser; 6 —
piezoelectric drive; 7 — lens; 8 — CCD camera; 9 — iris diaphragm; 10 — light filters.
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Fig. 2. Contour plots of the wavefront of the testing beam passed through the Nd:YAG rod with different pumping currents 9A,
20A, 30A respectively (a, ¢, e), and their cross section along x axis (dots) and polynomial fitting (solid line) (b, d, f); wavelength
is equal to 623 nm.

SQ0, 2(1), 1999 149



A.Khizhnyak et al.: Characteristics of thermal lens induced in active rod ...

ting C, ~are shown in Tab. 1. The coefficients C,  in
Tab. 2 were found for new coordinate system (X',Y") as-
sociated with the center of thermal lens and its principal
axes. This change of the coordinate system allows to
avoid the influence of thermal lens displacement and the
changes of its principal planes ( to compare the coeffi-
cients C,, C,, and C,, in Tabs. 1 and 2, the first two ones
describe the tilt of the testing wavefront).

These pictures (Fig. 2 a, ¢, e) show that thermal lens
behavior is very complicated — its center is displaced and
principal planes are rotated. It means that the configu-
ration of the cavity with this lens inside depends on the
pumping level by complicated law. The optical axis of
this astigmatic cavitis displaced and its principal axes
are rotated when the pumping power is changed. Of
course, these displacements and rotations will be differ-
ent for various pumping cavities, but the knowledge
about it may be taken into account in a stage such de-
signing of laser cavity. In the case when initial diaphragm
is placed in the laser cavity, its position has to be chosen
according to displacements of the optical axis of the cav-
ity.

The approximation (1) allows to estimate the devia-
tions of thermal lens from a perfect parabolic lens. All
results show that the wavefront is smooth enough, and,

to first order, the perfect parabolic lens can be used for
the description of the thermal lens in the active rod. The
deviations, such as a spherical aberration (coefficients
C,,and C,) can be considered as perturbation.

Since the coefficients in fitting (1), except C,, and C,,
are smaller than C, or C,,, so we can write the transmis-
sion coefficient of the active rod (it describes the active
rod only as lens and does not include the gain) in the
next form:

4 4
Txy)=exi(Gol+ G 7)) @+ 1Y Y G Pl

mMZ£2 N£2

where the exponent for the terms with C, << C,,, C,,
was replaced by their power series of the first order and
their products were neglected. Furthermore, in a first ap-
proximation, we can neglect the second component in
the brackets of expressions (2).

It leads to the problem of calculating the eigenmodes
of the cavity with the perfect, in common case, astigmat-
ic lens, which is described by exponent in (2). In the case
of laser resonator having the infinite apertures or the
Gaussian transmission apertures, the eigenmodes prob-
lem can be readily solved, and, as known, the modes of
such cavity are described by the Hermite functions [8].

Table 1. Coefficients of the polynomial fitting for the testing beam wavefront.

ILA Cw Cio Cxo Co Co Cu Crz Ci Ca Cxn Ciu Cu Co2 Coi Cos
9 0.11 029 2.80 0.02 0.01 060 0.01 0.0 0.03 0.05 001 034 3.73 0.02 0.03
15 0.06 0.11 635 005 001 071 0.03 0.02 0.01 008 003 046 7.20 0.09 0.03
20 0.07 0.85 803 0.02 0.06 151 0.06 0.01 0.02 0.02 004 031 852 0.07 0.04
25 0.29 099 10.7 0.0 0.15 236 0.09 0.08 0.05 0.05 0.05 0.87 10.8 0.09 0.09
30 0.28 3.02 149 0.01 0.06 368 0.19 0.09 027 005 009 074 153 0.18 0.19

Table 2. Coefficients of the polynomial fitting for the testing beam wavefront in the coordinate system associated with the thermal

lens.
ILA Co Cio Cxo C3 Cap Cun Ci2 Ci3 Cua Cx Cii Cou Co2 Co3 Cos
9 0.12 0.0 271 0.01 0.01 0.0 0.05 0.0 0.03 0.04 0.01 0.0 3.82 0.0 0.03
15 0.07 0.0 6.23 0.04 0.01 0.0 0.09 0.05 0.08 0.05 0.04 0.0 7.33  0.06 0.04
20 0.09 0.08 749 0.02 0.02 0.02 0.09 0.02 0.09 0.15 0.03 0.04 9.07 0.0 0.03
25 0.33 0.0 9.59 0.04 0.08 0.01 0.12 0.10 0.11 0.34 0.01 0.0 11.9 0.02 0.06
30 0.45 0.0 13.3 0.01 0.06 0.0 0.21 0.06 0.31 0.37 0.19 0.0 17.0 0.07 0.08
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We can split up coordinates and have two systems of
eigenmodes — one is functions of X’and second — of Y.

In the framework of such approach, the aberrations
of the thermal lens play the role of the perturbations
and may be taken into account by the theory of pertur-
bations [8]. So far as a second component in the paren-
thesis of expressions (2) is polynomial, then the matrix
elements of the perturbation operator describe the field
propagation through the resonator [8]:

ay ~IUk ex;{iozole XU, dx, 3)

where U, and U, are modes of the unperturbed reso-
nators (Hermite functions), can be easily found. When
some astigmatism of thermal lens is present, and we can
not neglect the terms with x"y™, where n O m # 0, the
next components of matrix elements of the perturbation
operator will be present:

ay| ~IUk eXF{i (Czo><2 + Cozyz)] X"y dx dy “4)

It leads to the connection of the se two eigenmodes
types that were mentioned above. As a result, it may be
shown that the measured values of the thermal lens ab-
errations do not change the structure of modes, but lead
to their consequent transformation in each other. Fi-
nally, the weak lens aberrations lead to effective excita-
tions of the maximally available quantity of the trans-
verse resonator modes.

So far as the real laser cavity always has masking
aperture, which acts as the additional source of losses
even for the transverse modes with the lowest indexes - a
part of their energy transforms into the higher modes
where it will be lost on the masking aperture. However,
even using geometrical optics approximation, without
cumbersome computations on the base of the theory of
perturbation, it allows to see easily that in case of the
small aberrations of the thermal lens this process of
energy losses will not be catastrophically increased as
the rays of the modes with higher quality factor will have
been confined in a limited volume during rather long
time.

The fact of aberration littleness is very important,
because we can consider that the structure of modes of
the cavity with such thermal lens coincides with the struc-
ture of the cavity modes with a perfect parabolic lens.
Consequently, we can use the method proposed in the
work [4] that the considers the losses and the divergence
of modes to be the same as for ideal cavity.

Fig. 3 demonstrates the dependencies of the lens fo-
cal length versus the pumping level measured by differ-
ent methods mentioned above. The comparison of these
dependencies shows that it is possible and sufficient to
use the traditional method of measurements of the ther-
mal lens focal length for calculating the output laser pa-
rameters. It, once again, proves the conclusion- the ther-
mal lens of active rod are not far from the perfect para-
bolic lens.

In such a way, the fulfilled measurements show that

SQ0, 2(1), 1999

A} B
kL] |
[ 1 -
E
PR T 1]
B |
— i}
B |
[
Tk ] '.
| n [ ]
w | |
L .-
e
ana s 1] ] il
Pumgdng cument, A

Fig. 3. Focal length versus pumping current measured by two
methods : square — interferometry measurements; circle — tra-
ditional measurements of focal length.

the thermal lens induced in the cylindrical active element
has weak aberration. It would be desirable to investigate
the resonator performance and take into account the in-
fluence of birefringence — differences between the lens of
active rod for different polarization.

IV. Conclusion

Using ESPI system one can clear up the new peculiarities
in behavior of the thermal lens. It was known that the
appearance of the optical wedge, the induced thermal lens
and changing their power took place in active rod when
the pumping power is changed. It was found, in addition
to these features, that the displacement and the rotation
of the principal axes of the thermal lens also took place
when the pumping power is changed.

The described method allows to determine all char-
acteristics of the thermoinduced optical distortions in the
active rod of the real pumping cavity. Knowledge of those
features allows to chose the necessary pumping cavity,
to fulfil the realigning of the laser cavity in a due manner
by using automatic system of adjusting with changing
pumping power.
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