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Resonator configuration dependent nonlinear laser dynamics
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Abstract

We propose a laser eigenmode must be
represented as the superposition of consecutive
multipass Gaussian modes and new universal
instabilities when pumping beam size is less than bare
cavity beam size in specific degenerate configurations.
It exhibits multiple focii when it images by a lens in
free-space. Thislaser eigenmode has lower threshold
and lower dope efficiency. The laser develops into
instabilities that correspond to discontinuity in the
transversee-mode profile is subject to transition
between single-pass transverse mode and multi-pass
transverse mode. The multipass transverse modes
and insgtabilities are experimentally observed in a
tightly focused pumped Nd-YV O, laser.
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The analysis of laser beams and design of
resonators are interesting subjects in laser physics after
invention  of  laser.[1] The  numerica
mode-calculation procedure like the “Fox and Li”
approach [2] was used to find the eigenmode of an
empty resonator in the earliest days of laser studies.
An arbitrary initial field will eventually converge a
steady state that self-reproduce in amplitude and phase
pattern each round trip. The question is raised: Does
an optica resonator have a “multipass transverse
eigenmode” that must reproduce itself after several
round trips? In the Chapter 14 of the “Lasers’ text
book, [1] it states that “...such a multipass transverse
(MPT) eigenmode would really consist of a mixture of
the true single-pass transverse (SPT) eigenmodes”.

When the gain of a laser has a transverse
variation, due to gain aperture and gain saturation, the
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nonlinear gain becomes part of the propagation kernel
that determines the eigenmode of laser. One may ask:
Does the MPT eigenmode exist in the real system?
What are its propagation behavior and spatial
distribution? On the basis of nonlinear dynamics,
[3/4] periodic solutions exist under persistent
nonlinear effect a low-order resonance that
correspond to specific transverse-mode degenerate
cavity configurations. An eigenmode may be
represented by the superposition of the period-n
electric field solutions that belong to the consecutive n
round trips of the low order resonant cavities, [4] but it
cannot be expanded by the linear superposition of
orthogonal period-1 bases. This reveals a new MPT
eigenmode may differ from that stated in the text book
[1] and implies it may be observable in a continuous
wave (cw) laser at degenerations.

The diode-pumped solid-state lasers are
generously used mainly because they favor to operate
with the fundamental Gaussian mode with low lasing
threshold and large slope efficiency under small pump
size. [5] However, at the special configurations such
as the self-imaging confocal cavity, [6] it had been
demonstrated a Nd-Y AG laser can self-adjust its mode
pattern to fit optima pump volume because the cavity
can support arbitrary beam patterns. Recently, we
obtained a relatively low threshold but low Slope
efficiency in the proximity of the transverse-mode
degenerationsin an axially pumped Nd-YV O, laser. [7]
In particular, we observed the laser operated with a
mode that display beam waist shrinkage[7] and
multiple minimal beam waists® in the path of beam
propagation through afocal lens.

In this report, we numericaly verify our
previous observations [7,8] that the new MPT
eigenmodes do exist in the axial pump cw lasers when
the pump radius, w,, is less than the waist radius, w,
of the bare cavity fundamental mode in the proximity
of degenerate configurations. The steady-state laser
mode can be decomposed into the superposition of the
optical fields belonging to the multipass fundamental
Gaussian mode in successive round trips. The laser
develops into instabilities in the region corresponds to
discontinuity in the transverse-mode profile is subject
to transition between SPT mode and MPT mode.
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To compare with the previous experimental
results [7,8], we simulate an end-pumped Nd:YVO,



laser with a plano-concave cavity having the
O:10>-parameter around 1/4.  The flat mirror as the
reference plane is formed by a facet of the 1 mm thick
crystal coated with 100% reflectivity and the concave
mirror as the output coupler with radius of curvature R
= 8 cm has 90% reflectivity at 1.064 nm.
Propagation of electric field through laser crysta is
described by an amplitude transmission function due
to gain effect of thin dice active medium with the
stimulated emission cross section of the laser transition
25x10™ cm?, the upper laser level lifetime 50 ns and
the saturation intensity 3.2x10" W/m?.

Propagation of electric field in the free space of
the cavity is according to the generalized Huygen’
integral for around trip according to the round-trip ray
matrix M. Because w, is less than 108 nm of w,, we
chose 1mm aperture such that the Fresnel number is
large enough. We input aninitia electric field under
specified pump or gain then calculate the internal field
each round trip until it convergesto a steady state.
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The intensity distributions of output fields at (L
=6 cm) and far from (L = 6.15 cm) the degeneration
are shown in Fig. 1(a) with w, = 60nm. When the
cavity configuration is tuned toward degeneracy, the
peak intensity increases with decreasing waist radius
defined by 1/€ of the peak intensity. The waist
radius nearly equals the pump radius at degeneracy
that means the gain-aperture effect dominates the
mode pattern. This waist radius shrinkage near
degeneracy shown in Fig. 1(b) with solid circles agrees
well with the experiments. [7,8] However, if the spot
radius is defined by the second moment, it increases
with cavity tuning toward the degeneracy as shown in
Fig. 1(b) with solid sguares. Also shown with the
open circles is the waist radius of the bare cavity
ordinary fundamental Gaussian mode. We can see
far from the degeneracy the laser tends to operate with
the ordinary fundamental Gaussian mode; whereas the
second moment waist radius becomes larger close to
degeneracy, contrary to the inclination of the central
waist radius. This intensity distribution looks like a
centralized profile bases on a plateau. It may result
from  superposition of either high-order
Laguerre-Gaussian modes or multipass fundamental
modes. We will show shortly that the new MPT
mode is indeed the latter case when w, < w, and is
even more obvious for smaller pump size.

Gain-aperture effect offers the nonlinearity to
support the periodic dynamics in the system such that
the stable period-3 solutions exist [4] for g0, = 1/4,
that is a field with any g-parameter or electric field
will reproduce itself after three round trips inside the
bare cavity due to M® = |. This self-consistent
eigenmode will not be separated for individual round
trip in a cw steady-state laser because three different
eectric fields for different round trips simultaneously

exist at any plane in the cavity. Thus, the mode
distribution at degeneracy should be dominated by the
gain-loss mechanism and this is confirmed by the fact
that the waist radius at degeneracy is equa to the
pump radius. [8]

By using w, = 30 nm which was used in the
experiments [7,8], we numerically obtained the
one-round-trip  self-consistent intensity profile at
degeneracy as the solid sguares in Fig. 2 with
logarithmic vertical scale. To compare with the
self-consistent intensity profile, we superpose the
fields of consecutive three round trips with an initial
Gaussian field having spot radius wy and curvature of
radius Ryon the flat mirror end and labeled as Eq(wy,
Ro=o0). Then the €electric field and g-parameter
evolution in bare cavity repeatedly after each round
trlp follows El(Wl,Rl), Ez(Wl,-Rl) and Eo(Wo, o )
Since the mode distribution will be determined by
pump beam due to gain aperture effect, we choose wy
= w, = 30nm. The intensity profile shown as open
circles in Fig. 2 is the superposition mode of E,, E;,
and E,. It consists of a centralized profile due to the
contribution of Ey bases on a plateau that comes from
the defocused fields E; and E..

If we add a convergent lens of focal length 5.2 cm
after the output coupler at a distance of 16.5 cm asin
the experiments. [8] Three beam waists will be
found as shown in Fig. 3(b) for both self-consistent
(solid circles) and superposition (open circles) modes.
The positions of three waists are the same as those of
experimental observation. [8] The multiple-waist
results show that the mode is mainly assembled by the
superposition of period-3 solutions and cannot be
superposed by using space and time dependence of
SPT eigenmodes'. Because beam waists of al the
SPT eigenmodes are located at the flat mirror, any one
or superposition of those modes will diverge or has
one imaging waist after imaged by a focusing lens.
The new MPT modes appear near 0,0, = 1/4 for w,
£ 60 nm, otherwise the ordinary SPT mode recovers
(see, for example, star curve in Fig. 3(a) for w, = 90
mm). They exist as the cavity length tuned from 5.96
cm to 6.06 cm for w, = 30 mm, whereas the laser
prefers to operate with the ordinary SPT mode when
the cavity configuration is tuned away from the
degeneracy.
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We have verified the previous experimental
observation that a new MPT eigenmode must be
expressed as superposition of multipass Gaussian
modes, but not as linear combination of single-pass
high-order LG modes near degenerate cavity
configuration.  These modes, exhibiting multiple
beam waists in free-space propagation or after a
simple imaging lens, can occur close to specific
degenerations when w, < w, but the ordinary
fundamental Gaussian modes recover far from these
degenerations. Moreover, they are more obvious
with smaller pump size due to stronger gain aperture
effect. Lower threshold accompanied with lower
slope efficiency areillustrated for the new MPT modes.
The laser develops into instabilities that correspond to
discontinuity in the transverse-mode profile is subject
to transition between SPT mode and MPT mode.
Therefore, axially pumped solid-state lasers should be
cautiously used and can be used to study nonlinear
dynamics since there are many degenerate positions
that are sensitive to nonlinear effect within the
geometrically stable regime.
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Fig. 1. Thecentra part of intensity
profiles (a) and waist radius (b) of
the central part (solid circles),
second moment (solid squares), and
bare cavity Gaussian mode (open
circles) near degeneracy as w,= 60
mm.
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Fig. 2. (@) The normalized intensity profile
of the self-consistent MPT mode (solid line)
and the multipass superposition mode (open
circle) (b) Propagating characteristic of
the MPT mode through free-space through a
focal lensfor the self-consistent and the
superposition modes, respectively.



	page1
	page2
	page3

