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Abstract:  Dual-polarization oscillations (DPO) on different traitsis
have been observed for the first time in a mirror-coated stige Nd:GdVvVQ
laser possessing a large fluorescence anisotropy with-désge (LD)
pumping. Oscillation spectra, input-output charactesstpump-dependent
pattern formations and noise power spectra are studiedriexgally.
Simultaneous oscillations of orthogonally-polarizedetiént (higher-order)
transverse modes and the resultant violation of inheretiyptease dynamics
in multimode lasers have been demonstrated. The expe@hestlts have
been explained in terms of the reduced three-dimensionakesaturation
of population inversions among orthogonally-polarizedde® peculiar to
LD-pumped wide-aperture anisotropic lasers, in which a pesnarea is
larger than a lasing beam diameter.
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1. Introduction

Dual-polarization oscillations (DPO) in LD-pumped michiie solid state lasers are useful for
a variety of applications, ranging from heterodyne intenfieetry [1, 2, 3] to optical commu-
nications [4, 5]. DPO has also attracted much attention ftloenphysics point of view, and
similar DPO and related phenomena, including polarizatimue hopping in vertical cavity
semiconductor lasers (VCSELS) [6, 7, 8, 9]; dynamic patfermations in pulsed solid-state
lasers [10], have been reported. DPO can be implementedtiofsc lasers whose birefrin-
gence results from residual stress [1], mechanical st@s®f a composite birefringent el-
ement [5], even though laser emissions are unpolarizedoinojsic laser materials, such as
Nd:YAG, Nd:glass, Er, Yb:glass etc.

Otsuka et. al. [11] observed DPO in a LipklagsP4012 laser possessing a fluorescence
anisotropy and suggested that the laser can oscillate in IBF@use emission cross sections
along the indicatrix axes are close to each other, i.e.,niegton cross-section rati®, is less
than 2 [12]. While, the standard mode-matched LD-pumpedistiite lasers possess larger
fluorescence anisotropies (e.g., Nd:GdyQvhose lasing mode profile (i.e., TE)) being
restricted by the external cavity is matched to the pump h@@afile, the strong cross-saturation
of population inversions among modes through longitudspatial hole-burning prevents DPO
due to the large difference in emission cross sections.

This paper reports experimental observations of DPO in gouByed wide-aperture thin-
slice anisotropic Nd:GdV@laser with coated reflective ends for the first time. Osaédlaspec-
tra, input-output characteristics, pump-dependent paft@mations and noise power spectra
are investigated. It is shown that the wide-aperture lagefiguration with a large pumped area
makes DPO possible in Nd:Gd\{Qvith a large fluorescence anisotropy, iRR5- 5, featuring
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simultaneous oscillations of different (higher-ordearnsverse modes for orthogonal-polarized
emissions. The resultant violation of inherent antiphageachics in multimode lasers have
been demonstrated and explained in terms of the reducee-dmmeensional cross-saturation
of population inversions among orthogonally-polarizedde® peculiar to LD-pumped wide-
aperture anisotropic lasers, in which the pumped areagsidinan the lasing beam diameter.

2. Experimental apparatus

The experimental setup for a LD pumped microchip laser isvshio Fig. 1. A 5-mm square,
a-cut, 3%-doped Nd:GdVQ(CASTECH Inc.) laser crystal with 1-mm-thick plane parhlle
Fabry-Perot resonator was used. One end-surface of thelcwes coated to be transmissive
(95%) at the LD pump wavelength of 808 nm and highly reflec{@&8%) at the lasing wave-
length of 1063 nm. The other surface was coated to be 99% tieflext 1063 nm ane: 5 %
reflective at 808 nm. The polarization of the LD pump beam ralpel to thec-axis of the laser
crystal. A collimated elliptical-shaped LD pump beam wasseal through an anamophic prism
pair to transform the beam shape to the circular one and éalonis the crystal by a microscope
objective lens (magnification, 3Q numerical aperture, 0.25).

Nd:GdVO,
LD AP OL;" gg Bs e pp
5 ~ 319 O_,D”.
BS | 1

N H

BSH 7~ Polarizer!
Lens L Lens :
PD cC -~ PD :

_______________________________

Fig. 1. Experimental setup of a LD-pumped wide aperture thin-slice Nd@zdaser. LD:
laser diode, AP: anamorphic prism pair, OL: objective lens, BS: badittes, PD: pho-
todiode receiver, WM: multiwavelength meter, CCD: charge-coupleitdeDO: digital
oscilloscope, SA: rf spectrum analyzer.

The lasing beam was divided to obtain two beams by a beantespliine beam was used for
the measurement of the total output. The other beam wasisalitwo beams and individual
beams were passed through polarizers to obteémd o-polarization modal outputs, respec-
tively. The three beams were detected by InGaAs photorere{New Focus 1811, 125-MHz
bandwidth) followed by a digit oscilloscope (Tektronix TB#4, 500-MHz bandwidth, 5Gs/s
sampling period) and a spectrum analyzer (Advantest RFl& ency range: 9kHz-3GHz).

3. Experimental results

3.1. Oscillation spectra and input-output characteristics

Global oscillation spectra were measured by a multiwvaglemeter (Agilent 86142B: wave-
length range 600 nm - 1700 nm). The pump power dependenceeobshillating spec-
trum is shown in Fig. 2 (a), where modes 1 and 1’ are adjacamjitiedinal modes be-
longing to the?F3/5(2) —*111/2(1) transition at 1062.92 nm and 1063.22 nm, mode 2 the
“F3/2(1) —*l11/2(1) transition at 1063.04 nm and mode 3 ft#g,(2) —* 111/5(2) transition

at 1065.42 nm, where the longitudinal mode spacing of thertthick Nd:GdVQ, laser is
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0.28 nm. The energy level

diagram and lasing transitionslaepécted in Fig. 2 (b), in which

the experimental stark levels were measured by Andersoal.€fl3]. ¢1,¢> and /3 are the

*F3/2(2) = 111/2(1), *F52(1

) —*111/2(1), and*F3/5(2) —*111/2(2) transitions respectively.
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Fig. 2. (a). Global oscil

wavelength (nm)

lation spectra at several pump levels. The ldbneghold is 62

mW. (b) Stark energy levels (in cm) of 41, and*F, for Nd*3 in GdVOy crystals./y
represents the transition for modes 1 and 1’, whjl@nd/, correspond to the transitions
for modes 2 and 3in (a).

Figure 3 shows the total and modal input-output charadtesisThe modal output power was
accurately calibrated from the measured total output pawdiintensity ratios in the global os-
cillation spectra. The expected increase of total intgrisitlisplayed with the increase of pump

power. However, when the

pump is increased, modal outputsl Bdend to decrease, and fi-

nally stop lasing. Besides, the modal output powers crgssiat C. Although only linear modal

outputs are obtained within

the framework of the Tang-Stietizlars model [14] for the multi-

mode lasers, Otsuka et. al. [15] introduced the effect ofifajpn-inversion cross saturation to
explain the negative slope efficiency and the crossing ofahadtputs in a laser-diode-pumped

LiNdP40;, operating in a th
dicated by the arrow, and th

ree-transition regime. Therefore, theatieg slope efficiency, in-
e crossing of modal outputs iptesent system may be attributed

to the effect of cross-saturation of population inversiam®ng lasing modes on different tran-

sitions. The number of oscil
increases, the different tran

100

lating modes are also representFig. 3. When the pump power
sitions occur in the sequdtge-(1,2,3)—(1,3)}—(1,1',3).
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Fig. 3. Input-output cha
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racteristics of a LD-pumped wide aperturestiite-Nd:GdVQ,

laser.
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3.2. Polarizations of lasing modes and pump-dependent pattern formation

Let us examine the polarization properties of lasing modssriging to the three transition
lines ¢1,¢>, and/3. The total output was passed through a polarizer and mahbyra mul-
tiwavelength meter. Figure 4 (a) shows the global osaillaspectra fol® = 0° and8 = 90°,
wherein the angl® = 0° is defined as the direction of the polarizer parallel todfaxis of the
crystal. The results indicate that the polarization dicecbf mode 1 is parallel to the-axis of
the crystal, and those of modes 2 and 3 are perpendiculae takis.

(a) (b) 1.0.mode 1 g
6=0°
0.5
Y
—————— 2 00—t
6 =90° 3 % 1.0qmode 2 =
2 £ 451
° 0.5
1061 1063 1065 1067 =
Wavelength (nm) % 0.0 — T T T T 1
o 1.07 mode 3 =
0.54
00+
0 60 120 180
0 (degree)

Fig. 4. The LD-pumped wide-aperture thin-slice Nd:GdM@ser operating in the three-
transition oscillation regime: (a) the global oscillation spectra with the anglegfdlarizer
parallel @ = 0°) and perpendicularf(= 90°) to thec-axis of the crystal; (b) the relative
intensities of lasing modes as a function of the arfytef the polarizer to the-axis of the
crystal.

The linear polarizations of lasing modes were also confirimgthe relative intensities of
lasing modes as a function of the anglshown in Fig. 4 (b). Mode 1 is linearly polarized and
parallel toc-axis of the crystalf-polarization). On the other hand, modes 2 and 3 are linearly
polarized and perpendicular taxis of the crystal ¢-polarization). In short, ar-polarized
emission was produced by tlietransition, whileo-polarized emissions were produceddy
and/3 transitions. Hence, the total output includes two orth@j@olarization lasing beams;
thus the present LD-pumped wide-aperture microchip Nd:GgMser exhibits dual polariza-
tion oscillations (DPO).

On the contrary, DPO has yet to be attained in standard madehed LD-Nd:GdVQ lasers
with external cavity configurations, because the emissioscsections of Nd:GdVOfor 7
polarized emission of 18 x 10~ 1°-cn? at 1063-nm is 5 times larger than thoseoepolarized
emissions, 2 x 10-1%-cn?, at 1063-nm and 1065-nm [16]. Consequently, DPO obtained in
the present experiment is considered to arise from the peauhture of LD-pumped thin-
slice wide-aperture laser schemes. In industrial appdioatof dual-polarization oscillations,
we suggest that DPO can be obtained even in anisotropiclasssessing large fluorescence
anisotropies like Nd:GdV@by controlling the pump-beam focusing condition such that t
pump-beam spot size is larger than the lasing-beam spotdsieemined by the optical res-
onator, while the linearly-polarized emission takes plander the mode-matched pumping
condition.

Next, let us show the unique lasing pattern formations assstwith DPO. Figure 5 shows
the pump-dependent far-field lasing patterngr@ind o-polarization modes. In the low pump-
power region, in which optical confinement due to the thertaat effect is weak, bothr
ando-polarization emissions exhibit TEdd-like profiles, whose intensity distributions peak at
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slightly different positions across the large pumped asssoanpared with the lasing spot sizes,
as shown in Figs. 5 (a)-(b) and (&)-(b"). Therefore, thage lasing modes are considered to
be spatially-separated localized modes. As the pump p@nacieased, the transverse optical
confinement is increased due to the increased thermal Iéaxst @ihd rr-polarized emission
forms a TEMyo mode, whileg-polarization emission tends to form high order Hermit-&aan
modes, TEMp and TEMyg in sequence as shown in Figs. 5 (c)-(d) and (¢")-(d").

pump power | 7 polarization || o polarization
soomw | |(a) - (@) -
122mw | [(b) - (b") -
-
o I

Fig. 5. Far-field lasing pattern changesmfand g-polarization modes with increasing
pump power. The associated movie file, indicating the pump-dependefielfi lasing
patterns, has a size of 1.08 Mbytes for tirgolarization mode and 1.66 Mbytes for the
og-polarization mode, respectively.

The spot sizes at the input and output mirrevg,andw,, were shown as a function of the
effective focal length of the thermal lens, in Fig. 6. Herew; andw, are given by [17]

W2 = AnoL 0102
mgi \ 1-0102
where A is the wavelength of a laser mod®, = 2.0 is the refractive index of Nd:Gd\|Q

L =1 mmis the cavity lengthlg; = 1—noL/(2f), andg, = 1. The effective focal length of the
thermal lensf is estimated by [18, 19]

@

f 2K
Here,L¢ is the effective thickness of the thermally induced lekis the heat generated per unit
volume and timec ~ 11.7 W/mK is the thermal conductivitgn/dT ~ 4.7 x 1076 Kt is the
thermal optical coefficient, andg ~ 1.5 x 106 K~ is the coefficient of thermal expansion.
Accordingly, sinceA increased, the focal length was considered to decrease psiip power
increased and the pump beam spot size decreased. Lasirgizgsoat the crystal measured by
the knife-edge method were 50-60n.

The pump-beam spot size, averaged over the absorptiornléagtdicated by a dashed line
in Fig. 6. Note that the pump-beam spot size, which was medgarbe 7Qum, is larger than
the lasing spot size. Schematic views of pump and lasing beaendepicted in the inset of Fig.
6. As a result, higher order Hermit-Gaussian modes of ire@a&pot size could appearadn
polarization by expending population inversions outsiteregion of the TEM field because
the pump beam spot size is larger than the lasing dg3yot size as reported in Ref. [12], even
if the stimulated emission cross section &ppolarization emissions at 1063 nm and 1065 nm
are 5 times smaller than that farpolarization emissions at 1063 nm.

1 LeA[dn
dT

+C¥E(no—l):|. (2)
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1 . \ K Lasing
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Fig. 6. Calculated lasing beam spot simgsandw, at input and output mirrors as a function

of effective focal length. The dashed line indicates the pumping spof@iza microscopic
objective lens with 1& magnification. Changes of pump and lasing beams within the laser
cavity are depicted in the inset. Left: end view, right: side view.

3.3.  Noise power spectra and antiphase dynamics

Finally, let us discuss the three-dimensional cross-atitur effects on antiphase dynamics in
DPO operations. Figure 7 (a) shows the global oscillati@espm at pump power 195 mW for
the Nd:GdVQ laser operating in the two-transition regime. Two adjadengitudinal modes

1 and 1’ on the/; transition arerr-polarized, while mode 3 on thg transition iso-polarized.
The power spectra of the totat- and o-polarization lasing modes are shown in Fig. 7 (b).
Figure 7 (c) indicates that the transverse mode patterrmdlarized emission is TEW) and
that of g-polarized emission is TEM.

(@) ) 1044 ¢ ol

1
: 2 1

1,1 3 10°
10¢

g 10707 T T ! \

104 f |arizati

1063 % 1 7 polarization
108
1010

fa

(c) 104 o
larizat
T P 106 f1 0 polarization
108

0 2 4 6 8 10
Frequency (MHz)

1061 1063 1065 1067
Wavelength (nm)

Power spectral density

Fig. 7. The Nd:GdVQ laser operating on a two-transition regime at pump power 195 mW:
(a) the global oscillation spectrum; (b) The power spectra of the twtalhdo-polarization
lasing beams; and (c) transverse mode pattem @ihd o-polarization beams.

The power spectra of modal outputs indicate that each galéwin mode shows two different
frequency peaks dh andf,. The power spectral density of thepolarization mode possesses
the strongest noise componentgtand that of ther-polarization mode possesses the strongest
noise component db. The lower-frequency relaxation oscillation noise comgrarf, appears
to reflect cross-saturation dynamics of population inggrsimong different transverse modes,
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i.e., transverse spatial hole-burning. Contrary to astgghdynamics due to spatial hole-burning
along the longitudinal direction for the same transversdena which lower-frequency relax-
ation oscillation components cancel each other out for de butput, the lower-frequency
componentf, was not suppressed. The lesser degree of antiphase dynaajcsesult from
the weaker three dimensional cross-saturation betweerr-taad g-polarization beams than
the usual cross-saturation among longitudinal spatiad-bokning [20, 21]. Note that the noise
component, resulting from antiphase dynamics among aujanedes 1 and 1’ that possess
the same transverse profile, vanishes for the total outfh pbwer spectra shown in Fig. 7(b)
were measured after passing the total and modal beams thomtigal attenuators to avoid the
saturation of the photo-diode and the spectrum analyzer &r higher input voltages than
the limitation. Therefore, there is no quantitative relatof vertical scales for modal and total
power spectra. However, the degree of antiphase dynamiasgarthogonally-polarized emis-
sions can be evaluated correctly from intensity ratios efctal components a4 and lower
frequencies in each power spectrum, in which the power sgdetgnsity of in-phase compo-
nents atf; for the total is not a simple sum of modal power spectral d&ssj20]. From this
figure, the suppression of the lower frequency relaxatiaillaion component af; is found to
be small as compared with usual multimode lasers due to $Bectess saturation of population
inversions among orthogonal modes.

In order to compare the three-dimensional cross-saturéiasual cross-saturation among
longitudinal spatial hole-burning, the three-dimenslamass-saturation coefficief; is esti-
mated by the ratio of the cross-saturation to self-satmadif the population inversion of the
oscillating modes due to “three-dimensional” spatial Halening, which is defined as [15, 22]

B — J S Jorysar 11 (%, Y. 21 (X.y, 2) exp(—apz)dxdydz
D T Jerysa li (%Y. 2)1 (%, Y, 2) exp(— aj2)dxdydz
where the subscript j indicates modes, 1, 1', and 3; e(xpal’oz) is the exponential spatial

distribution of the population inversionu;) =apl =74 cm 1 is the absorption coefficient
normalized by the cavity length li(x,y,x) andlj(x,y,z) are the intensity distributions of mode
i andj. Here, the modal intensity distributions in rectangulasrcinates are given by

®)

2. \2
a(eyz) = el - 2 sir() @
2. \2
ly(x,y,2) = exp{—z(jvzzrz;/)} sir?(ky2) (5)
2 2 \2

wherew?(z) =wj3(1+2%/Z3) is the beam waist as a function of distazpe? = A zy/ (nm) is the
minimum beam waistzy = [L(2f — L)]¥/? is the location of the minimum beam waiktis the
cavity lengthng is the index of refraction) is the lasing wavelength, arfds the thermal focal
length;k1, kyr andks are the longitudinal wavenumbers of modes 1, 1’, and 3. Wenasd that
w(z) can be approximated to be the lasing beam spot sized0wvhich keeps a constant along
thez-axis in the crystalx andy are normalized by the lasing beam spot size,zigchormalized
by the cavity lengthB; 1+ ~ 0.849 is equivalent to the usual longitudinal cross satundigcause
their transverse patterns are coincident. Therefore, trdyhighest frequency componefit

is considered to survive because of the strong cross satuta¢tween adjacent longitudinal
modes 1 and 1’ having the same transverse profile, as showig.iii.FHowever,3;3 and 3,3
are evaluated to be®x 10~* and 88 x 10~4, which are much smaller thgyy. As a result,
the weak cross-saturation coefficient betweeand o-polarization results in a low degree of
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antiphase dynamics and the low-frequency noise compofetibes not vanish for the total
output, as demonstrated in Fig. 7.

(a) (b) 10+ f
3 108 152 f, 1 total

] 10°8
5 Z 10 r——T—"—"TTT17T—T777
104, f, arizati
1063 1065 1066 10 13 T polarization
108
1010

Wavelength (nm)
T T 1T 11
fa

(€) 104 1 f, o
larizat
. o 10617 o polarization
10
oQ -

0 1 2 3 4 5
Frequency (MHz)

Power spectral density

Fig. 8. The Nd:GdVQ laser was pumped to a three-transition regime by pump power 106
mW: (a) the global oscillation spectrum; (b) The power spectra of the totand o-
polarization lasing beams; and (c) transverse mode pattermarfdo-polarization beams.
Movie (436 Kbytes) demonstrates the different sizes and positions dfghsverse pat-
terns, when the angle of the polarizer changes froro@.80.

The violation of antiphase dynamic peculiar to orthogonalblarized oscillations in dif-
ferent transverse modes was also verified in the threeii@nsegime at pump power 106
mW. The global oscillation spectrum is shown in Fig. 8 (a).ddd. on the/; transition is7-
polarized, while mode 2 and 3, on thgand/3 transitions arer-polarized. The power spectra
of the total,- and o-polarization modes are shown in Fig. 8 (b). The power spegftmodal
outputs indicate that each polarization mode possessssdifferent relaxation oscillation fre-
guency components &, f2, andfs. The strongest noise component is foundyah the power
spectrum of ther-polarized mode and dp in that of theg-polarized mode. Similarly, the low-
frequency relaxation oscillation noise components in thegr spectrum of the total output are
not suppressed and two lower-frequency componénénd f3 remain in the power spectrum
of the total output. Figure 8(c) shows the transverse patiEthe - ando-polarization beams.
Both beams possess Thhprofiles but the sizes and positions of the transverse pattee dif-
ferent. Because the transverse patterns ofthendo-polarization beams are not overlapping
completely, the three-dimensional cross-saturationfioiefits among the modes are estimated
to be B> = 0.387, B13 = 0.329, andBy3 = 0.528, which are smaller than the usual longitudi-
nal cross saturation coefficients. The violation of antgghdynamics observed in the present
system parallels the fact that a decreased transversalspailapping of population inversion
leads to DPO in Nd:GdV@lasers with large anisotropy in the emission cross sectidfes
have observed similar DPO featuring complicated transvegastern formations under different
pump-beam focusing conditions and in Nd:Gd\M@ystals of different thickness.

4, Conclusion

In summary, dual-polarization oscillations in a LD-pump&dde-aperture microchip
Nd:GdVQy laser have been observed. The negative slope efficiencyharatdssing of modal
outputs of the input-output characteristics, which areilainmo the observations of a LD-
pumped multi-transition LiNdfO12 laser [15], reveal the effect of population inversion cross
saturation among lasing modes. The wide-aperture LD pugngaises a poor mode matching
between the pump beam and lasing beams so that the high oodlersrwere generated. The
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estimated cross saturation of the three-dimensionalagaile burning is weaker than that of
the usual longitudinal cross saturations. The low frequexmnponents cannot be suppressed
in the noise power spectra of the total output and the dedrartiphase dynamics are signif-
icantly reduced. As a result, DPO in Nd:Gdy@sers with large anisotropy in the emission
cross sections was brought about because of the decreasswderse spatial overlapping of the
population inversions.

These observations suggest that dual-polarization lasgitagions useful for various prac-
tical applications are available using anisotropic lasetsch can usually emit only linearly-
polarized emissions, by employing LD-pumped wide-apertaser cavity configurations. The
present study also provides insight into pattern formatiardual-polarization lasers, e.g., VC-
SELs, through transverse cross-saturation of populaticersions.
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