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Cylindrical Microcavity Laser Based on the Evanescent-Wave-Coupled Gain
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A microcavity laser based on the gain only in the evanescent field region of whispering gallery modes
has been demonstrated. A cylindrical microcavity of 125 mm diam was surrounded by rhodamine 6G
dye molecules in an ethanol solution of lower refractive index such that whispering gallery modes of the
microcavity underwent laser oscillation when the dye molecules in the evanescent field region outside the
cavity were excited by a second harmonic of a Nd:YAG laser. For particular pumping spots, single-mode
laser oscillation of a transverse magnetic mode was observed at about 600 nm with associated cavity Q
of 3 3 107.

PACS numbers: 42.55.Sa
The development of ultrahigh-Q, ultralow-threshold
lasers is one of the key issues in the contemporary optical
physics and quantum electronics community [1]. The
microcavities such as microdisks [2], microspheres [3–8],
and microcylinders [9,10], along with the novel structures
such as quantum dots [11,12] as laser gain media, are being
extensively and intensively studied in the prospect of ap-
plications in microscale optoelectronics. In the interest of
obtaining ultrahigh-Q resonators, none seems better than
the microspheres and microcylinders since, when properly
made, they can have the cavity-Q value as high as the un-
precedented order of 1010 [8,13]. An interesting feature of
these types of cavities is that one can place the gain medium
outside the laser resonator and have the desired laser oscil-
lation. This is possible since there exists evanescent-wave
coupling between the gain molecules outside and the reso-
nator modes inside. This approach is particularly attractive
for electrically driven microcavities. For the microsphere
doped with gain molecules, putting electrical contacts on it
without degrading the cavity Q is highly nontrivial, and,
moreover, further degradation of the Q value is expected
under thermal stress caused by the current excitation. The
evanescent-wave-coupled gain approach is less vulnerable
to these problems since the gain medium excited by elec-
trical current resides completely outside the cavity, and thus
the cavity Q is not much affected. In this Letter we ex-
plore the possibility of the whispering gallery mode (WGM)
lasing in an ultrahigh-Q microcavity when the gain is pre-
sent only in the evanescent-wave portion of the WGM’s.

Cylindrical or spherical microcavities have extremely
low loss WGM’s due to the trapping of light by total in-
ternal reflections at the cavity boundary [14]. While these
WGM’s reside mostly inside the cavity, a small portion
extends to the outside in the form of evanescent field [15].
The evanescent wave plays an essential role in many areas
of modern science such as in probing surface characteris-
tics, near-surface trapping of atoms, localization of single
atoms or molecules, etc. [16–18]. Here we report the ob-
servation of laser oscillation in WGM’s with laser gain
present only in the evanescent field region, where the gain
molecules reside uniformly outside a microcylinder. In
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some configurations, single-mode laser oscillations have
been observed. Although observation of light amplifica-
tion in a planar wave guide via evanescent field dates back
to the 1970s [19], our experiment is the first, to our knowl-
edge, to demonstrate the microcavity WGM lasing through
the evanescent-wave-coupled gain.

Our cavity was simply a long segment of a fused-silica
optical fiber of radius a � 62.5 mm. It was surrounded
by a gain medium, ethanol (refractive index m1 � 1.361)
doped with 2 mM�L rhodamine 6G (Rh6G) dye, as shown
in Fig. 1. The gain medium was contained in a fused-silica
capillary of 200 mm inner diameter and 320 mm outer di-
ameter. We started by demonstrating a “conventional” las-
ing, without the central cylindrical cavity. In this case, the
capillary serves as a low-Q cavity with the gain medium
inside. Figure 2a shows a microscopic image of the radial
mode lasing generated from this configuration, pumped
by a 532 nm pulsed excitation of a frequency-doubled
Q-switching Nd:YAG laser with a pulse width of 5 ns and
a repetition rate of 1 Hz. The pump laser with its polariza-
tion parallel to the capillary axis was loosely focused (beam
size �1 mm) at the capillary. A color filter attached to
the microscope blocked the pump beam. The strong green
line in Fig. 2a indicates the radial modes forming along the

FIG. 1 (color). Experimental setup. See text for explanation.
© 2000 The American Physical Society 3161
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FIG. 2 (color). Microscope image of (a) radial mode lasing
and (b) WGM lasing.

capillary axis. In this configuration, no WGM can exist at
the liquid-silica boundary since the refractive index of the
capillary ��1.458� is higher than that of the liquid.

However, when the optical fiber (our microcavity) of
125 mm diam was inserted in the same capillary, WGM
laser oscillation could be achieved with a low-threshold
pump energy of �200 mJ (Fig. 2b). As the refractive
index of ethanol is smaller than that of the fiber clad �m2 �
1.455�, there exists a host of WGM’s. The bright yellow
fiber rim in Fig. 2b, which could be seen in all directions,
was made by the WGM laser light escaping tangentially
from the boundary [20]. Because the gain exists only
outside the microcavity, the WGM light must be generated
by the WGM laser oscillation via the gain in the evanescent
field region.

To investigate the spectral characteristics, we measured
the spectrum of the emission at various pumping spots on
the fiber. The radial mode spectrum, without the central
fiber, shows periodic peaks resulting from the etalon effect
of the capillary wall of 60 mm thickness, corresponding to
a free spectral range of 1.8 nm, which is consistent with the
observed mode spacing in the inset of Fig. 3. Because the
radial modes have low Q’s ��103�, their lasing spectrum
appears in the green region at about 558 nm, where the
gain is the highest.

When the central fiber was inserted, the spectrum
changed dramatically. The spectrum was dependent on
the position of the pump beam due to the different surface
roughness along the fiber. For the typical WGM lasing
spectrum shown in Fig. 3, the surface quality appeared
fairly good from the lasing images observed under a mi-
croscope. There were three different groups of WGM’s,
about 605, 578, and 555 nm, respectively. As the energy of
3162
FIG. 3. Typical spectra of WGM lasing with the central fiber
inserted. Inset: typical single shot spectra from the radial mode
lasing without the central fiber.

the pump pulse was increased, the group around 605 nm
developed first at the pump energy of 200 mJ, then 578 nm
at 1 mJ, and finally 555 nm at 4 mJ. Polarization analysis
reveals that most of the peaks have transverse magnetic
(TM) polarization (the electric field parallel to the capil-
lary axis). Transverse-electric (TE) polarized peaks ap-
pear only at about �595 nm. The WGM group at about
555 nm is modulated by the interference between low-Q
modes and the reflected light from the capillary wall.
The low-Q emission can be further reflected between the
central fiber and the capillary wall, particularly when they
are not perfectly concentric to each other. Such multiple
reflections result in the multiple, slightly diffused, green
lines outside the fiber rim, as shown in Fig. 2b.

WGM’s are specified by the azimuthal mode number n,
the radial mode order l, and the polarization (TM or TE)
[21]. The quality factor Q, which represents the evanescent
leakage, is dominantly dependent on l for a given micro-
cavity. The calculated Q’s for the WGM’s at about 605 nm,
from the elastic scattering theory [21], are 8 3 1010, 3.5 3

107, 2 3 105, and 7 3 103 for l � 1, 2, 3, and 4, respec-
tively, for our setup. Conventionally, the absorption quality
factor Qabs is used in the WGM lasers in order to summa-
rize the absorption loss in the gain medium at the lasing
wavelength. For the Rh6G ethanol solution used in our ex-
periment it is found to be 105 at 578 nm and 106 at 605 nm
from the relation, Qabs � 2pm�la, with m � m2�m1, a

the absorption coefficient, and l the wavelength.
Figure 4a shows the azimuthal-angle-averaged intensity

distribution of the WGM’s, calculated from the elastic scat-
tering theory for our cylindrical cavity [21]. As l increases,
not only does the interior intensity spread farther from the
boundary but also the evanescent field extends more off the
boundary. For l � 2, 3 modes (middle and bottom traces
in Fig. 4a for m � 1.069), the 1�e thickness of the evanes-
cent field region is only 0.27 and 0.35 mm, respectively.
The occupation factor h, which is defined as the fraction of
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FIG. 4. (a) The azimuthal-angle-averaged intensity distribu-
tions of cylindrical WGM’s of TM polarization as a function
of the normalized radius r�a �a � 62.5 mm�. (b) Plot of g�l�
for various Q0 � hQ.

the evanescent field volume to that of the whole WGM, de-
creases as l decreases (or Q increases) for given m and a.

Based on this observation we propose the following laser
model. First, note that the evanescent-wave-coupled gain
comes from the excited molecules in the evanescent-wave
portion of the WGM. Hence, the single-pass gain is re-
duced by the occupation factor h, compared to the conven-
tional WGM microcavity laser, if the gain molecules are
uniformly distributed in the medium. Second, by assuming
a four-level system for the dye molecules, the laser thresh-
old condition can be written: hn1se�l� $ hn0sa�l� 1
2pm
lQ , where n0 and n1 are the number densities of the dye

molecules in the ground electronic singlet state and in the
lowest excited singlet state, respectively, while se�l� and
sa�l� are the emission and absorption cross sections of
the dye molecules, respectively. This threshold condition
leads to the minimum fraction of the excited molecules,
g�l� � n1�nt , with nt the total number density of the
molecules, for inducing laser oscillation at l:

g�l� �
2pm��lhQnt� 1 sa�l�

se�l� 1 sa�l�

�
sa�l�
se�l�

∑
1 1

Qabs�l�
hQ�l�

∏
. (1)
The lower g�l� is, the weaker the threshold pump power
becomes at the given lasing wavelength l. One can de-
fine an effective absorption quality factor Q0

abs � Qabs�h,
which accounts for the fact that the absorption loss by
the dye molecules is also contained in the evanescent-field
region of WGM. For the conventional microcavity laser,
such as the microdroplet laser [10,12], h � 1 because the
gain molecules reside in the interior WGM. For our mi-
crocylinder laser, h ø 1, and thus the absorption qual-
ity factor is enhanced typically by an order of magnitude.
The total loss associated with a given WGM can be rep-
resented approximately by an overall quality factor, Qt �
�1�Q0

abs 1 1�Q�21. When Q ¿ Q0
abs, Qt is limited by

Q0
abs, and thus all of the WGM’s with Q ¿ Q0

abs will have
about the same laser thresholds. Therefore, the g�l� curve
is mostly determined by the ratio sa�l��se�l�, which has
a broad minimum above 600 nm. When Q ø Q0

abs, on
the other hand, the cavity loss limits Qt , and thus only
the WGM that has Q large enough to satisfy the thresh-
old condition will lase. In this case, g�l� is approximately
proportional to 1�se�l�, and thus the minimum threshold
point shifts to the region where the gain is largest.

As the pump intensity is increased, a group of WGM’s
of a given mode order l will develop at about the wave-
length for which g�l� is minimum. Because of the rapid
gain saturation of the dye molecules in the evanescent-field
region of the given l modes, the other WGM’s with the
same l, but located far from the group center, do not have
enough gain left even when the pump exceeds the thresh-
old for these modes. But the evanescent-field portion of the
next higher order modes extends further out from that of
the given l, and thus the molecules in that extended region
do not suffer the gain saturation. As a result, the envelope
of the given l modes does not expand much as the pump
is increased, but the next higher order modes develop in-
stead around the new location where g�l� for these modes
becomes minimum.

Figure 4b shows the calculated values of g�l� for vari-
ous values of Q0 � hQ. For this we measured sa�l� with
a spectrophotometer and se�l� with a spectrometer with a
green laser excitation. Comparing the location of the mini-
mum of g�l� and the center wavelength of the WGM groups
in Fig. 3, one can identify the mode order associated
with each WGM group. For example, the mode group cen-
tered around 605 nm can be fitted with Q � 3.1�3� 3 107

with h � 1�28 �Q0 � 1.1�1� 3 106�. This Q value is also
close to the theoretical Q value of l � 2 modes, 3.5 3

107. The l � 1 modes, whose group is expected far above
610 nm, were not observed in the spectrum such that the Q
of l � 1 modes must have been degraded severely due to
the imperfect surface quality of the central fiber. Similarly,
the mode orders associated with the mode groups near
578 and 555 nm are identified to be 3 and 4, respectively.

To observe l � 1 modes, which were not present in
Fig. 3, we did another experiment with a mixed liquid at
various concentrations nt of Rh6G, as shown in Fig. 5.
We used 1:1 mixture of ethanol and ethylene glycol with
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FIG. 5. Dependence of the lasing spectra on the Rh6G concen-
tration nt when a mixed liquid of ethanol and ethylene glycol
was used as the surrounding gain medium. Bottom: nt �
2 mM�L. Middle: nt � 0.2 mM�L. Top: nt � 0.05 mM�L.

a resulting refractive index m1 � 1.396, and thus m �
1.042. In this case, there was no observable WGM group
above 600 nm at nt � 2 mM�L. The Q’s for the TM
modes of l � 1, 2 at 585 nm are calculated to be 4.5 3

105, 4 3 103, respectively. For l � 1, h is about 1�15 for
m � 1.042 (Fig. 4a). Since Q ø Q0

abs for all l (cavity-
dominant loss), the group at about 585 nm that has the
lowest threshold must be the l � 1 modes. According to
our model, the l � 1 group should appear at about 582 nm
(Fig. 4b), very close to the observed center wavelength.

When the pump energy was increased, the width of the
l � 1 group profile increased but its center wavelength re-
mained at 585 nm. As nt was decreased to 0.2 and 0.05
mM�L, the group of l � 1 modes shifted to the higher
gain region at about 570 and 563 nm, respectively. This
is expected since Q0

abs increases as nt decreases. Through
a careful analysis of the nt dependence of the shift of the
l � 1 group in Fig. 5, h is best fitted to 0.077(5), which
is slightly larger than the calculated value of 0.067. This
small (15%) discrepancy is attributed to the uncertainty in
the fiber diameter, refractive indices at various l, and/or
more importantly to the cavity quantum electrodynamics
effect, i.e., the position-dependent enhancement of sponta-
neous emission rate of the dye molecules near the dielectric
boundary [22]. Such enhancement would increase the gain
(and absorption) for a given number of molecules [23] and
equivalently increase the fitted value of h in our model.

It is interesting that, for the ethanol case, a strong peak
consistently appears with TM polarization near 601 nm,
as marked with an arrow in Fig. 3. As the pump en-
ergy was increased, this peak developed first, and then the
neighboring peaks with the same l followed. Interestingly,
at particular pumping spots on the fiber, only this peak
stood out even at high pump energy. We speculate that
3164
this single-mode operation might have been caused by loss
modulation due to the possible local surface figure imper-
fection on the fiber, and by consequent n-selective ampli-
fication of WGM’s. Potentially, this process may provide
wavelength selectivity in the evanescent-wave-coupled mi-
crocavity lasers. In the mixed liquid case the single-mode
operation was not observed, possibly because the already
low cavity Q would not be further affected by the surface
imperfection.

In conclusion, we have demonstrated a microcavity laser
based on the evanescent-wave-coupled gain and analyzed
the observed spectral profile with a proposed model. Our
configuration is particularly useful when only a single or
a small number of high-gain atoms/molecules or quantum
dots [24] are employed, for the purpose of unveiling novel
quantum optical effects, with ultrahigh-Q microcavities
such as fused-silica microspheres of which Q reaches up
to 109210 [6–8].
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