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A bstract. 'I'lic vvavelengih shift cfiect o f  the Whispering G allcn’ Mode (WGM) laser with  

I'r’̂  ' co-dopcd phosphate glass microsphcre has been investigated. The experiment was

carried oiil bv half iibcr taper coupling lechriique. The inicrosphcrc lasers have been pumped

at 9 8 0  IIUI to take full ad\’antagc o f cnerg}  ̂ transfer cffect from ion Ytterbium to ion Erbiutn.
'riic VVGM’s wavclcnglh shift were analyzed for sphere diainclcrs o f 90  /itn. The 0bscr\'cd 

lasing lines extends from ,1532 nin to K i l l  nin.

Keyworks: Microsplierc, Whispering Gallety Modes, Lasers, Hrbium Ytlcrbium co-dopcd phos
phate glass.

1. In tro d u c tio n

Rare carth-dopcd íĩlass m icrosphcrical lasers arc subject to num erous studies and significant 
proercss has been achieved in the past decadc. In the microsphcrc, the m orphology-dependent resonance 
(M DR), vSo callcd W hispering Gallcr>' M ode (W GM ) - a particular mode o f m icrocavity resonances
- occurs w hen the fluorescent licht travels in a dielectric m edium  alone thin layer near equatorial.
A fter repeated to tal internal reflections at the curved boundary tlic electrom agnetic field can close
on itself, g iving rise to rcsonanccs and fom ied “w hispcring-sallcty’* w aveguide m odes. Inside the 
m icrosphcre, the circulation o f the '\vh ispering-eallcry” modes provides the ncccssary path length for 
absorption, thus m aking it possible to rcduce the laser threshold drastically. In order to  couple li£>ht 
in or out o f the m icrosphcrc, it is ncccssaty  to utilize overlapping o f tlic cvancsccnt radiation field o f 
W GM s w ith the evancscent field o f a phase-m atched optical w aveguide. The m icrocavity W G M s with 
its unique com bination o f strong tem poral and spatial confinem ent o f lieht have attracted increasing 
interest clue to the ir high potential for a large num ber o f applications in cither fundam ental research 
from quantum  electrodynam ics (QED) to nonlinear optics, as the realization o f m icrolasers |1], hiữh 
resolution spcctroscopy [2], or in applied photonics and optical com m unications areas such as miniature 
biosensors |3 |, narrow  filters |4], optical sw itching [5], etc. For the dielectric m edium  as a microsphcre, 
mode volum e can be as low as a few hundred cubic w avelengths w ith  very high finesse. The Rare 
earth-doped (Er or N d) glass are ideal subject for realizing these m icrospherical lasers w ith  very hich 
quality factors Q .
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B.R. Johnson theore tically  studied the behavior o f the m orphology-dependent resonances o f a 
d ielectric sphere on or near a p lane o f  infinite conductivity. H is result shows that the locations and 
w idths o f  the resonances change as the sphere approaches the surface [6]. If  the sphere is initially 
located a t a d istance d  th a t is m ore than  approxim ately 2D/2> aw ay from  the point o f  contact w ith  the 
conducting plane, the resonances w ill have the sam e locations and w idths as they  do in an isolated 
sphere. Then as the sphere is b rought c loser to the surface or eventually  in contact w ith  it, the locations 
and w id ths o f  the resonances change. The locations o f the TE-m ode resonances shift to h igher size 
param eters (i.e . B lue-sh ift in w avelength), the TM -raode resonances shift to  low er size param eters 
(i.e.  R ed-shift in w avelength) and the w id ths o f both t\p e s  o f resonance increase. M ost of the change 
in location and w id th  occurs w hen  the sphere is quite close to  the conducting plane. A pproxim ately 
90%  o f the total resonance sh ift occurs w hen the distance from the point o f contact is less than 0.05 
o f  the d iam eter o f  the sphere. This presents the possib ility  o f tuning the W GM  wavelengths.

In th is paper w e describe research results on laser realization using  a tapered fiber for efficient 
coupling as w ell as w avelength  shifting  effect o f the laser. O ur experim ents have been carried out for 
the I]3/2 I i5/2 transition  at 1550 nm  o f Erbium  ions in phosphate glass microsphcres.
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2. E x p e rim e n t

The m aterial used  for fabrication  o f  m icrosphercs w as an Er^+/Yb^+ phosphate glass (Schott 
IOG-2) doped w ith  2%  w eigh t o f  EriOa and co-dopcd w ith  3% w eight Y b2Ơ3. M icrosphercs have 
been produced from phosphate  glass pow der using  a m icrowave plasm a torch (oscillator frequency of 
2.4G H z and m axim um  pow er o f  2kW ) w ith  A i^on is used as p lasm a gas and oxygen or nitrogen as 
sheath gas. Powders arc ax ially  injcctcd and m elt w hen passing througli the plasm a flame, superficial 
tension forces giving them  th e ir  spherical form. The m icrowave pow er and gas discharges can be 
adjusted to obtain optim al conditions to  spheroidize iluoridc or silicate glass. The diam eter o f the 
spheres w as varied from  10 to  200 /Lim depending essentially  on the pow der size. Free spheres arc 
collected a few ten  centim eters lower. O btained spheres then are glued at the tip o f optical fiber of 
about 10 /im  to  30 i-im  in d iam eter w hich allow  to  m anipulate them  easily  and to insert them  in the 

setup.
The use o f  an E i^+ /Y b^+  co-doped phosphate glass is associated w ith the 9 7 5 n m  pum ping 

w aveleii2th  in order to  populate  the ^Fs/2 m etastable level o f Y tteiiiium  ions w hich transfer their en
ergy to the neighboring E rbium  ions by  radiative and non-radiative w ays. To take full advantage o f this 
excitation m eclianism , w e chose 9 7 5 n m  am ong the different appropriate w avelengths for pum ping Er
bium /Y tterbium  co-doped glasses (8 1 0 n m , 9 7 5 n m  and 1480nm ) in our experim ent. The pump source 
w as fiber p igtailed SD L O -2564 -  120 L aser D iode generating 976.1n?n radiation w ith the maximum 
c w  pow er o f  l 2 0 m W . A lso, vve use a h ieh  doping concentration glass (1.710^° ions/cm^ for Erbium 
and 2.510^° ions/cm 3 for Y ttertiium ). The use o f Y tterbium  ions helps to  avoid the side uffects o f a 
too high Ertiium  concentration (se lf  pu lsing  etc).

2.Ỉ. Excitation and  receiving o f W G M s

C oupling light into and out o f  the m icrospheres m ust be realized by m eans o f optical tunnel 
effect th roueh  evanescent field. For efficient coupling light into m icrospheres or to  get W GM s signal
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out from m icro sphere one m ust adjust the frcqucncy o f  the cxcitation beam  to  a W G M  rcsonancc and 
alien the cxcitation beam  so that it also has an angular m om entum  m atchcd the angular m om entum  
o f that mode. There arc m any diftcrcnt techniques for th is purpose u s in s  high-indciX prism s, tapered 
fibers, anelc polished fiber couplers or waveeuidcs. Spheres m ust he set ver>' closc to the prism  inside 
the evanescent field. In this experim ent \vc use half-tapers for coupling  light in and out bccausc o f 
its relatively sim ple in m aking and m o u n t in g  technique. The coupling  can be achieved if  we put 
the m icrosphercs vcrv' closc to the h a lf fiber taper tip. The distance betw een m icrosphcres and fiber 
taper tip as w ell as an angle regarding m icrospheres’s equator w as controlled b y  m icro positioning 
stages and/or w ith piczoelcctric actuators. We produced the h a lf  tapers b y  chcm ical e tching in HF or by 
heating and strctching a standard telecom m unication sinale  m ode at 1.55 ịirn  fiber un til breakinti it, us- 
in s  either C(3-2 laser or fusion optical splicing system. The fiber tip  w as tapered to  ^  2/xrn in diameter.

2.2. T he e x p e r im e n ia l  s e tu p

The experim ent (see Figure I) was realized w ith  standard fiber-optic com ponents spliced or 
conncctcd by APC connectors. O ur experiments w ere pcrfom icd  w ith  tw o direct fiber coupline: schcme 
usin s  half-tapcred fiber: a) tw o separate half-tapcrs, one for coup line  980nrn  pum p in (l.a ) , the other 
for coupliim signal out from the sphere (Figure l.a), and b) using  one single half-taper to couplc both 
pum p em ission in and the m icro spherical laser out (Piíĩure l.b ). The output 1 .55 /im  laser radiation 
is coup led into the optical fiber and fed to Spectrum A nalyzer.

Tậ ịnĩ' I

bị

Fig. 1. The principal experimental setup: a) double half tapers; b) single half taper.

A lthoush  the optim um  coupling conditions for tw o  w avelengths, À ~  975/^m  for the pump and 
À ^  1.55/x?n for the laser signal are not the same, w e received good results even in single half-taper 
scheme (See Figure 2). We fixed the co-doped E ĩ^ '^ /Y h ^^  phosphate g lass m icrospheres but mounted 
h a lf  tapers on X Y Z  L inear M icro translations w ith R otation Stage. T h is setup allow s for establishing 
the equator region o f  the m icrospheres in the evanescent field su ư o u n d in g  the h a lf  taper and adjusting
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the acceptance angle (betw een the tip axis o f the ha lf taper and equatorial plane). The collcctcd laser 
signal w as analyzed w ith  a O.Oónm resolution Optical Spectrum  A nalyzer (OSA - M odel; A gilent 
86142B).

3. Results and discussion

The excited micro sphere em itted strong green upconversion fluorescence along equatorial. O b
served spectrum  (by S2000 Spectrom eter - Ocean Optics, USA) shows the existence o f the red em ission 
around 6 6 0 n m  besides the strong green em ission around 54 5 n m . In the 1550nm  region of the  113/2 
—̂ I i5/2 transition o f ion the optical spectrum o f the output signal from the sphere below  the 
laser threshold  presents the lum inescence intensity w ith  series o f  small peaks. Estim ating the m icro- 
sphere d iam eter througli peaks distance in these spectrum s gave result w ell m atched the one received 
by  optical method. W hen increasing the pum p intensity we obtained laser oscillation. Because o f  the 
d ifficulty  in quantifying pum p portion coupled in sphere, w e controlled only the total output pow er o f 
LD pum p. The actual pum p pow er at the tip was approxim ately 70% o f that value. Figures 2 presents 
several laser spectra from the m icrosphere o f  140/im  diam eter under different total pum p power.
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Fig. 2. The laser spectrum from microsphere o f 140 Ịim diameter, total pump: 45mW  (lOOinA): a) double half

tapers; b) single half taper.

Successful collecting the laser em ission from the m icrosphere depends on coupling h a lf taper 
param eters. The form o f the h a lf  taper i.e. length of tapered part o f  fiber affects the coupling efficiency 
as w ell. Shaip angle h a lf  taper (length about or more than 800/xm i m akes it easier to collect signal 
w hile  b lu n t angle h a lf  taper allows easier to  select laser mode. By adjusting the coupling param eters 
(the m icrosphere - taper gap, the angle betw een the taper and m icrosphere equator...) we can extract 
laser radiation in certain w avelength region. The shortest observed laser line w as 1532.2 n m  and the 
longest w as 1618.9 n m . The W D M  line w idth  is limited by  O SA  resolution (O.OGnm). In most cases 
a good coupling is obtained sim ultaneously for several lines w ith  different w avelengths À so we have 
obseived m ultiline laser signal. The laser em ission can be extracted even w hen the h a lf  tapers arc in
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contact w ith tlic splicrc, thoueh in tliis case \vc may set sim ultaneously series o f laser lines in broader 
raniic (from 1557.8 m n  up to 1611.9nm , see Fi" 2). The sinslc laser line can be sclcctcd by var>’ing 
the anelc betw een h a lf tapers axis and equatorial plane o f the sphere in double taper schcmc. Figure 
3 presents an exam ple o f  sclcctina a single laser mode at 1534.4 nm from three lines by changing the 
acccptancc an^lc. Due to h a lf  taper non-constant diam eter and consequently variable gap betw een the 
fiber and the m icrosphcrc, by  choosins the coupling point in the h a lf taper i.e. adjusting the distance 
from tip to acccptancc point wc m ay also find the appropriate position to  sclect one lasing mode.
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Fig. 3. Selecting a single Vãsoĩ mode by changing Ihc acccptancc angle: a) three lines emission, marker at

1534.4 mn b) single line at 1534.4 nm.
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Fig. 4. The wavelength sliift in laser spectrum, microsphere o f 140 i-im diameter, 
pump: 25 mW  and 60 m W  - shift right.

W hen increased the pum p pow er we may collect some new ly em erged laser lines beside those 
existed. Wc also observed red shift in the w avelength o f W G M s. The typical result o f the laser spectra
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analyzed b )’ an O ptical Spectrum  A nalyzer w ith  a resolution o f  O.OGnrn. is illustrated in figure 4. The 
tw o w avelengths at 1608 .8 0 n m  and 1611.7 4 n m  w hen the total pum p pow er intensity  w as 2 5 m W ,  
shifted further to  1608 .9 6 n m  and 1611 .90nrn , respectively, w hen to tal pum p pow er was increased to 
6 0 m W .  S im ilar red-sh ift behaviors have also been observed for sphere other size. Exccpt several 
n ew  lin es em erged  u n d er strong  p um p, a ll ex is t  W G M s sh ifted  b y  0.16ri7Ti tow ards longer w avelen gth  

under the total pow er dom ain increasing from 25 to 60. This red shift phenom enon w as experim entally 
observed in Er/Y b phosphate  m icrochip  laser [7] and explained b y  a m odel based on them ial effects 
8]. The phonons inside active m icro spherical laser cavity associated w ith  the non radiative decay 

betw een the m anifo lds o f  E rb ium  ions, and betw een  the intra-Stark levels o f the laser m anifolds, thus 
create thennal deposition  and heat the m icrosphere. An increase o f cavity tem perature results in both 
an expansion o f  tlie m icrosphcrc cavity  length and a change o f  index o f refraction. Both changes then 
affect the lasing condition and sh ift the w avelength of cvcr>' W GM .

We have investigated in teraction betw een  W G M  lasers w ith  the unprotected A lum inum  flat 
m iư o r w hich is a good approxim ation  o f  a conducting plane. The m iư o r w as driven by  micro translation 
stage w ith lO u m  step from  below  the m icrosphere (Fig. 5). The m icrosphcre has a diam eter D  ~  
90f im.  The laser em ission had been  observed w ith the m iư o r at a distance ~  200/xm. W hen translating 
the mirror tow ards the sphere w c observed a line shift tow ards the shorter w avelength (Fig. 6 - a). 
The change o f  the m ode in tensity  is presented in Fiii. 6 - b. The influcncc of the m irror is d e a r  
from d ^  D.  For a low er w avelength , w e have observed the same ’ b lue” shift behavior (Fig. 7). 
The w avelength sh ift w as 0 .2nrn  for 1608.7nrn , 0.22nrn  for 1566.9nrn , 0.18ri7Ti to r 1548.28nm  and
0.16rim  for 1535 .7 5 n m  lines. We also observed tha t some lines do not shift but disappear.

Half taper

Mirror
d

Fig. 5. Setup for the Sphere-Mirror interaction experiment.

Compare to  Joh n so n ’s theoretical p red ic tion  o f the W G M ’s behavior, our result shows that we 
observed the w avelength  sh ift coư espond ing  to  T E  modes, p. Feron et al. approached the shift o f 
resonances predicted  b y  Johnson from  the effective potential point o f  view  [9], In their approach, for 
an isolated sphere, the  rad ia l equation  is ver>’ sim ilar to the Schrodinger equation w ith a pockct-like 
pseudo potential due to  the refractive index discontinuity  at the surface o f the sphere. The m iưor 
associated to a m irro r reflection s>nimetr>' operation gives an even sym m etric potential. s>'mnietric ỉ>,g 
and antisym m etric eigenstates associated respectively to blue-shiftcd (s>Tiimctric) and red-shifted
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Fig. 7. WGM wavelength shift of a) 1548 .2 7 n m ; b) 1535 .76nm .

(antisym m etric) w avelengths. Taking into account the vcctor aspect o f  T E  and TM  m odes and that the 
electrical field is quasi-tangential to the sphere for T E  m odes (quasi-rad ial fo r TM  m odes) for a large 
diam eter {D > 2 0 A), thus T E  m odes are associated only  to  sym m etric states and TM  to antisym m etric 
states. The m odel explained the resonance shift bu t it does n e t take into account the m etallic properties 
o f the m iư o r and could not give reasonable explanation on quench ing  o f  som e m odes observed. The 
coupling o f  the TM  m odes (electric field normal to  the surface) w ith  the surface w aves o f the metal 
plane m ay lead to  th e ir quenching.

The w idth  o f  the laser mode is narrower than  our experim en t’s equipm ent resolution, so we do 
not investigate its behavior.

4. Conclusions

The m icrosphere W G M  lasers w as realized in E i^+ /Y b^+  co-doped phosphate glass using 
976nm  pum p, to  take full advantage o f energy transfer effect from  ion Y tterbium  to  ion Erbium. 
The coupling w as earned  out by  fiber half taper technique in tw o  schem es, both gave good results. 
The single laser line pow er m ay reach 1 5 0 n iy  w ith  only 2 b m W  to tal pum p power, and laser range
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extends from Ì532 .2nrn  to 1618.972m. The red shift ciTcct, w hich associated w ith the thcnnal ef
fect occuưcd insider sphere took place under strong pum p. We have experim entally observed only a 
em ission  w ave len gth  sh ift b y  about 0 .2 n m  to  the shorter sid e (b lue { sh ift) w h ile  v a n in s  the distance  

sphcrc-m iưor from lOO^m ( ~  D) to  IQfnn  (~  O.ID). The proposed red shift have not been confirmed.
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