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Cavity ring-up spectroscopy (CRUS) can be used to sense ultrafast phenomena with a timescale of a
nanosecond and it has been experimentally demonstrated in whispering-gallery-mode (WGM) microresonators.
Here, we present a modification of CRUS in which the intensity of the monochromatic laser used to excite a
‘WGM microresonator is changed from one nonzero value to another nonzero value within a very short time. The
modification doubles the sampling rate of CRUS at almost no cost, which is important in ultrafast sensing. We
first give a theory of the modified CRUS and then show its experimental observation. The obtained results make

the developing CRUS more complete.
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I. INTRODUCTION

Optical whispering gallery modes (WGMs) are usually of
very high-quality factors and extremely small mode volumes.
These features enable WGM microresonators to become good
platforms for studying interactions between light and matter
[1-18]. Sensing is one of the most important applications
of WGM microresonators [19-21]. In particular, they can be
used to detect single nanoparticles and viruses [22]. The sens-
ing mechanism of WGM microresonators is usually related to
some change of the steady-state transmission spectrum of the
system, which can be obtained by using a continuous laser to
scan the microresonators at a slow speed with a fiber taper as
a light coupler [23,24]. The main changes of the steady-state
transmission spectrum used for WGM sensing are a mode
shift [25], splitting [26], and broadening [27]. However, the
sensors based on these mechanisms can be only used to detect
parameters changed on a timescale of milliseconds due to
the slow scanning speed of the laser. The sensing of ultrafast
phenomena by WGM microresonators needs a new sensing
mechanism.

Recently, cavity ring-up spectroscopy (CRUS) of WGM
microresonators is demonstrated to have the ability to sense
ultrafast phenomena with nanosecond timescales [28-30].
Interference is important in CRUS and other related ring-
ing phenomena in WGM microresonators [31-33]. To obtain
CRUS, a far-detuned laser is abruptly turned on to excite
a microresonator [28], which is different from the ordinary
cavity ring-down spectroscopy (CRDS) where a laser excit-
ing a microresonator is abruptly turned off [34]. In CRUS,
although there is a large detuning between the laser frequency
and the resonant frequency of the microresonator, some light
can still be coupled into the microresonator due to frequency
broadening caused by turning on the laser abruptly. The light
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into the microresonator will be coupled back into the fiber
taper to interfere with the transmitted light, which results
in CRUS containing information on both the frequency and
decay rate of the microresonator. This feature of CRUS is an
improvement compared to the ordinary CRDS [28,35].

In the original CRUS, the intensity of the monochromatic
laser used to excite microresonator is changed from zero to
nonzero within a very short time [28]. Here, we consider the
modified CRUS where the intensity of the monochromatic
laser is changed from one nonzero value to another nonzero
value within a very short time. In the case where the initial
intensity of the laser is much smaller than the final intensity,
the modified CRUS will be similar to the original CRUS. In
the case where the initial intensity of the laser is much larger
than the final intensity, the modified CRUS will be similar to
CRDS. The modified CRUS in both cases contains informa-
tion on the frequency and decay rate of the microresonator
and thus can be used in ultrafast sensing. Experimentally,
the intensity of the laser is switched between a small value
and a large value periodically. Therefore, in one period two
modified CRUS can be obtained (see Fig. 5 below). However,
in the original CRUS experiment the intensity of the laser is
switched between zero and a nonzero value periodically and
only one CRUS can be obtained in one period [28]. So in our
modified CRUS the sampling rate is doubled compared to the
original CRUS, which is important in ultrafast sensing.

In the following we first give the theory of the modified
CRUS, and then present our experimental studies.

II. THEORY OF MODIFIED CRUS
A. Modified CRUS without modal coupling

Figure 1(a) shows the basic theoretical model where a fiber
taper is used to couple a specially modulated laser into and
out of a WGM microresonator. The counterclockwise (CCW)
mode E is excited by the input field Ej, in the fiber taper. The
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FIG. 1. (a) Schematic diagram of a WGM microresonator cou-
pled to a fiber taper. (b) A steplike modulation function.

evolution of E; satisfies the following equation [36],

dEl (t)
dt

where j = /=1, w. is the resonant angular frequency of the
CCW mode Ei, k. and k, represent its external and intrinsic
loss rates, and x = k, + k, is the total loss rate. We note that
there is a degenerate clockwise (CW) mode E, corresponding
to the CCW mode E; and usually there is a coupling between
them. Here, the coupling strength between E; and E; is as-
sumed to be zero, and the nonzero case will be discussed in a
later section.

In Eq. (1), the input field E;,(¢) is a modulated monochro-
matic laser with the expression

En(t) = f(t)se™ /", 2)

where s is the amplitude of the monochromatic laser, w; is the
angular frequency of the monochromatic laser, and f(¢) is a
steplike modulation function displayed in Fig. 1(b). The value
of function f(¢) is P, when ¢ < 0, and it changes abruptly
to a stable value P, within a very short time 7,. What we are
interested in is the output E,(¢) of the fiber taper whent > ¢,
which can be expressed as

Eou(t) = —Ei (1) + Y 2K E(1). 3)

When P, =0 and P, > 0, the intensity |Eou(¢)|> describes
CRUS. When P; > 0 and P, = 0, the intensity |Eou(£)]? de-
scribes CRDS. In the following we assume there are both
P, > 0 and P, > 0, which is a modification of CRUS.

We first show how Ej(¢) depends on the modulation func-
tion f(¢). Suppose

= (—jwe — KOE () + /2. Ein (1), (D

E\(t) = h(t)se " \/2k,, 4)
then from Eq. (1) we can obtain
dh
% = (jé —1)h(t) + f(1), )

where § = w; — w,.. Using method of the variation of con-
stants, the above equation will lead to

t
mm=”“”/ Pl g, (©6)

P .
= e @)
where
1 1 d t/ . ,
o = IT/ %e(—jtﬂw)(r _z’)dl‘/. (8)
2 Jo

In the above from Eq. (6) to (7) we have used the method
of integrating by parts and the facts that % =0whent <0
andt > t,,and f(¢) = P, whent > ¢.. Now we can see clearly
how E(¢) depends on the modulation function f(¢) through
the parameter «, i.e.,

V2K,

Ei () =
1(®) T

[1 — eB=IGE (1), t>1, (9)
which combined with Eq. (3) gives the dependence of Eqy(?)

on the parameter «, i.e., for ¢ > ¢, there is

(10)

Eou(t) = |:—]8 t ke — Ko — e(-f‘S_K)(’_”‘)a:| —ZKeEin(t)

2k, —jé 4+«

Define the normalized transmission of the output of the fiber
taper as

Eu(®)?
Ty = PO an
llmtaoo |E0ut(t)|
then from Eq. (10) it can be obtained that
=)ty 2KeO ’
T@@)=|1—¢eY e, t>t. (12
Jé+ ke — Ko

This is an exact expression for the normalized transmission
T (t), which describes the interference of two terms and the
second term has the frequency § and decay rate «. The mod-
ulation function f(¢) can affect the amplitude of the second
term of T(¢) in Eq. (12) through parameter « that will be
discussed in the next section.

The expression of E,y(¢) in Eq. (10) is obtained by as-
suming there are both P, > 0 and P, > 0, but it is obviously
applicable for the original CRUS, i.e., P; = 0. We note that
it is also applicable for CRDS, i.e., P, = 0. This is because
when P, approaches zero, although the value of « in Eq. (8)
will approach infinity and the value of Ej,(¢) in Eq. (10) will
approach zero for t > t,, their product «Ej, (¢) in Eq. (10) will
approach a finite value. So the expression of Eq(¢) in Eq. (10)
is a universal result that connects the original CRUS and the
seemingly different CRDS.

B. Modulation function f(¢) and parameter o

If the time 7, for the modulation function f(¢#) changing
from P; to P, is so small that there are |87,| < 1 and k¢, < 1,
it can be obtained from the definition of « in Eq. (8) that

t, ’
PEVILEY . AN (13)
P, Jy dt’ P
This result means that the shape of the modulation function
f(t) from O to ¢, in the modified CRUS is not important if ¢,
is small enough.
The following special modulation function,

Py, t <0,
fy=4{P + Pzt;rplt, 0<t<t,, (14)
PZ’ r>1,

will be used in the next section to fit our experimental results.
For the above special modulation function, according to the
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FIG. 2. Relation between T'(¢) and P;/P, without modal cou-
pling. The values of P;/P, for the blue, magenta, green, and red
curves are 0, 0.6, 10, and 35, respectively. The inset is an en-
larged view of the blue and magenta curves. Other parameters are
k./2mr = 1.11 MHz, «,/2m = 0.80 MHz, t, = 10 ns, and §/27 =
19.10 MHz.

definition of the parameter « in Eq. (8), there is

PN 1 — PLE A
a= (1 _ —),—. (15)
P2 (_J(s +K)tr

It can be found that when the value of P;/P; is increased
from zero, the value of |«| will first decrease to zero and then
increase, which means P; /P, can control the amplitude of the
second term of 7'(¢) in Eq. (12). In Fig. 2 we demonstrate
how the normalized transmission 7 (¢) changes with the value
of P;/P, when other parameters are fixed. From Fig. 2 it can
be found that when the value of P, /P, is large enough (the red
curve), the result is similar to CRDS but it still contains the
information on the frequency of the microresonator.

C. Modified CRUS with modal coupling

Assume the coupling strength between the CCW mode E,
and its corresponding degenerate clockwise (CW) mode E; is
B. The evolution of the two modes will satisfy the following
equations [37],

dE
D (o~ OE @)+ JBED) + D@, (16
dExt) _ .
T = (o= OB +JBE@). (17)

These two coupled equations can be decoupled by introducing
E (1) = E (1) + Ex(1), (18)
E_(1) = Ei(t) — Ex(2), (19)

which satisfy the decoupled equations

% = (—jwe — & + JBEL(1) + V2 En(t),  (20)
dE_
dt(” = (—jo, — & = JBE_(O) + 2 En(). 1)

According to the discussion for modified CRUS without
modal coupling, the two decoupled equations lead to

V2K,
—jéy +«
V2K,
—Jjo_ 4+«

E (1) = [1— eV Mg JE (1),  (22)

E (1) = [1— V=g B (1),  (23)

wheret > t,,8, = w; —w. + B,6- = w; — w. — B, and

1 ’

O[+ = i me(_'i8++K)(r,_l’)dt/’ (24)
P Jy dt
z, ’

o — 1 [rdf )e(*j8_+/<)(t’7t,)dt/. 25)
P Jo dt’

According to the expression of E,y, in Eq. (3) and the
definition of the normalized transmission 7'(¢) in Eq. (11), we

can get
T([) = |1 _A+e(j5+—K)At _A_e(jé,—K)Allz’ (26)

where At =t —t, > 0 and

Ke
A+ = 7 X oy, (27)
JBs = Ko+ ke
Ke
A = . . (28)
. —jo_+k
Jo- — kot %Ke

We note that the modulation function f(¢) in Eq. (14) will be
used in the next section to fit our experimental results with
modal coupling, which leads to

P\ 11— 8+ =i

o, =(1-=)—, 29

i ( Pz)(—j3+ + it @
PN 1 — PILE

o = (1 — —)— 30)
PZ (_]57 + K)tr

The normalized transmission 7(¢) in Eq. (26) describes
the interference of three terms, which contains information
about frequency, decay rate, and coupling strength between
the degenerate CW and CCW modes. This is very clear under
the following special conditions. When the laser detuning & is
so large and its amplitude changing time ¢, is so small that

B8], k<8, 6] <1, (31)
this will lead to

A, ~A ~A—_j"e(1 Pl) (32)

TR P/

We emphasize that the above approximation is applicable for
a general modulation function f(¢). Additionally if there is
|A] <« 1, the normalized transmission 7 (¢) in Eq. (26) can be
approximately by

Ty~ 1 e [1 - ﬂ]e—m sin(8Af) cos(BAL),  (33)
3 P,

where terms proportional to |A|?> are ignored. As B < |8]
in the above, § is a fast frequency and g is a slowly beat
frequency. Figure 3 gives a graphical demonstration of 7 (¢)
in Eq. (33) where §, 8, and « are marked.
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FIG. 3. A graphical demonstration of 7'(t) with modal cou-
pling in Eq. (33). The curve is draw with parameters «,/2w =
2.00 MHz, «,/2m =2.50 MHz, §/27 = 100.00 MHz, B/2n =
10.00 MHz, P, /P, = 0, and 7, = 0.1 ns, respectively.

III. EXPERIMENTS OF MODIFIED CRUS

Our experimental setup of modified CRUS is shown in
Fig. 4. A fiber taper is used to couple light into and out of
a silica microsphere which is made by melting a single-mode
fiber tip using a CO, laser. The fiber taper is made by using
a motorized translational stage to stretch a single-mode fiber
from its two ends and simultaneously being heated by a hydro-
gen flame. The fabricated fiber taper has a diameter of about
2 pm and the diameter of the microsphere is about 160 um.
A wavelength-tunable laser (Newport TLB-6700) provides a
monochromatic light with a wavelength of about 1545 nm.
The laser intensity is modulated by an electric-optical mod-
ulator (EOM) (Thorlabs model LN81S-FC), which is input a
square-wave electric signal with a period of 2000 ns from an
arbitrary function generator (AFG). The low and high voltages
of the square-wave electric signal are used to control the value
of P, /P, in the theory. The laser from the output of the EOM
is linked to a circulator which combined with the photode-
tector PD2 in Fig. 4 is used to detect whether there exists a
reflected light. A strong reflected light means that the cou-
pling between the CW and CCW modes of the microsphere
cannot be ignored. A high-speed photodetector (PD1 in Fig. 4)
(Newport model 818-BB-35F) is used to measure the light out
of the fiber taper. Before the high-speed photodetector there is
an erbium-doped fiber amplifier (Thorlabs EDFA100S) and
a tunable bandpass filter (Newport TBF-1550-1.0-FCAPC),

Microsphere

FIG. 4. Schematic diagram of the experimental setup. PCI:
polarization controller; EOM: electric-optical modulator; AFG: ar-
bitrary function generator; CIR: circulator; EDFA: erbium-doped
fiber amplifier; TBPF: tunable bandpass filter; PD1: high-speed fiber
photodetector; PD2: low-noise photodetector.
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FIG. 5. Two experimentally observed modified CRUS in one
period. The final value of the transmission is normalized to the unit.

which are used to improve the signal-to-noise ratio. The fiber
taper and the microsphere are fixed on nanostages with a
resolution of 20 nm (Thorlabs MAX312D), so that we can
control the gap between them.

In our experiment, the intensity of the laser into the fiber
taper is switched between a small value and a large value
periodically and its one period is shown in Fig. 4, where the
rising edge corresponds to theory with P; < P, and the falling
edge corresponds to theory with P; > P, respectively. There-
fore the measurement in one period can record two related
modified CRUS, i.e., one has P;/P, = Py < 1 and the other
has P{/P; = P; = 1/Py > 1. In Fig. 5 two experimentally ob-
served related modified CRUS in one period are presented.
We note that the modified CRUS with a large P, /P, is similar
to CRDS as shown in Fig. 2, but a large P, /P, is not easy to
be achieved in our experiment. This is because in experiment
P, cannot be too large for avoiding the thermal effect of the
microsphere, and P> cannot be too small as the noise of the
high-speed photodetector is high.

We have done two groups of experiments, one without
modal coupling and the other with the coupling between the
CW and CCW modes. The first group of experimental results
without modal coupling is shown in Fig. 6, and the second
group of experimental results with modal coupling is shown
in Fig. 7. In each group of experiments, we try to keep the
system stable and only change the value of P; /P, to observe its
influence on the oscillation amplitude of the normalized trans-
mission 7 (¢). Two subfigures in each row of Fig. 6 (Fig. 7) are
recorded in the same period as that in Fig. 5, and they are fitted
with the same parameters except for P, /P, (the fitting values
of P, /P, for two subfigures on the same row have a reciprocal
relationship). The experimental results demonstrate that the
value of P; /P, can affect the oscillation amplitude of 7' (¢). It
can be found that the values of «, and § in Fig. 6 (Fig. 7) are
not the same for all subfigures, which should be the same if
the experiments were perfect. This is because there is some
instability in the system. The parameter «, can be affected by
the gap between the fiber taper and the microsphere, and the
parameter § can be affected by the wavelength shift of the laser
and the thermal effect of the microsphere. We note that in the
theoretical fittings the laser amplitude modification function
f(t)1in Eq. (14) is used.

In the theoretical discussion of the modified CRUS with
modal coupling, it has been shown that if the conditions in
Eq. (31), i.e., B K |8], k < |8], and |6¢,| < 1, are satisfied,
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FIG. 6. Experimental modified CRUS without modal coupling.
The data on the left column are fitted with P, /P, being 0.21, 0.40, and
0.57 from top to bottom, «, /27 being 0.91, 1.04, and 0.95 MHz from
top to bottom, 6 /2 being 15.70, 16.65, and 18.89 MHz from top to
bottom, and unchanged parameters «,/27 = 1.00 MHz, ¢, = 10 ns.
The data on the right column and the corresponding data on the left
column in the same row are fitted with the same parameters except
for P, /P, as they are recorded in one period.

an approximate expression of the normalized transmission
T(t) in Eq. (33) will be obtained, where the meanings of
8, B, and k are very clear. From the values of the fitting
parameters given in the caption of Fig. 7, it can be found
that 8 < |8| and ¥ < |§] are satisfied, but the value of |5t,] is
about 0.5 and is not much smaller than one. In our experiment,
the value of ¢, is 10 ns, which can be less than 1 ns to
satisfy the condition |6¢,] < 1 if a more sophisticated AFG
is used. So the conditions in Eq. (31) can be experimentally
achieved.

IV. DISCUSSION AND SUMMARY

That CRUS can be used to sense ultrafast phenomena is
based on the fact that we can record a CRUS within a very
short time. The timescale of ultrafast phenomena that can
be sensed by CRUS depends on the time needed to record
a CRUS, which has a relation to the decay rate « of the
WGM mode. In the original CRUS [28], the period of the
square-wave signal used to control the laser intensity should
be larger than 2/, and only one CRUS can be recorded in a
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FIG. 7. Experimentally modified CRUS with coupling between
the CW and CCW modes. The data on the left column are fitted with
P, /P, being 0.29, 0.38, and 0.45 from top to bottom, «./27m being
0.55, 0.54, and 0.46 MHz from top to bottom, §/27 being 8.37,
7.42, and 8.03 MHz from top to bottom, and unchanged parameters
Ko/2m = 0.18 MHz, t, = 10 ns, and B8/27 = 0.72 MHz. The data
on the right column and the corresponding data on the left column
in the same row are fitted with the same parameters except for P; /P,
as they are recorded in one period.

single period. However, in our protocol two modified CRUS
can be recorded in a single period of the square-wave signal
(see Fig. 5), which reduces the time to record a CRUS and
thus is an advantage for sensing ultrafast phenomena.

In summary, we give the theory of a modified CRUS and
present its experimental observation. Theoretically, an explicit
dependence of the modified CRUS on the laser amplitude
modification function f(¢) has been obtained. Experimentally,
how to observe modified CRUS in the experiment is given
in detail, and experiments of the modified CRUS with and
without modal coupling are both presented. CRUS provides
a method to sense ultrafast phenomena that extends the appli-
cation of WGM microresonators, and it is still in developing
[28-30]. The results in this paper enrich our knowledge about
CRUS.
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