Thermal Effects in Laser Amplifiers and Oscillators

A. E. Blume and K. F. Tittel

The causes and implications of thermally induced optical effects in solid-state laser materials are dis-
cussed. A convenient interferometric method is described for examining in a typical helical and linear
laser configuration the transient optical phenomena produced by thermal expansion, change of refractive

index with temperature and strain.

sented photographically.

I. Introduction

The existence of undesirable thermal effects as-
sociated with the coherent amplification and generation
of optical radiation is a basic problem in the design and
operation of efficient solid-state laser devices. Heat
dissipation is inherent in all existing optically pumped
solid-state laser materials because the basic laser
mechanism involves radiationless transition ac-
companying population inversion. Several important
laser parameters such as fluorescence line-width, relaxa-
tion times, optical quality, and optical path length are
strongly temperature-dependent. These effects with
the exception of the last parameter have been con-
sidered by several investigators.'=* In the present
paper are reported the observations of some pertinent
thermally induced transient optical characteristics in
solid-state laser materials. Laser performance will be
affected by refractive index changes and thermal
expansion in an active medium. These can be induced
by both the unusable pump radiation from the light
source and the radiationless lattice transitions caused
by the usable radiation in either & pulsed or cw laser.

The resultant effects on laser amplifiers may be
visualized as follows: a change in the average optical
length is equivalent to a change of phase in traveling-
wave amplifiers used in parallel, because then the out-
puts will be out of phase. The variation of optical
length with cross section will affect the phase of the
laser amplifier output in a straightforward fashion if it
is a traveling-wave amplifier. The equiphase surfaces
of the output will be distorted and, if the distortion is
large enough, the beam divergence will increase and the
intensity will decrease. If a regenerative amplifier or
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The results obtained with a neodymium laser glass rod are pre-

an oscillator is being considered the situation is more
complicated. A regenerative amplifier would
experience fluctuations in gain as the optical length
changed. On the other hand, in a laser oscillator any
distortion of the laser material will directly affect the
associated cavity @ and, therefore, in turn, both laser
threshold and mode behavior.

An approximate magnitude of the thermal effects can
be obtained from considering the range of values of the
thermal coefficient of expansion and changes of re-
fractive index with temperature for typical laser
materials. In general, thermal coefficients of expansion
are in the order of 5 X 10-% per °C.* Data on the
index of refraction change with temperature are scarce
but, judging from data on sapphire® and various
glasses,” they can be either positive or negative and in
magnitude they may be as high as 10 to 15 X 10~
fractional change per °C for the visible spectrum.
Furthermore, it should be noted that anomalous dis-
persion effects may modify the refractive index of laser
materials at both emission and absorption wave-
lengths.®® For example, a 2.5-cm long sample will in-
crease in optical length roughly 0.05 wavelengths be-
cause of the thermal expansion accompanying 1°
temperature rise. The optical length, however, may
change as much as 0.5 wavelength, because of the
change in index of refraction, with the same 1° tempera-
ture rise. This path-length change could be either an
increase or a decrease depending on the laser material.
Therefore, there may be more than 0.2 wavelength
change per cm per °C. It is immediately obvious that
the temperature difference within the cross section of a
laser rod in a traveling-wave amplifier must not vary
more than a small part of a degree for good performance,
unless the change of refractive index with temperature is
much less than 10 X 10~ per °C.

The refractive index in general will be affected by
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TFig. 1. IExperimental interferometric arrangement for observing
thermally induced optical effects in laser materials.

strain.' Since temperature gradients can cause strain,
it might be expected that heating will cause additional
changes in the refractive index because of strain.

A series of experiments using interferometric tech-
niques have been run to observe any changes in optical
length and the presence of strain due to heating.
These effects can be examined conveniently with the
apparatus shown in ¥ig. 1 composed of a Perkin—EImgr
Model 112 e¢w He-Ne gas laser operating at 6328 A,
a beam splitter, a camera, and a pulsed solid-state
laser. The use of adjustable mirrors will be discussed
below. A portion of the light from the visible gas laser
is coupled by the beam splitter to an uncoated laser rod
fabricated to laser tolerances and located in a standard
laser head. Some light is reflected from the front
surface and some from the back surface of the laser
medium. These reflections form an interference pat-
tern which in turn is coupled by the beam splitter to
a camera. The number and shape of the fringes depend

Experimental Details

on the optical quality, surface characteristics (flatness
and parallelism), and alignment of the laser material
with respect to the incident gas laser beam. Kach
fringe represents a contour of constant optical path-
length difference and is generally separated by one
wavelength from its neighbor. TFor a detailed examina-
tion of the thermally induced characterisitics of the
laser rod, especially during laser action, a high-speed
motion picture camera is desirable. However, signifi-
cant information can be obtained readily with a still
camera when using a laser material of low thermal con-
ductivity such as a good optical neodymium laser glass.
Figure 2 depicts a series of interferograms showing the
interference pattern from a 6.35 ecm long, 0.63-cm
diam Eastman Kodak neodymium glass laser rod
both prior to and after optical excitation. The se-
quence shown in Tig. 2(a) was taken first at room
temperature and then 2, 4, 6, 8, 10, and 20 sec, re-
spectively, after the ignition of a helical xenon flash
lamp. The electrical input to a PEK XE 5-5-1 lamp
was 3700 J delivered in 1.5 msec. Interferograms in
Fig. 2(b) were obtained from the same laser rod in a
linear pump configuration at room temperature and
then 2, 4, 6, 10, 15, and 20 sec, respectively, after the
flash. The linear flashtube was vertically above the
rod and input to an EG & G FX42 flash lamp was
550 J with a 0.5-msec pulse duration.

Since coherent illumination from the gas laser tends
to show up any imperfections in optical components the
use of apertures or lenses has been avoided. A faint
series of closely spaced straight fringes in the interfero-
grams is introduced by the beam splitter. Further-
more, the gas laser is adjusted to operate in a single
transverse mode. The use of two additional mirrors in

a Michelson interferometer arrangement is suggested
in Fig. 1 as an alternative method. Such an optical
setup generates high contrast fringes which can be used
effectively with material of poor optical quality.

Before flash 2 sec 4 sec

6 sec

(a)

8 sec 10 sec 20 sec

Before flash

2 sec 4 sec

6 sec

(b)

10 see 15 sec 20 sec

Tig. 2. Interferograms of neodymium glass laser rod in (a) helical and (b) linear optical pump configuration at various times after
light excitation.
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Fig. 3. Effect of strain upon polarization characteristics of a neo-
dymium glass laser rod.

In order to examine the relative importance of
thermal expansion, index of refraction change with
temperature, and internal strain produced by a short
duration light excitation pulse, it was found necessary
to isolate the effect of strain. This was done very
simply by utilizing the polarization characteristics of
the gas laser. An external Nicol prism, located as
shown in Fig. 1, is adjusted so that its plane of polariza-
tion is normal to the plane-polarized laser beam. TFor
such a ‘“‘crossed” condition a convenient reference
interferogram is obtained in Fig. 3(a). Light trans-
mission through the prism is nearly extinguished and a 1-
sec exposure was required with Type 42 Polaroid film.
In contrast, optical pumping of the laser rod produced a
noticeable time- and strain-dependent change in light
transmission through the Nicol prism. In a forced
stress condition the neodymium laser glass becomes
temporarily birefringent. In this case the polarized
laser beam is split into two components which vibrate
in the planes of principal stress at right angles to one
another. Hence the coplanar components which lie in
the principal plane of the Nicol prism will now be
transmitted as shown in Fig. 3(b). This photograph
was taken with a 0.1-sec exposure time 3 sec after
triggering the light source. In addition to a significant
increase of light transmission a distinet broad dark
cross is noticeable. This is due to the respective coin-
cidence of the directions of the two laser light com-
ponents in the double refracting glass and the principal
plane of the Nicol prism. The lines of zero intensity
are the so-called isoclinics or loci of constant stress.

The replacement of the light source by a heating coil
wound directly on the laser rod was found to be a
convenient method to simulate the temperature
gradients produced by optical pumping techniques.
Calculations indicated that, with an electrical input of
about 35 W, a maximum temperature gradient would be
achieved in about 30 sec with an average rod tempera-
ture rise of about 50° C. Temperature rise can be
checked by counting the number of fringes that move
on (or off) the face of the rod as it cools down after
removal of the heat source. This procedure would
seem only to be applicable if the effect of refractive
index change with temperature is much greater than
the effect of strain or thermal expansion.

1lII. Discussion

From the experimental evidence described above it is
clear that the thermal effects associated with optical

excitation are responsible for two distinct phenomena
which determine the optical characteristics of any solid-
state laser material. These are an apparent long-term
effect involving thermal expansion and refractive index
change and a short-term internal stress effect. The
effect of strain involves heating rates and acoustic
vibrations but is particularly sensitive to any non-
equilibrium temperature gradients. Ior an electrical
energy input of 550 J delivered in 500 usec. (approxi-
mately 10®° W) the stress forces in the neodymium glass
laser rod reached a maximum value after 3 sec and
disappeared after approximately 10 sec while thermal
expansion effects were still clearly noticeable after 103
sec. Ior ruby much shorter times are involved,!
presumably because of the higher heat conductivity of
ruby. For the helical pump configuration a circularly
symmetrical temperature gradient exists. Initially, the
interference fringes move toward the center; they start
moving outward when the long-term expansion effects
become the predominant factor. For the linear lamp
in a quasi-elliptic pump cavity this sequence of events
was even more dramatic. Optical excitation is no
longer rotationally symmetric, and there exists an
exposed and shielded portion of the laser rod. For this
case the fringes first moved down toward the cooler
portion of the laser rod, and as the stress forces de-
creased the general motion of the fringes reversed.
Motion of the fringes is opposite to the direction of heat
flow after strain effects disappear. Temperature varia-
tion with radius in the glass changed its isotropic char-
acter and resulted in fringe distortion of several wave-
lengths. TIFurthermore, the increased number of fringes
compared to the few that exist at room temperature
indicate several wavelengths’ variation in optical length.

The problem of minimizing the temperature variation
requires a combination of minimum temperature rise
and pumping the laser material as uniformly as possible
over the section perpendicular to the direction of
propagation of laser energy. The average temperature
rise can be reduced to a minimum by the use of a flash
lamp the output of which is only in the pump bands of
the laser. The minimum would be obtained by pump-
ing only in the pump band of longest wavelength.
There will then be a certain minimum amount of energy
turned into heat in the radiationless transfer to the
level from which the energy transfer involving stimu-
lated photon emission takes place. Uniform pumping
to reduce temperature variation depends on the geo-
metry of the laser material and the optical excitation
scheme employed. One method that has been con-
ceived to reduce pumping variation is the use of a
composite laser rod.!2
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