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Cavity-Q-driven spectral shift of lasing was observed in a cylindrical microcavity formed by
rhodamine6G-doped quinoline in a capillary. The envelope of lasing spectrum showed a blueshift
induced by the decreasing cavifyof whispering gallery modes as the pump fluence increases. The
thermally induced refractive index changes were measured from the shifts of individual lasing
modes. The observed cavi@y-driven spectral shift was well described by a simple dye laser model,
which accounts for the dependence of ca@tyn the thermally induced refractive index change.

© 2000 American Institute of Physidss0003-695(00)01925-3

A microsphere or a microcylinder can be a hiQhepti- pump beam as demonstrated previoddBecause the expan-
cal cavity due to the trapping of light by total internal reflec- sion coefficient of fused silica is negligibly small compared
tions at the cavity boundary. The resonance modes in a cito that of the liquid, the cavity size is independent of the
cular microcavity are called whispering gallery modesliquid temperature, which permits the control of refractive
(WGMs). A WGM is specified by the azimuthal mode num- index isolatedly from other factors.
bern, the radial mode orddr and the polarization transverse Our experimental scheme is as follows: As the pump
magnetic(TM) or transverse electri€TE).! The cavityQ of  fluence increases, the effective cavity length, which is pro-
WGM depends weakly om and strongly onl for a given  portional to the refractive index of the cavity medium, will
cavity. Due to the existence of high-WGMs and the gain decrease due to the decrease of the refractive index. The
enhancement of the cavity quantum electrodynamics originwavelength of a given WGM will decreager shift to the
the threshold pump power for lasing can be reduced substaflue) because it is proportional to the effective cavity length.
tially, which is desirable for optical devices such as low- Thus, the refractive index changes can be deduced from the
threshold microcavity lasefsThe microcavity lasing has wavelength shifts without the knowledge of actual pump flu-
been studied extensively in systems of semiconductor diskgnces in thisin situ experiment. The cavityQ of a given
dye-doped microdroplets, and liquid j&t WGM also decrease@r its intrinsic leakage loss increages

A microcavity laser consisting of a fused-silica capillary With the decrease of the refractive index. So the wavelength,
filled with dye-doped liquid is an interesting system, where aaround which WGMs of giverl undergo lasing, will be
coupling exists between the core WGM and the reflecteghifted to the higher gain region in order to overcome the
light from the outer surface. Observation of interferenceincreased cavity loss, which will result in the blue shift of the
modulation from a layered microcylinder was first performedspectral profile.
by Knight et al”® Moreover, we recently performed a pre-  The experimental setup, shown in Fig. 1, is similar to
cise dynamic measurement of the interference period by corihat of Ref. 9. The liquid sample was 1.8 mM/L Rh6G-doped
trolling the refractive index of the liquid continuously.

Spectrum of microcavity laser is also important in that it

reveals inner works of lasing process in the microcavity. Re-

lated to this, blueshift of lasing in microcavity have been Spectrometer
observed by introducing scatterer or absorbers for enhancing

the scattering and absorption losses, respectiefyyHow-

ever, the effect of the cavit@) change on the spectral profile ——>

has not been successfully isolated in microcavity lasers. In Q-switched p Capillary

this letter, we report the observation of cavidyeriven spec- Nd:YAG Laser

tral shift resulted from the refractive index changes of a cy- ——> %

lindrical microcavity. Liquid

Cavity Q of a WGM is strongly dependent on the refrac-
tive index of the cavity medium. In a dye doped liquid mi- ——>
crodroplet or a jet generated from an orifice, the refractive
index is difficult to control independently of its size. On the FIG. 1. Our experimental setup. A capillary tube of inner diametex afid

other _hand’_the temperature of the C_Iye'_d()ped liquid filled inyyter diameteb contains a dye solution, which is excited by a frequency-
a capillary is easy to control by adjusting the fluence of adoubled Nd:YAG laser. The lasing spectrum is recorded by a spectrometer.
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FIG. 2. Typical single-shot lasing spectra from a cylindrical microcavity
filled with Rh6G-doped quinoline solution for various pump fluence. shows that the right peak of each pair is in a TM mdooee

Changes of the refractive i_ndex of the liquid were thermally induced by theof them is denoted by an arrovand the left peak, aTE
pump. The wavelength shifts of the TM mode denoted by the arrow were .
measured for various average pump power dendify: (3 | mode. As t.he pump quenge increases, all of the WGM pegks
~0.5W/cn?, slightly above threshold(b) |,,.~2 W/en? with 0.55 nm  Show continuous blue shift due to the decreased refractive
shift; (c) | e~ 12 Wicnt with 3.55 nm shift;(d) 1.~ 18 W/ent with 495 index of the liquid,m,. In Fig. 2, the gradual shift of the TM
T e ot 5 cons o ek etk b he atton can b aced as the purp frce
WGM peaks from shot to shot. increases. The shifts in Figs(2—2(e) are measureq to be
0.55, 3.55, 4.95, and 7.05 nm, respectively. For high pump
fluence complex mode structure is observed as shown in
quinoline (refractive index m,=1.626 at 20°Q, which  Figs. 3e) and 2f), in which the location of WGM peaks
flowed through a fused-silica capillaryinner radiusa  fluctuates in time so that it is difficult to determine the
~25um, outer radius b~160um, m;=1.458 at N amounts of shift. This complex mode structure might be due
=600nm). The absorption spectrum of the liquid sampleto the nonuniform temperature distribution near the cavity
was measured with a spectrophotometer and the fluorescenggundary. Hence, our analysis, assuming uniform refractive
spectrum was taken with a spectrometer excited by andex change, should be limited for the small wavelength
frequency-doubled continuous wavécw) Nd:yttrium—  shifts, as in the figures from Fig(@ possibly to Fig. 2e).
aluminum-garnetYAG) laser (wavelength: 532 nm The The profile of lasing spectrum also changes as the pump
emission cross sectian,, deduced from the measured spec-fluence increases. The central wavelength of the profile also
tra, showed its maximum at about 570 nm. The absorptioshows a blueshift, as individual WGM peaks do, because the
cross sectiong, , rapidly decreased in the range of 580—630cavity Q of given order decreases with the decrease of rela-
nm. A diode-pumped Nd:YAG laser, both acousto-opticallytive refractive indexm=m,/m,. From the amount of the
(AO) Q-switched and frequency-doublédavelength: 532  blueshift of the marked TM peak, we can estimate the rela-
nm, pulse width: 200 nsQ-switching frequency: 10 kHz tive refractive index changdm=|Am,|/m;. Forb>a, the
was loosely focused perpendicular to the capillary axis. Theore WGM resonances are determined by the core size pa-
Q-switching on-time was externally controlled from 1 to 10 rameterx.=2mam, /\, and the associated cavi is that
ms at repetition rate of 20 Hz. Hence, each pulse train conef a homogeneous fiber with the same diameter and of a
tained a few tens of-switched pulses. Fine adjustment of relative refractive indexn=m,/m,.” Figure 3 shows the
the pump fluence was achieved by varying @awitching  calculated blueshift of a WGM peak and its cavijywith
on-time or the pumping diode current. respect taAm. The initial value ofmwas chosen to be 1.117
Because of the strong absorption of the dye-doped liquicand a was fitted to 25.5um based on the measured mode
at the pump wavelength, the temperature, and consequentipacing’ The cavityQ was calculated for two modes with
the refractive index, of the liquid can be controlled by thedifferent mode ordersn=414, |=2 and n=406, |=3,
pump fluence. Our pumping scheme makes possible not onklyhich corresponds to the resonance wavelengths of about
sufficiently high peak intensity for lasing, but also high av- 600 nm. It shows that the wavelength shift is approximately
erage pump power over sufficiently wide range of refractivelinear to Am with a slope of about 507 nm whereas the
index change. The lased light from the capillary was col-cavity Q decreases exponentially with respectAtm. With
lected on the entrance slit of a spectrometer. The spectruine calculated slopeAm was estimated to be 0.001, 0.007,
was then recorded with a photodiode array attached on th@.01, and 0.014 for Figs.(B)—2(e), respectively. The cavity
image plane of the spectrometer. Q for thel =2 mode decreases from &40 to 3.2<10° as
Figure 2 shows the typical single-shot lasing spectraAm increases from 0 to 0.014. AAm=0.007, the cavityQ
from the cylindrical microcavity. At slightly above the laser reaches about 1:610°, which is fairly larger thanQ s
threshold[Fig. 2@)], two groups of peaks with the same =27m/Aa(\)=2x10° at A=600nm, wherea(\) is the
mode spacing of about 1.4 nm appears around 602 nnabsorption coefficient of the liquid at On the other hand,
slightly displaced from each other. Polarization analysisthe cavityQ for the |=3 mode varies from 5410 to 5.2
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FIG. 4. (a) Calculatedy(\) at Am=0, 0.007, 0.01, and 0.014. AAm
increases, the minimum of(\), which is indicated by an arrow, shows a
blueshift.(b) The comparison of the measured spe¢ires) and the calcu-
lated wavelengtlidash dotsat which y(\) is the minimum.

X 10 in the range ofAm=0-0.014. Hence, the mode cou-
pling efficiency (or mode visibility Qupd/ (Q+Qapd is
nearly O for thd =2 mode and nearly 1 fde=3 mode, in all
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=406 andl =3 are shown in Fig. @&). For comparison, the
measured spectral profil&ig. 2) with the calculated wave-
lengths for the minimum o#/(\) is shown in Fig. 4b). When
Am=0,y(\) curve is nearly flat in the range of 595-610 nm
and its minimum occurs at abowut~602 nm. This curve
well describes the observed spectrum in Figs) 2nd Zb)

at smallAm. As Am increases to 0.007, the minimum of
v(\) shifts near to 592 nm, which is consistent with the ob-
served spectrum in Fig.(®. When Am increases more to
0.01, 0.014, the minimum of(\) shifts more to the blue
(586 and 583 nm which describes the spectra in Figgd)2
and Ze). As can be seen in Fig.(d), the analysis from the
simple model explains well the observed spectral shift at
Am=0.01. When we apply the analysis for the 2 mode,
the minimum ofy(\) is located well above 600 nm at all
values ofAm. This confirms the previous assertion, deduced
from the mode visibility consideration, that the observed
WGM peaks correspond to=3 rather tharl =2.

In conclusion, we demonstrated the effect of refractive
index change on the cavity of WGM of a microcylinder by
continuously controlling the refractive index of the cavity
medium. By using a simple dye laser model, we could quan-
titatively analyze the observed shift of the spectral profile.
Present scheme can be improved by using two different laser
sources, one pulsed laser for pumping and a cw laser for
inducing the refractive index changes. Our results also dem-
onstrates that the pump process itself can cause the decrease
of cavity Q by thermally induced refractive index change,
which will in turn increase the laser threshold. For ultrahigh
Q microcylinder/microsphere the cavitp can be substan-
tially lowered even with small decrease of refractive index of
the cavity medium. Our technique provides a clever way of
quantitatively assessing such effects induced by the refrac-
tive index changes, and therefore it can serve as an important
tool in the development of the ultralow-threshold microcav-
ity lasers.

This work was supported by the Creative Research Ini-
tiatives of the Korean Ministry of Science and Technology.

Ip. W. Barber and S. C. Hillight Scattering by Particles: Computational

range ofAm. Therefore, the continuously shifting peaks in Methods(World Scientific, Singapore, 1990p. 25, p. 187.

Fig. 2 appear to bé=3 modes.
To analyze the observed spectral change, we apply
model of four-level dye lasing in a Fabry—Perot cavity?

2v. Sandoghdar, F. Treussart, J. Hare, V. veéeSeguin, J.-M. Raimond,
%and S. Haroche, Phys. Rev. 34, R1777(1996.
S. L. McCall, A. F. J. Levi, R. E. Slusher, S. J. Pearton, and R. A. Logan,
Appl. Phys. Lett.60, 289(1992.

Let n; andng be the number densities of molecules in the 4y . in, J. D. Eversole, and A. J. Campillo, J. Opt. Soc. Am9B43
first excited and the ground electronic singlet state, respec-(1992.

tively, with n;=n;+ny, the total number density of dye

molecules. For lasing to occur, the single-pass gain should

exceed the single-pass loss, which can be expressed as

D

and theny(\)=n,/n;, the minimum fraction of molecules
to be excited for lasing at, is given by

_2am/\QNnto,  aa(N) | QapdN)
- Naew[“ QM) } ?

Calculated y(\) at variousAm for the mode withn

Nyoe=2mMNQ+Ngo,,

Y() gt 0g

5S. Tanosaki, H. Taniguchi, K. Tsujita, and H. Inaba, Appl. Phys. l68t.

719(1996.

H. J. Moon, K. H. Ko, Y. C. Noh, G. H. Kim, J. H. Lee, and J. S. Chang,

Opt. Lett.22, 1739(1997.

7J. C. Knight, H. S. T. Driver, and G. N. Robertson, Opt. L&#, 1296
(1993.

8J. C. Knight, H. S. T. Driver, and G. N. Robertson, J. Opt. Soc. Ari1B
2046(1994).

9H. J. Moon, J. Yi, J. T. Kim, and J. Lee, Jpn. J. Appl. Phys., Pa882
L377 (1999.

10H. Taniguchi and H. Tomisawa, Opt. Left9, 1852 (1994.

M. M. Mazumder, G. Chen, P. J. Kindimann, R. K. Chang, and J. B.
Gillespie, Opt. Lett20, 1668(1995.

12F, p. Schter, Dye LasersSpringer, New York, 1977 p. 32.

Downloaded 17 Apr 2013 to 143.248.118.122. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



