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Transverse pattern formation of optical vortices in a microchip laser with a large Fresnel number
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We experimentally investigate the dependence of the transverse pattern formation in a solid-state microchip
laser on the Fresnel number. Controlling the transverse-mode spacing and the mode size can generate the stable
transverse pattern of optical vortex lattices. A spontaneous process of transverse-mode locking within almost-
degenerated mode families is found in the formation of vortex lattices. The frequency of self-induced oscilla-
tion in vortex lattices agrees well with the previous theoretical prediction.

DOI: 10.1103/PhysRevA.65.013802 PACS number~s!: 42.55.Px, 42.65.Sf, 42.60.Mi
ee
o-

o
he

ce
O
ty
le

-
it
a

te

rn
t

l

n
th
iv
th
th

C
s

a
In

g

he
cing
bly
een
Re-
ers
gth

eir
ful
flu-
iffi-
ly

la-
s re-

gle-
old
be-

tion
ef-
-
rre-

re
y-
elf-

een

ally
s
le
e of

am
Fr

igh
nel
s-
ld

pa
TA
I. INTRODUCTION

Pattern formation and nonlinear dynamics have b
widely investigated in many different fields, including hydr
dynamics, chemical reactions, and optics@1,2#. Recent ex-
periments have identified two types of pattern formation
photorefractive oscillators, one that is controlled by t
boundary conditions~cavity mirrors!, and another by the
nonlinearity of the medium@3,4#. If the optical system is
boundary controlled, the transverse patterns can be suc
fully described in terms of the empty cavity eigenmodes.
the other hand, the pattern formation in nonlineari
controlled regimes is in general described by the comp
Swift-Hohenberg equation~CSHE! that is a universal order
parameter equation for the nonlinear optical systems w
large Fresnel numbers, such as class-A lasers, optical p
metric oscillators, and photorefractive oscillators@5,6#. Typi-
cal patterns of the CSHE include vortices, domains of til
waves, and square patterns@6#. However, it is difficult ex-
perimentally to observe the nonlinearity-controlled patte
in laser systems because the requirements comprise bo
large Fresnel number of the resonator and a high leve
degeneracy of transverse-mode families.

Pattern formation in class-B lasers, such as CO2 and solid-
state lasers, has attracted much interest since the inertial
linearity may induce other instabilities. In class-B lasers,
population inversion acts as a mean flow, driving the act
modes at finite wave number. It has been found that
behavior of class-B lasers can be described by coupling
population inversion dynamics with the CSHE@7,8#. Al-
though complicated transverse structures appeared in2
lasers, the patterns observed so far could be interpreted a
simultaneous excitation of empty cavity eigenmodes@9,10#.
This implies that the patterns were dominated by bound
effects, rather than by the nonlinearity of the medium.
addition, experimental works in CO2 lasers usually used lon
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cavities in which the longitudinal-mode spacing is of t
same order of magnitude as the transverse-mode spa
@11#. The presence of several longitudinal modes proba
constituted the main reason for the discrepancies betw
theoretical predictions and experimental observations.
cently, vertical cavity surface emitting semiconductor las
~VCSEL’s! of large transverse section and short cavity len
have been used to study the pattern formation@12#. The VC-
SEL’s emit a single-longitudinal-mode wave because of th
short cavities. The single-longitudinal-mode laser is a use
laboratory to study transverse phenomena without the in
ence of other degrees of freedom. However, the main d
culty for analysis is that the pattern formation is strong
sensitive to the homogeneity of the processed wafer.

The recent rapid progress of diode-pumped microchip
sers has driven a renaissance of solid-state laser-physic
search and led to novel phenomena@13,14#. The diode-
pumped microchip laser can be easily operated in sin
longitudinal mode more than ten times above thresh
before the second longitudinal mode reaches threshold
cause the microchip gain medium has a short absorp
depth that reduces the longitudinal spatial-hole burning
fect @15,16#. In previous works@14#, we used a doughnut
shaped pump profile to generate the high-order Lague
Gaussian~LG! transverse-electromagnetic mode (TEM0,l)
and TEM0,l* modes in an end-pumped microchip laser, whe
l is the azimuthal index of the LG mode. A rich set of d
namical behaviors, such as periodic and quasiperiodic s
modulation, chaotic pulsing, and frequency locking, has b
experimentally observed in the generated TEM0,l* hybrid
mode. The bifurcation mechanisms have been theoretic
investigated from the Maxwell-Bloch equations. It wa
found that the relaxation oscillation plays an important ro
not only in transient processes, but also in the appearanc
dynamic chaos.

In this work, the transverse structure of the output be
of the microchip laser evolves with the Fresnel number
and the transverse-mode spacingDnT . A fiber-coupled laser
diode with top-hat emission profile is used to excite a h
level of degeneracy of transverse modes. At low Fres
number, typically Fr<10, the transverse pattern near the la
ing threshold could exhibit concentric-ring pattern that cou
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be described as a function of modes of the empty cavity w
the rules of transverse-hole burning@10#. On the other hand
for Fr.15, the characteristic pattern is the so-called ‘‘squ
pattern’’ ~square vortex lattice! that has been theoreticall
predicted in lasers with large Fresnel numbers. Experime
results reveal that the stability of transverse patterns sig
cantly depends on the transverse-mode spacingDnT . The
transverse-mode locking is found when the average nea
neighbor separation between vortices is less than;0.07 mm.

II. EXPERIMENT

Figure 1 shows the schematic of an end-pumped mic
chip laser considered in this work. The gain medium is a
2.0-at. % 1-mm-long Nd:YVO4 crystal. The absorption coef
ficient of the Nd:YVO4 crystal is about 60 cm21 at 809 nm.
We used a plano-concave cavity that consists of one pla
Nd:YVO4 surface, high-reflection coated at 1064 nm a
high-transmission coated at 809 nm for the pump light
enter the laser crystal, and a spherical output mirror. T
second surface of the Nd:YVO4 crystal is antireflection
coated at 1064 nm. The output coupler is a concave mi
with the reflectivity of 98.5%. We setup the resonator len
to be as short as possible for reaching single-longitudin
mode operation. The total length in the present resonato
;2.5 mm. The frequency spacing between consecutive
gitudinal modes DnL is about 60 GHz. Since the
longitudinal-mode spacing is considerably greater than
transverse-mode spacing, the present laser can be easil
erated in single-longitudinal mode to study the patte
formation.

The pump source is a 1 W fiber-coupled laser diode~Co-
herent, F-81-800C-100! with a 0.1 mm of core diameter
Note that the intensity profile of the fiber-coupled laser
ode, depending on the coupling condition, can be a top
distribution or a doughnut distribution. In previous work, w
used a doughnut pump profile to generate high-order
TEM0,l and TEM0,l* modes. Here we use a top-hat emissi
profile to excite a high level of degeneracy of transve
modes. The pump power was focused into the Nd:YV4

FIG. 1. Schematic of a fiber-coupled diode end-pumped lase
typical beam profile of a fiber-coupled laser diode away from
focal plane.
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crystal by using a focusing lens with 0.57 magnification.
The Fresnel number can be given by Fr5a2/(pvo

2),
wherepvo

2 is the area of the lowest-order mode cross. F
an end-pumped microchip laser, the effective aperture is u
ally determined by the pump cross section not by the mir
aperture. Namely, the Fresnel number for an end-pum
microchip laser is given by Fr5vp

2/(pvo
2), wherevp is the

pump size on the gain medium. Changing the pump-to-m
size ratiovp /vo can, therefore, control the value of Fresn
number. For the present cavity, the mode size on the mi
chip is given by

vo
25

l

p
AL~R2L !, ~1!

where R is the radius of curvature of the output couple
Three different output couplers are used in the experim
the radii of curvature are 250 mm, 50 mm, and 10 m
respectively. ForL52.5 mm, the mode size on the microch
is calculated to be 0.092 mm, 0.061 mm, and 0.038 m
respectively, forR5250 mm, R550 mm, andR510 mm.
Defocusing the pump source, the pump size can be adju
within 0.1;0.75 mm. The maximum pump size depends
the lasing threshold. Usingl51.064mm and L52.5 mm,
the Fresnel number can vary from 0.5 to 25 forR
5250 mm. On the other hand, the Fresnel number can v
from 2 to 125 forR510 mm. Note that the thermal lensin
effect is not significant because the thermal power density
the gain medium is controlled to be less than 0.5 W/mm2.

In addition to the Fresnel number, the transverse-m
spacingDnT plays another dominant role in the dynamics
transverse patterns. The transverse-mode spacing govern
coupling strength between the transverse modes, and
rules the influence of the nonlinearity on the dynamical b
havior. For the present cavity, the transverse-mode spacin
given by

DnT5DnLF 1

p
cos21SA12

L

RD G . ~2!

For DnL560 GHz and L52.5 mm, the transverse-mod
spacing is found to be 1.9 GHz, 4.3 GHz, and 10 GH
respectively, forR5250 mm,R550 mm, andR510 mm.

III. RESULTS AND DISCUSSION

First we used an output coupler withR5250 mm in the
laser cavity. At low Fr (Fr,10), the laser emits the succe
sive concentric ring patterns near lasing threshold, as sh
in Fig. 2. The vortices that appear between the bright rin
are a signature of the presence of a great number of p
singularities. The similar concentric ring patterns have be
observed in CO2 lasers. Louvergneauxet al. @10# evidenced
that the concentric ring pattern can be described as a func
of the Hermite-Gausian TEMm,n modes of the empty cavity
with the following rules:~i! all modes belong to the sam
family q5m1n'Fr, ~ii ! in this family, transverse mode
associate in the laser to maximize energy and simultaneo
minimize overlapping between their intensity distributio
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~iii ! all modes have equal weight. Basically, these selec
mechanisms are shown to be transverse spatial-hole bur
With the rules given by Louvergneauxet al. @10#, the pat-
terns shown in Fig. 2 were numerically reconstructed, as
picted in Fig. 3. The good agreement between the exp
mental and reconstructed patterns indicates that
transverse patterns are boundary controlled.

The temporal behavior is recorded by a power-spectr
analyzer and a fast Sip-i-n photodiode with a rise time o
less than 1 ns. There are several characteristic relaxation
cillations appearing in the measured power spectra for
concentric ring patterns near lasing threshold, as show
Fig. 4~a!. Increasing the pump power, the vortices in t
concentric ring patterns tend to annihilate and nucleate,

FIG. 2. Beam profiles of laser emission for three concentric r
patterns near lasing threshold, measured with the CCD camera
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ditional relaxation oscillations and beat frequencies appea
the power spectra, as shown in Figs. 4~b! and 4~c!. Further
increasing the pump power, the spectra broaden with a t
sition to chaotic relaxation oscillations, as shown in F
4~d!. The appearance of dynamic chaos is believed to a
from the interaction of the relaxation frequency and the f
quency difference between the nearly degenerate mode
the present cavity, the frequency difference between
nearly degenerate modes may be caused by the cr
saturation and other astigmatism. A nonlinear system of
Maxwell-Bloch equations@17# was used to investigate th
interaction of two nearly degenerate transverse modes
class-B laser. It is found that there is a chaotic set of so
tions when the frequency difference is close to the relaxa
frequency.

At large Fr (Fr.15) the transverse structure is spontan
ously modified to a square pattern, i.e., a square vortex

g

FIG. 3. The numerically reconstructed patterns for the res
shown in Fig. 2, calculated with the selection rules given by Lo
vergneauxet al. @10#.
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Y. F. CHEN AND Y. P. LAN PHYSICAL REVIEW A65 013802
tice, as shown in Fig. 5~a! for Fr'25. The orientation of the
optical axes of the gain medium determines the axes of
square pattern. As shown in Fig. 5~b!, a chaotic regime could
also occur and the vortices in the square pattern annih
and nucleate when the pump power is slightly increased

To investigate the influence of transverse-mode spac
DnT , we replaced the output coupler with aR550 mm con-
cave mirror. TheDnT changes from 1.9 GHz to 4.3 GHz a
the same cavity length. Near the lasing threshold, the de
dence of pattern formations on the Fresnel number is alm
identical as the previous result except that a larger squ
pattern can be emitted due to a smaller mode size. Even
the dynamics of the transverse patterns are completely
ferent not only at lasing threshold but far above thresho

FIG. 4. Power-intensity spectra of laser emission at Fr'5 and
DnT51.9 GHz; ~a! near lasing threshold,~b! 1.2 times above
threshold,~c! 1.5 times above threshold,~d! 2.0 times above thresh
old. Beam profiles of laser emission are shown in the insets.
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Figures 6~a! and 6~b! depict, respectively, the results of th
power spectra just near and two times above lasing thres
for the square pattern with Fr'50. It can be found that the

FIG. 5. Power-intensity spectra of laser emission for the squ
pattern at Fr'25 andDnT51.9 GHz, ~a! near lasing threshold,~b!
two times above threshold. Beam profiles are shown in the ins

FIG. 6. Power-intensity spectra of laser emission for the squ
pattern at Fr'50 andDnT54.3 GHz, ~a! near lasing threshold,~b!
two times above threshold. Beam profiles are shown in the ins
2-4
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temporal behavior is similar to the dynamics of sing
transverse mode in class-B lasers except that there is an
ditional oscillation component with frequency lower than t
relaxation frequency. The power spectrum is also found to
almost independent of the region of the laser-pattern
tected. This result indicates that the present square pa
can be described as emanating from a spontaneous proce
transverse-mode locking of nearly degenerate modes. In
dition to DnT , the other control parameter for transvers
mode locking is the average nearest-neighbor separationDav
between phase singularities~or bright spots!, which is pro-
portional tovo /AFr and represents the characteristic len
of the transverse pattern. The experimental result shows
Dav should be less than;0.07 mm for transverse-mode lock
ing. This value is close to the characteristic length of
inverse gain coefficient 1/(sN), wheres is the stimulated
emission cross section of the gain medium andN is the
active-ion concentration of the gain medium. For the a
2.0-at. % Nd:YVO4 crystal, s516.5310219cm2, and N
52.531020cm23. Note that the inverse of the gain coeffi
cient represents the mean distance between the stimu
emissions. The criterion for transverse-mode locking is m
rigorous than the result found in the phase locking of tw
coupled lasers@18–20# in which the separation for mutua
coherent needs to be less than 0.35 mm in the regim
megahertz detunings. Although similar transverse locking
the generation of optical vortex crystals was demonstrate
broad-area VCSELs@21#, optical systems so far have no
generated such a large number of vortices in a single-m
emission. An additional oscillation mode in the power sp
trum of Fig. 6 may be interpreted as the ‘‘acoustic’’ oscill
tion mode that resembles the oscillation of atoms in alk
halide-type crystal when an acoustic phonon is excited.
theoretical analysis@8# show that there are two pure
vibrational modes of the self-induced dynamics of vort
lattices:~1! ‘‘acoustic’’ oscillation mode, where the neighbo
ing vortices along a diagonal oscillation in phase;~2! ‘‘opti-
cal’’ oscillation mode, where the neighboring vortices alo
a diagonal oscillation in antiphase. The acoustic mode is
oscillation that only the transverse modes from the same
generate family are involved, whereas the optical oscillat
mode occurs when the transverse modes from two diffe
families are simultaneously excited. Since the present tra
verse pattern emanates from a high level of degenerac
transverse-mode families, the self-induced oscillation sho
belong to the acoustic mode. The numerical calculation@8#
shows that the frequency of the acoustic oscillation is sma
by a factor of about 2& than the relaxation oscillation fre
quency. As shown in Fig. 6, the experimental result agr
very well with the theoretical prediction.

IncreasingDnT to 10 GHz by use of aR510-mm output
coupler, the pattern formations and dynamics are roug
similar to the results ofDnT54.3 GHz, as depicted in Fig. 7
Fr'125. Nevertheless, we stress that the power spectra
almost free of noise peaks in comparison with the res
shown in Fig. 6. This result further confirms that th
transverse-mode spacing plays a primary role on the stab
of the transverse pattern within quasidegenerated m
families.
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Finally, it is worthwhile to mention that an additional fre
quency is also found in the power spectra of Fig. 7. T
theoretical analysis for the vortex trajectory show that
self-induced oscillation mode can be found in a class-B la
if and only if the spectrum width of the lasing frequenc
needs to be less than the relaxation oscillation frequen
This criterion is consistent with the experimental result th
the transverse-mode locking is an indispensable proces
finding the unique additional frequency accompanied by
relaxation oscillation frequency in the square pattern. F
thermore, it is experimentally found that the additional fr
quency generally has the same pump-power dependenc
the relaxation oscillation. The power spectrum is also fou
to be almost independent of the region of the laser-pat
detected. The consistence in the optical spectra and the r
larity in the power spectra constitute a plausible support t
the additional frequency is interpreted as a self-induced
cillation mode of the vortex lattices.

IV. CONCLUSIONS

We investigated the dynamics of transverse patterns
solid-state microchip lasers with a large Fresnel number.
dependence of pattern formations on the Fresnel numbe
demonstrated. WhenDnT,2 GHz, the spatial symmetries o
transverse patterns are destroyed at higher pump po
When DnT.4 GHz andDav,0.07 mm, the vortices in the
transverse patterns do not annihilate and nucleate and
dynamics of the transverse patterns are not the result
multimode operation but exhibit single-transverse-mo
characteristics. The transverse pattern could be describe

FIG. 7. Power-intensity spectra of laser emission for the squ
pattern at Fr'125 andDnT510 GHz, ~a! near lasing threshold,~b!
three times above threshold. Beam profiles are shown in the in
2-5
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a spontaneous process of transverse-mode locking of ne
degenerate modes, assisted by the nonlinearity of gain
dium. Moreover, the dynamics of the square pattern ag
very well with the theoretical prediction.
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