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Experimental study of thermal lensing of Nd. YAG laser
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A wavefront method of measuring the thermal lensing of solid-state lasers is proposed. This method is
easy to implement and has a high spatial resolution for diagnosing thermal lensing. By this method, the
thermal lensing of Nd: YAG laser is studied in detail. And this work provides a means for studying the
thermal effects of laser medium and many instructional parameters for optimizing the design of the laser

cavity.
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Beam focusing and higher-order wavefront distortion
due to heat dissipation in a laser gain medium are impor-
tant considerations in the design of solid-state lasers be-
cause wavefront distortion can profoundly influence the
performance of a given laser design, Although the effects
of heat dissipation in laser materials can be calculated for
a particular geometry with appropriate boundary condi-
tions, the material inhomogeneity as well as the nonuni-
form optical pumping are difficult to be evaluated by nu-
merical modeling alone, Therefore,an accurate character-
ization of thermal lensing for each rod of laser material
installed in a particular laser cavity can be achieved only
by careful measurement of the transmitted wavefront.

When a beam of light acting as a probe is transmitted
through a heated laser rod, the thermal lensing can be
measured with an interferometer or with a wavefront
sensor such as the Shack-Hartmann wavefront sensor.
For measurements of the thermal lensing, where many
waves of curvature may be imposed on the probe beam,
wavefront sensors offer a practical easy-to-use alterna-
tion to interferometers,

Wavefront sensors are insensitive to vibration and a-
ble to measure larger wavefront distortion. They can
make differential measurements that yield only thermal
lensing information and ignore aberrations in both opti-
cal elements used to implement the measurement and the
cold laser rod itself. Wavefront sensors operate on the
principle that light travels in a straight line, If we adopt
a definition for the wavefront as the surface normal to
the direction of propagation of light,then wavefront sen-
sors actually measure the slope of this surface. When the
wavefront is reconstructed from the measured slope da-
ta,a lot of information on focusing and high-order opti-
cal aberrations can be obtained by using expansion of
Zernike polynomials. This information can be used to
optimize the cavity designs by abnegating the laser rods
or cavity optics that do not meet the specifications,and
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selecting appropriate materials or optics according to the
requirements,

The heat dissipation in a laser medium will produce
changes in the refractive index and the shape of the laser
rod as well as the birefringence phenomenon at the
same. These factors constitute the so-called thermal len-
sing, that is

fa = fuo+ faou + i (1)

where fu is the thermally induced focal length. fu, is
the thermally induced focal length due to the change of
refractive index only, fuq is the focal length caused by
the end face effect of the rod only,and fi due to the bi-
refringence phenomenon. Also the three factors boil
down to the optical path difference (OPD) of the probe
beam when transmitting through the thermal medium.,
The OPD at an arbitrary radius » from the axial center
of the rod is given by
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where L is the length of laser gain medium, T (r) is
temperature distribution at an arbitrary radius » from
the axial center of the rod,n, is the refractive index of
medium,&, (r) is the change of axial length,and ¢;; (r)
is the thermally induced tensor. From equation (2) we
can see that the right side includes three factors that
cause the thermal lensing in the laser gain medium,1. e.
the first term is of the thermal dissipation, the second
term represents the end face effect of rod,and the third
is due to the thermally induced birefringence, Assuming
that the thermal lens in laser medium is an ideal thin
lens, the relation between phase difference A®; and
thermal focal length fy, is given by
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where r is the radius of laser rod and A®; is given by

AD; =k« AOPD 4)

where AOPD = OPD () —OPD(0); OPD(r) is the
OPD at r from the axial and OPD(0) is the OPD on the
rod axial. Inserting (4) into (3),we obtain
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From equation (5) we can see that, for a particular la-
ser,we can obtain its thermal focal length f, after ac-
quire AOPD. And in order to measure the AOPD, we
can use Shack-Hartmann wavefront sensor, which can
display peak-valley value, root mean square value and
other relative optical parameters at the same time,

Now we will experimentally study Thermal Lensing.

When measuring the thermally induced distortions,
the choice of the probe beam is of particular importance.
We should choose the probe wavelength to be very close
to the laser wavelength, in order to ensure that the
measured OPD is as close as possible to the real OPD.
Grossard used a probe beam at 1079 nm when measur-
ing the thermal lensing at 1064 nm'. However, due to
the practical impossibility to manufacture dichroic mir-
rors that are highly reflective and highly transparent for
such close wavelengths. Instead one can also set the
probe wavelength in the red region of the spectrum,
where the sensitivity of the CCD matrix of the Shack-
Hartmann sensor is higher. Meanwhile, the probe beam
must have weak temporal coherence and relatively high
degree of spatial coherence because the Shack-Hartmann
sensors are sensitive to coherent crosstalk,

In a typical optical system for measuring thermal len-
sing in laser rod, the crystal end face and the Shack-
Hartamnn microlens array have to be conjugated, so that
the magnification can be a constant no matter whatever
the phase profile is in the object plane. We consider the
two-lens optical system as is represented in Fig. 1. The
paraxial transfer matrix from the crystal end face to the
microlens array is
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If the imaging system is adjusted so that dy,, = fi + f2 »
the transfer matrix will simply be equal to the well-
known matrix of an afocal telescope. And the wavefront
at the exit aperture of the rod will be imaged onto the
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sensor free from diffraction effects due to propagation.

Pump off SH
3 microlens

r
Pump on } array [

Crystal

A f Fourier plane

di=h du=Hh+ 12 d=r

Fig.1 Afocal imaging system used to image the end face of the

crystal onto the SH microlens array

This two-lens afocal system is particularly convenient
because the entrance and exit pupils are conjugates, and
it has a constant magnification for finite conjugate im-
agery. This permits to select an image size that fits with-
in the aperture of the sensor but does not depend on the
location of the object. In the example system of Fig. 1,
the object plane coincides with the end of the laser rod
and the image plane coincides with the microlens array.
The object plane and image plane are located conven-
iently at distances d, and d; from lenses L1 and L2 re-
spectively.

The complete experimental setup is shown in Fig. 2.
The crystal is positioned at the waist of the probe beam,
whose diameter is adjusted to be equal to the cavity fun-
damental mode diameter. The pump source in the exper-
iment is a Nd: YAG crystal,its maximal output energy is
about 200 mJ. The probe source was a fiber-coupled LD
with about 100 microwatts output power, The wavefront
imaging system described above consisted of two lenses
with focal length of 60 mm and 600 mm respectively,so
that the magnification G=10. An uncoated glass plate is
inserted into the pump beam path in order to reflect a
fraction of the probe beam. An interference filter at
670nm is added in front of the Shack-Hartmann micro-
lens array to avoid any parasitic photons at pump or la-
ser wavelengths. The Shack-Hartmann sensor is a
HASO series wavefront sensor, which consists of 32 X
32 square microlenses,

The first step in the measurement process, once the
optical setup is completed,is to record a reference wave-
front, For thermal lensing measurements, the appropriate
reference is recorded with the laser rod in a place at
room temperature, After the reference is recorded, the
wavefront measurements are carried out for varying the
levels of pump power,and the results are analyzed.

Fig. 3 shows the wavefront measured with the Nd.
YAG crystal. From Fig. 3 we can see that focus appears
to be the largest among all the wavefront deviations and
after focus removed the RMS spatial deviation on resid-
ual wavefront is only about 0. 01 pm, Fig. 4 shows the
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measured histograms,including third-order spherical ab-
erration, focus and astigmatism. In this figure, Ast. 0° re-
presents 0° astigmatism coefficient, Ast. 45° represents
45° astigmatism coefficient and 3™ order Sph. Ab. repre-
sents 3 order Spherical aberration coefficient. The sev-
enth bar in the histogram indicates the RMS deviation
which gives an estimation of the magnitude of the total
aberrations. According to these measurement results,the
thermal effects can be compensated easily by adjusting
the cavity'®!, Fig. 5 shows the beam spots(measured by
Spiricon LBA-400 beam profile analyzer) before and af-
ter adjusting the laser cavity according to the wavefront
measurement results. From the two figures we can see
the beam quality of the latter is improved.
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Fig.2 Experimental setup for measuring the thermal lensing of
a Nd:YAG laser
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Fig.3 Wavefront obtained experimentally with Nd: YAG

Wavefront distortion due to thermal lensing is the key
factor that affects the output properties of solid-state la-
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sers. We use the Shack-Hartmann wavefront sensor for
the first time to measure and analyze the thermal lensing
of Nd: YAG crystal in an experiment successfully. The
Shack-Hartmann sensor offers a practical and easy-to-
use alternation to the other wavefront analyzers and can
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Fig.4 Zernike coefficients histogram
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Fig. 5 Beam spots before and after adjusting cavity
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operate under both lasing and nonlasing conditions. The
output information can be used to optimize the cavity
designs by abnegating the laser rods or cavity optics that
do not meet the specifications, and selecting appropriate
materials or optics according to the requirements.
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