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Polarisation dynamics of a Nd:YAG ceramic laser

P.A. Khandokhin, I.V. Ievlev, Yu.S. Lebedeva, I.B. Mukhin, O.V. Palashov, E.A. Khazanov

Abstract. We report an experimental study of the polarisation
dynamics of a dual-polarisation microchip Nd:YAG ceramic laser.
Our results demonstrate dual-polarisation operation of the poly-
crystalline Nd:YAG laser. The low-frequency dynamics in this
regime involves three types of relaxation oscillations, two of which
are responsible for antiphase dynamics of the intensities of ortho-
gonally polarised modes. Linearly polarised pump light induces
gain anisotropy in the Nd:YAG ceramic, as in Nd:YAG single-
crystal lasers. We present a comparative analysis of the behaviour
of orthogonally polarised modes in Nd:YAG single-crystal lasers
and the Nd:YAG ceramic laser, with a random orientation of
the crystallographic axes in each grain (microcrystal), describe a
technique for evaluating the total cavity loss from the relaxation
oscillation spectrum and compare single-crystal and ceramic active
elements. Experimental evidence is presented for gain anisotropy,
loss anisotropy and phase anisotropy in ceramic and single-crystal
microchip lasers.

Keywords: Nd:YAG ceramics, polarisation mode, relaxation oscil-
lations, pump-induced gain anisotropy, Fabry— Perot cavity, micro-
chip lasers, thermally induced depolarisation, thermal lensing.

1. Introduction

Starting in about 1995, there was an explosive growth in the
study of polycrystalline (ceramic) active Nd:YAG elements [1].
A rather large number of reports have since been devoted to
the study of Nd:YAG ceramic active elements [1—14]. Ceramics
have a number of important advantages, including a high
production rate and the possibility of fabricating large ceramic
bodies. Crystal growth by the Czochralski technique has a
number of drawbacks in comparison with ceramic fabrication
techniques, such as low growth rates, small crystal dimen-
sions and relatively high cost. Currently, there are Nd:YAG
ceramic bodies with an aperture as large as 1 m[3, 15, 16], which
far exceeds the dimensions of the largest single crystals. Note
that, in contrast to the quality of Nd:YAG crystals, that of
large Nd:YAG ceramic bodies varies very little from their
centre to their periphery, and the dopant concentration does
not vary along the bodies. These advantages allow Nd:YAG
ceramics to be employed in high-power laser systems. Con-
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siderable research effort has been focused on the optical prop-
erties (absorption, fluorescence spectra, depolarisation of light)
and thermal behaviour of Nd:YAG ceramics with different
doping levels and dynamic effects [1—12].

Kawali et al. [2] investigated in detail the dynamic behav-
iour and output beam characteristics of a laser-pumped micro-
chip Nd:YAG ceramic laser and examined the effect of the
fine structure of the ceramic, composed of single-crystal grains
~ 50 um in average size, on the mode composition of the laser
output. They observed unstable lasing with a large number of
transverse modes identical in their spatial structure along the
cavity axis. Laser beam polarisation was not examined in that
study. On the other hand, dual polarisation would be expected
in lasers with isotropic cavities (fibre lasers [17—19] and
Nd:YAG single-crystal lasers [20—22]).

There is clear evidence [18—22] that linearly polarised pump
light induces gain anisotropy: the intensities of orthogonally
polarised modes depend on the pump beam polarisation. In
each polarisation component, one or several longitudinal
modes are generated. The set of longitudinal modes identical
in field polarisation are commonly referred to as a supermode
or simply a polarisation mode [17]. In addition to high-fre-
quency in-phase relaxation oscillations, inherent in all types
of lasers with an inertial active medium, low-frequency relax-
ation oscillations are identified [18—22] that are out of phase
in each polarisation mode. To date, no such experiments have
been performed with ceramic active elements. The purpose
of this work was to study the fluctuation and polarisation
properties of a microchip Nd:YAG ceramic laser pumped
with linearly polarised light.

2. Experimental setup

Figure 1 shows a schematic of the experimental setup we used.
Linearly polarised radiation from a laser diode (LD) was
focused by lenses L1 and L2 onto an active element (Nd: YAG
ceramic or single crystal) in the form of a plane-parallel plate
about 8 mm in diameter and 2 mm in thickness. The plate had
1064-nm dielectric mirror coatings on both end faces and
operated as a microchip laser. The coating on the input face
was antireflective at 810 nm (pump wavelength) and highly
reflective (~99.7%) at 1064 nm (laser wavelength). The coat-
ing on the output face was ~95% reflective at the pump
wavelength and ~ 99% reflective at the laser wavelength. The
active element was mounted in a holder (Fig. 1), which ensured
translation along the x axis, normal to the laser beam propa-
gation direction. A half-wave plate placed in the pump beam
was used to control the pump beam polarisation direction
(angle Wp). A filter (F) at the Nd:YAG laser output served
to eliminate the residual pump light in the data acquisition
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Figure 1. Schematic of the experimental setup: (PS) pump laser power supply; (LD) 810-nm pump laser diode; (L1-L3) focusing lenses; (F) 810-nm
attenuation filter; (P) polarising cube (Glan prism); (PD) photodiode; (MA) microammeter.

channel. The laser beam was incident on a Glan polariser (P),
which was used to observe individual polarisation modes.
Carefully focusing the radially symmetric pump beam onto
the input face of the crystal, we achieved lasing in the funda-
mental transverse mode TEM,, with a beam divergence of
~8.6x107 rad, i.e. the beam diameter was 40 um.

The Nd3* content of the Nd:YAG ceramic was 2.3 at%,
which is about twice the typical doping level in Nd: YAG crys-
tals. The laser output was analysed using a low-frequency
spectrum analyser, oscilloscope and power meter. We observed
two orthogonal linearly polarised TEM,, modes, which were
identical in transverse spatial structure.

The intensity ratio of the orthogonally polarised modes
was varied by either scanning the active element with the
pump beam or changing its polarisation direction. Measure-
ment results were compared to those for an [001]-oriented
microchip Nd: YAG single-crystal laser with a crystal (cavity)
length of 2 mm. The Nd** content of the crystal was ~1 at%.

3. Experimental results

3.1. Relaxation oscillation spectrum

The Nd:YAG ceramic laser output was found to comprise
two polarisation modes. The mode composition of the laser
beam (more precisely, single- or dual-polarisation operation)
was inferred from the intensity fluctuation spectrum for the
two orthogonal polarisations: the presence of only one high-
frequency relaxation peak in the intensity fluctuation spec-
trum was considered evidence of single-mode operation. In
our experiments, we examined the effect of pump beam polar-
isation on the intensity of the polarisation modes of the
Nd:YAG laser. The technique used to determine the polarisa-
tion mode orientation was described in earlier reports on the
dynamics of dual-polarisation lasers [18—22]. As a rule, a
strong polarisation mode corresponded to the analyser orien-
tation that maximised the transmitted beam intensity. A weak
polarisation mode corresponded to the orthogonal analyser
orientation, which minimised the transmitted beam intensity.

The present results for the Nd: YAG ceramic laser demon-
strate that the intensity fluctuation spectra of both polarisa-

tion modes show three types of relaxation oscillations in the
form of resonances at frequencies f;to f3 (Fig. 2). The high-
frequency peaks at f; are due to in-phase intensity oscilla-
tions, and the low-frequency peaks at f> and f3 arise from anti-
phase intensity oscillations of the polarisation modes [22].
Owing to this, the total intensity fluctuation spectrum shows
weak or no low-frequency relaxation oscillations. The pres-
ence of resonance peaks with maximum heights at frequencies
/> and f; in the intensity fluctuation spectrum was considered
an extra criterion for whether the analyser was accurately
adjusted to the polarisation mode: a deviation of the analyser
from this orientation reduced the height of the peaks. This
behaviour of the polarisation relaxation oscillations in the
intensity fluctuation spectrum of the Nd:YAG ceramic laser
is identical to that in the spectrum of Nd:YAG single-crystal
lasers (Fig. 2b) [20-22]. It is worth pointing out that the
Nd:YAG ceramic laser output had high noise and was less sta-
ble than the Nd: YAG single-crystal laser output. In our exper-
iments, its instability showed up as a deviation from the fun-
damental relaxation oscillation frequency £}, which led to a
relative change in frequency Af;/f; = 0.1. For the single crys-
tal, the change was ~ 0.04. Figures 3a and 4a show the polar-
isation mode intensities and relaxation oscillation frequencies
as functions of the pump parameter (ratio of the pump power
P, to the threshold pump power Py,):

A = P,/Py, (D

The pump threshold of the Nd: YAG ceramic laser was deter-
mined to be 411 mW. The pump beam polarisation was opti-
mal for one of the polarisation modes (e.g. for that of inten-
sity I;). Near the lasing threshold (1 < 4 < A4,), we observed
dual-polarisation laser operation. At pump parameters above
the second lasing threshold (4 > A,), the orthogonal polari-
sation mode came into play, and resonance peaks emerged in
the intensity fluctuation spectrum at the polarisation relaxation
oscillation frequencies f> and f3. Figures 3b and 4b present
analogous data for a Nd: YAG single-crystal laser. The pump
threshold of this laser, 230 mW, was lower than that of the
ceramic laser. This may be due both to the reduction in quantum
yield (luminescence quenching) with increasing neodymium
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Figure 2. Intensity fluctuation spectra of the individual orthogonally polarised modes (/{,) and total intensity fluctuation spectra (I{,) for
Nd:YAG (a) ceramic and (b) single-crystal lasers.

concentration [23-25] and to the fact that ceramics have
higher optical losses in comparison with crystals. The loss
related to the active elements can be estimated from the in-
phase relaxation oscillation frequency fi(A4) using the well-

known relation [26]

2 Tifi =G4 -1).

Here 77 is the population inversion relaxation time and G =
T,/T,, where T, is the field relaxation time in the cavity,
dominated by the cavity loss. For Nd:YAG single crystals

2
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Figure 3. Polarisation mode intensities /; and 7, as functions of the pump parameter, 4 = Pp/Pth, for Nd: YAG (a) ceramic and (b) single-crystal lasers.
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Figure 4. Relaxation oscillation frequencies as functions of the pump parameter 4 for Nd: YAG (a) ceramic and (b) single-crystal lasers. The dashed
lines (f] geor) Tepresent theoretical fits to (2) for the fundamental relaxation oscillation frequency vs. 4 data.

containing 1 at % Nd, 7} = 2.3x10*s. With increasing active-
ion concentration, the population inversion relaxation time
decreases [23]. The T of the ceramic studied here, containing
2.3 at % Nd, is ~ 1.5x10* s. From relation (2), we can find
the photon lifetime in the cavity, T, which determines the
cavity mode width:

O =Qany " = 2f /(A - 1). (3)

At A =2 and f; = 600 kHz, we have for the ceramic studied
8f'= 340 MHz. For the single crystal at 4 = 2 and f; = 250 kHz,
we obtain §f = 90 MHz. Knowing the mode width, one can
evaluate the cavity loss coefficient [27]:

a = 2andflc + (1/L)InvV R|R,, 4)

where ¢ is the speed of light; n is the refractive index of the
medium in the cavity; L is the cavity length; and R, and R, are
the reflectivities of the input and output mirrors of the cavity,
respectively. Under the experimental conditions of this study,
the total loss, 27ndf/c, is ~ (0.13+0.03) cm™! in the ceramic laser
and just (0.03420.006) cm™! in the single-crystal laser. The
transmission loss of the mirrors, —(1/L)In(R; R,), is 0.033 cm™!
for the single crystal and 0.043 cm ! for the ceramic. Therefore,
the loss in the single crystal is essentially zero, whereas that in
the ceramic is teeram = (0.0920.03) cm™'. Thus, the loss in the
ceramic active element is about twice the useful loss, and the
loss in the single crystal is well below the useful loss.

The origin of the high losses in the ceramic active element
is not yet clear. They may be related to the quality of the mate-
rial, its polycrystalline structure and thermal effects (thermally
induced depolarisation and thermal lensing). Let us estimate
the associated losses. Proceeding as in earlier studies [28, 29],
we obtain an expression for the round-trip loss of cavities in
the form of [001]- and [111]-oriented crystals:

Ytotal = 2O‘TL = Vani + Yis (5)

where

Yani ((001]) = 0.017(1 + &*)p?;

1428\
(111 = 0.034(-E 25
_ 0.067p# (with no thermal lensing compensation),
h 0.0044p? (with compensation);

_OPy ._2PPh, £ 2p44
PE s BT ST e
L 41—» P11—P12);

3
P([001]) = dn QLL%(pll +p12);

PO = PGOOI) =5 0;

ar is the thermal loss coefficient; Py, is the heat release rate;
a. = 8x 107 is the linear thermal expansion coefficient; v = 0.3
is Poisson’s ratio; p;; are the photoelasticity tensor compo-
nents (photoelastic coefficients) in the two-index notation
(p11 = -0.029, p;» = 0.0091, pyy = —0.0615); Q and P are the
thermo-optic constants of the medium [30], characterising
the thermally induced anisotropy and the isotropic distortion,
respectively; dn/dT=9x10°K';andx = 10 Wm ' K!. The
expressions for [111]-oriented crystals can be adjusted to
ceramics by formally replacing & by &.¢ in the relations for
the anisotropic loss y,,; [13,31] and isotropic loss y; [32]. The
Viotal Of [001]- and [111]-oriented YAG crystals (§ = 3.2) is
close to that of the ceramic.

In deriving the formulas above, we assumed for simplicity
that the pump intensity profile coincided with the cavity mode
profile. Thermal lensing compensation then means that the
cavity mode fully adjusts to the parabolic component of the
thermal lens and, hence, parabolic aberration makes no con-
tribution to the loss. This compensation is only partial. Since
its exact magnitude under typical experimental conditions is
rather difficult to accurately evaluate, we will specify a loss
range: from the absence of compensation to complete com-
pensation. From the above experimental data, we obtain
O Teram = 3%1073 t0 3x102 ecm™! and @ty = 102 t0 102 cm ™.
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The lower loss in the single crystal is due to the lower lasing
threshold and, hence, slower heat release rate. Note that the
above estimates do not take into account the losses caused
by the bending of the end faces of the active element or by
electronic thermal lensing [33]. Analysis in earlier studies
[13,31,32] indicates that the loss due to specific ceramic effects
at a relatively small heat release (p = 0.1) is negligible. In that
analysis, however, the beam diameter was taken to consider-
ably exceed the grain size of the ceramic. In the present experi-
ments, they were comparable.

Thus, our estimates demonstrate that thermal effects make
a significant contribution to the cavity loss. In addition, there
are losses due to scattering (both in the bulk and on the sur-
face of the active element), nonparallelism of the end faces and
nonuniformity of the ‘cold” photoelastic effect (see below).

It is of interest to compare the present results to earlier
data. In particular, for the experimental conditions in Kawai
etal. [2] (5at% Nd (T; =0.6x10*s), 4 = 6.36, f; = 3.5 MHz)
we have 8= 766 MHz. The total loss, 2zn8f/c, was ~0.16 cm™,
and the transmission loss of the mirrors, —(1/L)In(R;R,)
(L=0.9mm, R; =0.999, R, =0.99), was ~ 0.06 cm!. Finally,
we obtain a = 0.1 cm™'. Thus, the loss in the ceramic active
element also exceeds the useful loss. Estimates analogous to
those above give a thermal loss coefficient a7 = 4x1073 to
4x102 cm!, which also suggests that thermal effects make a
significant contribution.

According to our experimental data, the relaxation oscil-
lation frequencies f; to f3 of both the single-crystal and
ceramic lasers depend very little on Wp.

3.2. Cavity anisotropy

When the pump beam was scanned over the surface of the
Nd:YAG ceramic active element, we observed inhomogeneities
in the form of individual grains. The dynamic behaviour of
the laser varied from point to point: from steady-state lasing,
with the above intensity fluctuation spectrum of the polarisa-
tion modes, to an unsteady state, including random lasing.
Figure 5 plots the lasing thresholds of the polarisation
modes against the position of the pump beam spot on the
input face (see the inset in Fig. 1) for the pump polarisation
parallel to the polarisation of the strong mode (having the
maximum intensity). As seen, the lasing thresholds of the modes
depend significantly on the position of the pump beam spot
on the active element, especially in the case of the ceramic.

We find that rotation of the plane of polarisation of the
pump beam has no effect on the polarisation of the cavity
eigenmodes but leads to antiphase variations in the intensities
I, and I, of the polarisation modes with a 180° period (Fig. 6).
The intensity difference between the polarisation modes in the
ceramic far exceeds that in the single crystal.

The above results demonstrate that there are several types
of cavity anisotropy: phase anisotropy, pump-induced gain
anisotropy, loss anisotropy and pump absorption anisotropy.
Note that the loss and gain in the ceramic are more anisotro-
pic than those in the single crystal. Let us analyse the relevant
data in greater detail.

First, the cavity eigenpolarisation direction is independent
of pump polarisation. Because the thermal 10ss Yy, 1 (5) is
independent of the beam polarisation direction, thermal effects
cannot be responsible for the cavity loss anisotropy. Therefore,
the cavity has phase anisotropy, which may only be due to
the photoelastic effect caused by ‘cold’ (rather than thermal)
stress in the active element. The phase anisotropy so much
exceeds the pump-induced gain anisotropy (see below) that,
even at an arbitrary pump polarisation direction, the cavity
eigenpolarisations are governed by the phase anisotropy ori-
entation.

Second, the thresholds for the two eigenpolarisations are
determined mainly by the pump-induced gain anisotropy [22]
because the lasing threshold for the mode whose polarisation
is parallel to the pump polarisation is always lower than that
for the mode whose polarisation is orthogonal to the pump
polarisation (Fig. 5). This experimental finding cannot be
accounted for by pump absorption anisotropy, cavity loss
anisotropy or phase anisotropy.

Third, the fact that both the lasing thresholds and their
difference are strong functions of the position of the pump
beam spot on the cross section of the ceramic active element
(Fig. 5a) suggests that there is gain or absorption anisotropy,
which is very small in the single crystal. The absorption aniso-
tropy can be interpreted in terms of a transverse spatial inho-
mogeneity of ‘cold’ mechanical stress, which leads to aberra-
tions (and, hence, to losses), whose magnitude is governed by
the refractive index change and depends on the orientation of
the crystallographic axes in each grain. The gain anisotropy may
also depend significantly on the orientation of the crystallo-
graphic axes. In both cases, a transverse displacement of the laser
beam by the grain size (50—70 pwm) changes the set of grains the
laser beam passes through and the lasing thresholds (Fig. 5a).
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Figure 5. Lasing thresholds of the polarisation modes (Py,; and Py,,) vs. x (position of the pump beam spot on the input face, see Fig. 1) for

Nd:YAG (a) ceramic and (b) single-crystal lasers.
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Figure 6. Intensities of the polarisation modes against the angle of the linear polarisation of the pump beam, ¥p, for Nd:YAG (a) ceramic and

(b) single-crystal lasers.

Finally, Fig. 6 clearly demonstrates that the eigenpolarisa-
tions differ in intensity, especially in the ceramic. The under-
lying mechanisms are similar to those above.

An adequate model capable of evaluating cavity eigenpo-
larisations with all of the above types of anisotropy is difficult
to construct for both the single-crystal and ceramic lasers.
Future work will address this issue.

4. Conclusions

In our experiments, dual-polarisation operation has been
demonstrated for both a microchip Nd:YAG ceramic laser
and a Nd:YAG single-crystal laser.

The intensity fluctuation spectra of the two polarisation
modes show three relaxation peaks, at frequencies f; to f3. The
relaxation peaks at frequencies f> and f; arise from small anti-
phase intensity oscillations of the orthogonally polarised modes.
In the total intensity fluctuation spectrum of the dual-polari-
sation laser, the oscillations at these frequencies are compen-
sated, and there is only the resonance peak at the in-phase
relaxation oscillation frequency f;.

Under the experimental conditions of this study, the ori-
entations of the polarisation modes were independent of pump
polarisation and were governed by the residual (‘cold’) bire-
fringence, like in the Nd:YAG single-crystal laser. Only in
the case of a fully isotropic cavity will the orientations of the
polarisation eigenmodes of the laser follow the variation in
pump beam polarisation, as was demonstrated by Kravtsov
et al. [34]. In addition, the orientations of the polarisation modes
were independent of the position of the pump beam spot on
the input face of the active element.

Our experiments with a microchip laser based on a Fabry—
Perot cavity revealed several types of anisotropy: phase aniso-
tropy, pump-induced gain anisotropy, loss anisotropy and pump
absorption anisotropy. The loss and gain anisotropy in the
ceramic exceeds that in the single crystal and depends signifi-
cantly on the orientation of the crystallographic axes in par-
ticular grains.
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