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Finesse is a critical parameter for describing the characteristics of an optical enhancement cavity (OEC). This paper
first presents a review of finesse measurement techniques, including a comparative analysis of the advantages, disadvan-
tages, and potential limitations of several main methods from both theoretical and practical perspectives. A variant of the
existing method called the free spectral range (FSR) modulation method is proposed and compared with three other finesse
measurement methods, i.e., the fast-switching cavity ring-down (CRD) method, the rapidly swept-frequency (SF) CRD
method, and the ringing effect method. A high-power OEC platform with a high finesse of approximately 16000 is built
and measured with the four methods. The performance of these methods is compared, and the results show that the FSR
modulation method and the fast-switching CRD method are more suitable and accurate than the other two methods for
high-finesse OEC measurements. The CRD method and the ringing effect method can be implemented in open loop using
simple equipment and are easy to perform. Additionally, recommendations for selecting finesse measurement methods
under different conditions are proposed, which benefit the development of OEC and its applications.

Keywords: optical enhancement cavity, finesse measurement, cavity ring-down, ringing effect

PACS: 42.60.Da, 42.60.—v, 42.60.Fc

1. Introduction

An optical enhancement cavity (OEC) is a passive op-
tical resonator that enables coherent superposition of laser
light. A high-finesse OEC provides high-power density and
high-frequency resolution, and has a wide range of appli-
cations, including high-order harmonic generation,!'?! preci-
sion metrology,** quantum optics,!>! high-flux x/gamma-
ray generation,[’! and gravitational wave detection.!!]
In addition, the high-power laser stored in an OEC can
serve as a modulator in steady-state microbunching (SSMB)
experiments.!!!l Recently, our team has made experimental
progress in the study of high-power continuous-wave (CW)
OEC for SSMB, with an average intracavity power of 30 kW
and a finesse of 6402.[1%]

There are a number of parameters that describe an OEC,
including finesse, gain, dispersion, and cavity loss. These opti-
cal characteristics play an essential role in selecting the appro-
priate type of cavity for a specific application. In particular, fi-
nesse is considered to be a fundamental property of resonators
and is commonly used as a measure of optical cavity perfor-
mance. Higher finesse typically indicates sharper resonances,
lower cavity loss, higher gain, and finer spectral resolution.
Accurate knowledge of finesse is crucial for most applications
that rely on OECs.

Several methods have been proposed to measure the fi-
nesse of cavities. The classical approach involves measuring
the linewidth of the cavity by directly scanning the frequency
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of the laser around the resonance condition and comparing it
with the free spectral range (FSR).[!3] However, this unmod-
ulated frequency scanned method has several limitations. The
measured result is a convolution of the laser linewidth with
the cavity linewidth, leading to a wider measured linewidth.
Moreover, laser frequency instability results in fluctuations
in the measured transmission coefficient of the cavity. To
obtain a more comprehensive measurement of the cavity re-
sponse, more advanced measurement schemes have been pro-
posed using various combinations of phase modulation and
wavelength modulation,!"*-!7! including the FSR modulation
method. In the FSR modulation method, the drawbacks of
the unmodulated method can be avoided by phase modulation
and cavity locking. Due to the strong correlation between fi-
nesse and cavity loss, the cavity ring-down (CRD) technique
is commonly used for finesse measurements by rapidly mod-
ifying the amplitude or frequency of the incident laser while
resonating with the cavity mode.!'®! One advantage of the
CRD technique is that it measures the decay time of the ra-
diation in the cavity rather than the transmitted light intensity,
which makes it insensitive to the amplitude fluctuations of the
laser. The CRD scheme has evolved from pulsed light to con-
tinuous light, and the interruption scheme includes the opti-
cal switch, rapidly swept-frequency (SF) strategy, and rapidly
swept-cavity strategy.!'>! During the study of the swept fre-
quency or swept cavity, the ringing effects between the Airy
peak and the exponential decay curve were fully investigated
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and used for finesse measurements.!*?! In addition to these
methods, several new methods have been proposed to obtain a
more complete cavity characterization.>3->31 Although there
have been numerous studies on finesse measurements, few
have attempted to systematically sort and compare different
methods. Given the diversity of optical cavity parameters and
available devices, there is a lack of guidance on the selection
of finesse measurement methods for specific research or engi-
neering applications.

In this paper, we present our latest progress in finesse
measurement methods, and construct a high-finesse and high-
power CW OEC system. A variant method for finesse mea-
surement is proposed and compared with three other methods.
Long-term stable locking of the high-power OEC is achieved
by using a digital slow loop and an analog fast loop for feed-
back control. To obtain accurate finesse, we compare the mea-
surement results of the four methods and conduct a detailed
study of their application range and error sources. As a re-
sult, the final measured finesse of the OEC is approximately
16000. Although this high-power OEC is oriented to SSMB,
the OEC control techniques and finesse measurement methods
that are investigated in this study have the potential for wider
applications in various fields.

2. Methodology

The cavity finesse F is a parameter that quantifies the
narrowness of the resonances of the optical cavity relative to
the frequency distance. It is defined as the ratio of the FSR,
which is the frequency spacing between cavity resonances,
to the linewidth of the cavity resonance peak (defined as the
full width at half maximum (FWHM) bandwidth of the reso-
nances, AVEwHM)

PSR
AVrwaMm

ey

where FSR = ¢/L, here c is the speed of light in vacuum and L
is the cavity round-trip length. Define R = []; R;, where R; de-
notes the power reflectivity of the i-th mirror. Mathematically,
the finesse can also be expressed as the product of the mirror

reflectivity, according to the following relation: 2!

4
Fo R
1-+vR

When the total loss of the cavity is low, the finesse can

2

be approximated using a simple formula F ~ 27 /RTL, where
RTL is the total round-trip loss. The finesse is a significant
quantity for describing an OEC and it is important to know it
exactly. Here, we introduce four methods and principles for
measuring finesse.

2.1. The FSR modulation method

According to the definition of finesse, the finesse value
can be directly obtained if the optical cavity FSR and linewidth
can be measured. The intensity transmission function of an op-
tical cavity versus frequency is known to consist of a series of
narrow transmission peaks described by the Airy function and
separated by an FSR.[?7]

A simple method to measure the finesse is to record the
cavity transmission intensity profile by phase-modulating the
laser near the cavity FSR frequency, as described in Ref. [16].
Here, we propose a new variant of this method called the FSR
modulation method. Consider an incident phase-modulated
input laser field with second-order expansion, such as

Ein (t) _ Einei[wCHBsin(wmt)]

~ Ej [J()(ﬁ)eia)ct—FJ] (B) (ei(wc+wm)t _ ei(wc*wm)t>

+h(B) (ei(wc+2wm)z + ei(wrzahn)t) ]’ 3)

where @, is the angular carrier frequency, @y, is the angu-
lar phase modulation frequency, B is the phase modulation
depth and J; is the Bessel function of order i. In this method,
Jfm = On/(27) is tuned around the FSR, while the carrier fre-
quency is locked to the cavity. Considering the direct current
(DC) terms, the expression for the average transmitted power
|E;|* with small loss and perfect modal matching is

RTL?

E;
5 41,2 +RTL?

2
s [Jom)zwl (B)?

in
RTL?

16f,2 +RTL? |’

where T is field transmittance and f; = 27 (f;, — FSR) /FSR

is the angular frequency detuning normalized to the FSR.

+24(B)? )

The resonance condition is still satisfied when the optical fre-
quency is shifted by FSR because the spacing of the resonant
frequencies of the optical cavities is equal to FSR. Typically,
this modulation is performed using an electro-optical modula-
tor (EOM). By scanning the laser over one of the resonances
of the cavity and monitoring the optical field by photodetec-
tors, we can obtain an estimate of the finesse. Compared to
the unmodulated frequency scanned method, the parameters
of the transfer function of this phase modulation method are
not the optical frequency detuning but the difference between
the modulation frequency and the FSR of the cavity, which is
beneficial for improving the measurement accuracy and sta-
bility. The FSR modulation method that we propose differs
from the method of Ref. [16] in two aspects: the choice of
the phase modulation depth and the way of parameter fitting.
The method in Ref. [16] uses the transmission and reflection
curves for full cavity parameter fitting and calculates finesse
from measured total cavity loss. This method has no restric-
tion on the choice of modulation depth, so as the modulation
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depth increases it leads to a lineshape change, which makes
the measured lineshape different from the cavity resonance.
In contrast, the FSR modulation method is oriented to the fi-
nesse measurement and tries to choose a small phase modula-
tion depth that does not affect the Lorentzian lineshape. Due
to the small modulation depth, the influence of the second-
order Bessel function of the lineshape can be neglected so that
measured transmission bandwidth is consistent with cavity
linewidth. An appropriate small modulation parameter can be
determined by comparing actual measurement results. There-
fore, by scanning the laser frequency over one of the reso-
nances, we can reconstruct the Airy function of cavity reso-
nance. In data processing, we only need to use the transmis-
sion curve. The FSR of the cavity can be obtained by finding
the modulation frequency that maximizes the transmission and
the cavity linewidth can be obtained by Lorentzian fitting. The
ratio of the two is the finesse. Our method eliminates the need
to monitor reflected optical fields and complex data process-
ing, making it simpler and faster for finesse measurements.

2.2. The fast-switching CRD method

The CRD method is a technique that is commonly used
to measure cavity finesse by observing the decay rate of the
optical field inside the cavity. The decay time, 7, also known
as the ring-down time, is determined by the round-trip loss of
the cavity and the round-trip optical path length. When the
laser is resonant with the cavity and then the light source is
quickly shut off, the output intensity of the resonant cavity
will gradually decay due to the loss. If the cavity round-trip
time 7,; = 1/FSR is much smaller than 7, then the intensity of
light decays exponentially with time ¢,

I(t) = Ipexp(—t/7), (5)

where

T:4;Qi—m. (©6)

2(1-VR)
Once the decay time is obtained, the finesse can be calculated
with R =~ 1, as given by

F=271-FSR-1. )

In the pulsed CRD scheme, the termination of the injected
pulse light naturally triggers a ring-down signal. However, in
the CW CRD scheme, interrupting the interaction rapidly be-
tween the cavity and the injection CW laser after building up
a resonant optical field in the cavity is essential to obtain a us-
able decay curve. A common approach to achieve this is to
use a fast optical switch, such as an acousto—optic modulator
(AOM). Turning off the AOM quickly diverts the laser path
to the beam dump, effectively cutting off the light incident on

the cavity. The light shut-off time must be significantly shorter
than the decay time to obtain an accurate decay curve. In the
unlocked CW CRD scheme, the optical cavity system oper-
ates in an open-loop configuration. Initially, when the shutter
is opened, the laser frequency drifts slowly until it resonates
with the cavity and a resonance optical field is rapidly built up
in the cavity. When the cavity transmission signal reaches a
certain threshold, the shutter is closed, and the decay of the
field is measured as a function of time using a fast-response
photodiode (PD).

If the laser linewidth is narrower than the optical cavity
linewidth, the cavity-locked CW CRD can be employed to
lock the laser frequency and cavity resonance together through
a feedback system. This closed-loop operation ensures that a
single transverse mode of the cavity is excited and remains
resonant, thereby reducing errors and fluctuations in the de-
cay profile, and maximizing the dynamic range of the decay

signal.[?8!

2.3. The rapidly SF CRD method

The rapidly SF CRD?°! is another CRD scheme that does
not require an active optical switch or frequency modulator. In
this approach, the resonance is disrupted by quickly sweeping
the frequency of the laser source. As the laser frequency is
scanned rapidly across a cavity resonance, the optical field is
built up quickly in the cavity and the measured transient be-
gins with a rapid increase in intensity. The cavity mode is then
scanned out of resonance and the ring-down starts. The trans-
mitted intensity signal consists of a short accumulation period
and a long decay period, in which there are significant oscilla-
tions in the early part of the decay. These oscillations can be
described by!!8]

ron| -4+
10) (\/'cnz +1672 — rn)

where I is the incident optical intensity, @ (1) = @ + oy is the

1(t) = Iyexp(—1/7) lerfe [A (D], (8)

laser angular frequency, and “erfc” is the complementary error
function with the argument
141
Alr) = — er Vo
n 1—270p+ T @ — i (1 + 2T — TTr D)
47V @

The oscillations are caused by the jumps between the

.9

laser frequency and the cavity mode due to the mutual inter-
ference of the intracavity field and a small portion of the tran-
sient incident optical field.!">! As the oscillation period and
modulation depth decrease over time, the decay time is com-
monly determined by fitting an exponential function to the rel-
atively smooth tail of the transmitted intensity profile.*"! In-
deed, these oscillations can also provide valuable information
about the cavity, and several methods have been developed
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to analyze and interpret the oscillations to obtain additional
information.?!!

To obtain a ring-down signal from the optical cavity, it
is necessary to rapidly scan the laser frequency to avoid the
This re-

quires that the time scale of the laser frequency shift is much

steady-state case described by the Airy formula.

shorter than the decay time of the optical cavity, which re-
duces the impact of oscillations. Typically, fast scanning re-
quires v > 15AAvpwpm/F, where v is the mirror movement

velocity and A is the laser wavelength. [>]

2.4. The ringing effect method

As mentioned above, when the laser frequency or optical
cavity length is swept rapidly, the cavity transmission curve
becomes asymmetric, oscillating, and distinct from the Airy
peak. This phenomenon is known as the ringing effect and is
observed when the time swept through the optical resonance
is less than or equal to the cavity decay time. In this case,
the optical cavity does not have enough time to fill itself as it
approaches resonance, leading to the observed oscillations. 3]

A semianalytical expression for the ringing effect is as
follows: 2%

I FSR

L —an At e—2 1
[ A Ae=2, (10)

where I; and I, are the intensities of the first and second peaks
due to the ringing effect, and Az is the time difference between
the first two maxima. From this equation, the finesse of the
cavity can be obtained by measuring the peak parameters of
the decay curve. Moreover, the ratio I; /I is linearly related
to At, and the slope of the line is uniquely determined by the

. fi
Fiber amphific Co\\\ma“’"/c
1l
e

finesse of the cavity for a fixed cavity length. As the scanning
speed increases, the peak intensity of the cavity decay signals
I and I, decreases and the time interval Ar becomes smaller.
To determine a definite finesse value, the decay signal can be
measured at a range of different scanning speeds.

3. Experimental setup

The OEC is designed as a four-mirror planar bow-tie
structure due to its larger optically stable region size and bet-
ter mechanical stability. The distances of Ly, Ly, L3, and Ly
are 882 mm, 947 mm, 1006 mm, and 947 mm, respectively,
corresponding to the FSR of 79.32 MHz, and the incidence
angle is 6 = 2.42°. Mirror My, as the coupling mirror, and M,
are plane mirrors, while M3 and My are spherical mirrors with
curvature p = 1000 mm. The reflectivity of M; is higher than
99.9%, and the substrate is made of fused silica. The reflec-
tivity of M, M3 and My is greater than 99.999%, and the sub-
strate is made of ultra-low expansion (ULE) glass to minimize
the deformation caused by temperature rise. The transmissions
of four cavity mirrors are calibrated to be 77 = 262.70 ppm,
T, = 6.42 ppm, T3 = 6.13 ppm, and 74 = 5.95 ppm, respec-
tively. However, the exact finesse cannot be accurately calcu-
lated because the exact loss of the cavity mirrors is unknown.
Assuming an estimated absorption and scattering of 25 ppm
per mirror in the class 1000 environment, the estimated total
loss RTL is 381.20 ppm, corresponding to a theoretical finesse
of 16483 and a cavity linewidth of 4.81 kHz. The entire OEC
is placed in a vacuum chamber to provide temperature control
and vibration isolation.

irot
e QWP T
f

Fig. 1. Experiment setup. AOM: acousto-optic modulator. EOM: electro-optic modulator. f: mode-matching lens. HWP: half-wave plate. QWP:
quarter-wave plate. M: cavity mirror. PD: photodiode. LPF: low-pass filter. PID: proportional-integral-derivative. PZT: piezoelectric transducer.

BS: beam splitter.

The OEC experimental setup is shown in Fig. 1, which
has been refined from a previous setup described in Ref. [12].
A CW low-noise single-frequency laser from NKT Photon-
ics, with a wavelength of 1064 nm and a linewidth of 3 kHz,

is used to seed a fiber amplifier with a maximum output of
120 W from Azurlight Systems. To reduce the coupling of
higher-order modes, a pair of lenses is used to match the laser
beam and cavity mode, and a half-wave plate (HWP) and a
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quarter-wave plate (QWP) are used to match the polarization.
The amplified laser is coupled into the OEC through the mode-
matching lenses, the polarization-matching waveplate set, and
the highly reflective (HR) mirror set in turn. The transmit-
ted light from the OEC is divided into two parts by a beam
splitter: one light beam is monitored by a camera for the res-
onance mode signal, and the other is detected by PD; (Thor-
labs DET10A2) for the intensity signal. The Pound—Drever—
Hall (PDH) method is used to lock the injection laser to the
OEC.[*! An EOM provides phase modulation on the incident
beam with a modulation frequency of 2 = 8.2 MHz. The re-
flected laser of the OEC consists of two sidebands and a central
carrier, the phase of which is determined by the frequency dif-
ference with the resonance of the OEC. The detected signal at
PD; is processed by an operational amplifier to retain and am-
plify the single Q frequency component, and is then demod-
ulated and low-pass filtered to produce the PDH error signal.
PD3 measures the reflected light intensity to obtain the cou-
pling efficiency. The system comprises two feedback loops to
ensure long-term stable locking of the OEC. In the digital slow
loop, the piezoelectric translator (PZT) of the seeder is regu-
lated by a proportional-integral-derivative (PID) controller to
compensate for low-frequency noise. In the analog fast loop,
an AOM shifts the laser central frequency to compensate for
high-frequency noise.

.

—— Cavity transmission T

e e
SRS

Intensity

-
oo

—— Cavity reflection

Intensity
=)
<

12+ I I I ;PZTI scanlning I p

Intensity

Time (s)

Fig. 2. Experimental measurements of the evolution of cavity transmis-
sion (black curve), cavity reflection (blue curve), and the scan signal ap-
plied to PZT (green curve) over 4 seconds.

The PZT of the seeder is used to slowly scan the laser
frequency to find the resonance between the incident laser and
the cavity modes. The distance between the mode-matching
lenses is adjusted and the incident angle of the injection laser
is optimized to suppress the higher-order modes and increase
the intensity of fundamental modes. Finally, stable locking of
the OEC in Fig. 2 is achieved with the help of two feedback
loops. The OEC locking makes the cavity resonance remain
locked for several minutes. The black curve represents the
transmitted signal from the cavity and the blue curve is the re-
flected signal. The green curve represents the voltage signal

applied to the PZT of the seed laser cavity for frequency tun-
ing. When the cavity is locked, the transmitted signal remains
at a maximum and the reflected signal remains at a minimum,
with a coupling efficiency of about 75%, an effective power
gain of over 4000, and an intra-cavity power of 30 kW.

4. Finesse measurement

In this study, we employ the four finesse measurement
methods described above to compare and ensure the accuracy
of the results. The first two methods are utilized in a closed
loop, wherein the laser frequency is locked to the OEC, while
the latter two approaches are employed in an open loop.

In the FSR modulation method, an EOM; is added af-
ter the seed laser to provide phase modulation around the
FSR. A linear frequency sweep over a small range is per-
formed to track the Lorentzian lineshape of the intensity trans-
mitted through the cavity. The frequency sweep rate is set
to be 1 kHz per second, which corresponds to the conver-
sion rate from the oscilloscope time base to the optical fre-
quency domain. In this scheme, the laser is locked to the cav-
ity and scanned with modulation frequency +20 kHz around
FSR. The light transmitted through the cavity is detected by
PDy, and directed to a high-speed oscilloscope for data ac-
quisition and subsequent analysis. The measured Lorentzian-
shaped curve is shown in Fig. 3. Based on the results of this
method, an FSR of (78.7922 +0.0011) MHz and a linewidth
of (4.77 £0.03) kHz are obtained, from which the finesse is
calculated to be 16518 103, where the uncertainty is given at
the 10 confidence interval.

Frequency scan of OEC transmittance

5.0
>
i
§7)
§ 4.5}
2
R=
o
9]
pe
g 4.0 .
g * ——Experimental data
© —— Lorentzian fit
& FWHM
3E20 —10 0 10 20

Frequency (kHz)

Fig. 3. Measurement data of cavity transmission (black curve), fitted
Lorentzian function (red curve), and FWHM of the profile (yellow curve).
The horizontal axis is the frequency difference from the FSR. The cav-
ity FSR and linewidth are calculated to be (78.7922 +0.0011) MHz and
(4.77£0.03) kHz, corresponding to a finesse of 16518 £ 103.

The fast-switching CRD method is also performed to
characterize the cavity finesse. To generate a reliable decay
curve, the light shut-off time must be considerably shorter than
the cavity decay time. To achieve the required shut-off time,
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an AOM is introduced into the experimental setup. The cut-
off time of the AOM is in the nanosecond range, while the de-
cay time of a high-finesse cavity is a few microseconds. After
locking to the resonance, turning off the AOM instantly cuts
off the light incident to the cavity and obtains exponential at-
tenuation of the cavity transmission through the fast-response
PD with a rise time of 1 ns. The result is presented in Fig. 4.
The decay time is fitted to be (33.01 £0.22) us, corresponding
to a cavity finesse of 16342+ 109.

Fast-switching CRD method

Ju—
[en]

—— Input signal
—— Transmission
— Exponential fit

Amplitude (mV)
O = N W R GO N W0 O

100 200 300 400
Time (us)

o

Fig. 4. Measurement of decay time by fast switching, showing the inci-
dent signal (brown curve), the cavity transmission (black curve), and the
exponential fit (red curve). The measured decay time is (33.01 £0.22) ps
and the cavity finesse is 16342 + 109.

In the rapidly SF CRD method, the laser is scanned lin-
early across the cavity resonance instead of being shut off.
As the laser frequency is rapidly swept, the optical power ac-
cumulates in the cavity and then undergoes ring-down decay
as the frequency traverses the cavity’s optical bandpass. The
shape of the cavity decay curve is influenced by the scanning
speed: slower scanning speeds result in more pronounced 0s-
cillations in the curve, while faster speeds lead to a smoother
and quasi-exponential decay. The decay time can be extracted
directly by fitting a single exponential function to the latter
part of the light transmission curve. The starting point of the
fit is the location of the curve that is relatively smooth and the
best exponential fit. Figure 5 is fitted to obtain a decay time of
(35.17+0.78) us and a finesse of 17412 + 386.

Finally, the finesse is obtained using the ringing effect
method. The peak I /I, of the oscillation curve in the above
equation is linearly related to the time difference Af, and the
slope can uniquely determine the finesse of the cavity. There-
fore, one can obtain finesse by varying the PZT sweep speed
and measuring the decay signal at different sweep speeds. It
is important to note that this method does not require prior
knowledge of the sweep speed. Instead, the method involves
recording several profiles, such as the one shown in Fig. 6,
and observing the evolution of I /I, versus Az. Only the cav-
ity length L needs to be measured. The experimental fit yields
a finesse of 18182 +517.

80 Rapidly SF CRD method
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Fig. 5. Measurement of decay time using the rapidly SF CRD method.
The cavity transmission (black curve) and the exponential fit (red curve).
The box in the figure designates a zone that is used experimentally for
CRD fitting purposes. The measured decay time is (35.17 +0.78) ps and
the cavity finesse is 17412 +386.

Ringing effect method
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Fig. 6. Measurement of finesse by the ringing effect. The cavity trans-
mission (black curve) and the auxiliary line (red curve). I; and I, are
the intensities of the first and second peaks, and At is the time difference
between the two peaks. The cavity finesse is calculated as 18182 £517.

5. Discussion

The following table summarizes the theoretical finesse of
the OEC and the values obtained by each method in this study.

Table 1. Values of finesse measurement.

Method Value
Theoretical estimation 16483
The FSR modulation method 16518 + 103

The fast-switching CRD method 16342 4109
The rapidly SF CRD method 17412+ 386
The ringing effect method 18182+517

The FSR modulation method is considered to be reliable
since it enables accurate scanning of the Airy function of the
resonance by utilizing phase modulation around the FSR. One
of the advantages of the FSR modulation method is that the
detection equipment is simple, unlike the other three meth-
ods which require fast data acquisition with equipment whose
response time is significantly shorter than the decay time. It
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determines the modulation frequency with radio frequency ac-
curacy and the absolute frequency instability of the FSR is
typically lower than that of the cavity mode. As a result,
this method provides greater measurement stability than direct
scanning frequency measurements. In addition, this method
can obtain comprehensive parameters of the optical cavity
without additional experiments, including finesse, linewidth,
FSR, mode-matching efficiency, mirror transmission, and so
on. However, this method requires stable locking of the op-
tical cavity to the laser frequency, which is challenging with
a wide laser linewidth. To obtain a sufficient signal-to-noise
ratio, this method requires the use of modulation devices and
a slow scanning of the modulation frequency. The choice of
sweeping frequency and modulation depth can impact fitting
accuracy, and non-perfect locking and environmental noise
can also reduce the accuracy of finesse and linewidth measure-
ments. The FSR modulation method is suitable for measuring
a wide range of finesse and is mainly limited by the available
range of phase modulation devices. This method can even be
performed when the frequency instability of the optical cavity
or laser exceeds the cavity linewidth. A measurement preci-
sion of 5% has been obtained using a laser with a frequency
instability twice as large as the linewidth itself.!1®!

The CRD method measures the decay time instead of the
light intensity, which makes it independent of laser linewidth,
light intensity fluctuations, mechanical oscillations, and envi-
ronmental disturbances. The decay time fluctuations mainly
depend on optical noise in the decay waveform, electronic de-
tection noise, and variations in experimental conditions. 3! In
principle, a higher cavity finesse allows for a longer and more
easily measurable decay time, which mitigates the effects of
light shut off. Despite its common use for measuring high-
finesse cavities, the CRD method still has several drawbacks.
First, the FSR cannot be obtained directly during the measure-
ment process. As a result, another measurement method is re-
quired to obtain FSR or cavity length, which in turn limits the
accuracy of the finesse measurement due to the accuracy of the
additional measurement. Second, when the finesse of the cav-
ity is low, the decay time may be on the same order of magni-
tude as the response time of the measurement instrument, such
as hundreds of nanoseconds, resulting in a significant decrease
in measurement accuracy. Finally, different detector responses
can also lead to different measurement results, which can af-
fect the accuracy and reproducibility of the measurements.

For different interruption schemes, the fast-switching
CRD method directly observes the loss of cavities and
yields single-exponential decay without additional interven-
tion, which makes the method more straightforward and less
susceptible to additional sources of noise or error. Meanwhile,
the rapidly SF CRD method has several advantages, including
its simplicity, high speed, and low cost. It does not require

an expensive AOM but the obtained signal has asymmetric os-
cillatory or ringing properties, resulting in a lower theoretical
signal-to-noise ratio and measurement sensitivity than the fast-
switching CRD method.**] Moreover, the rapidly SF CRD
method requires a very fast scanning speed, and PZT intro-
duces unknown noise into the measurement, which is not con-
sidered in our experiment.

The ringing effect method does not require an extremely
fast scanning speed like the rapidly SF CRD method, which
makes it more convenient to measure finesse values in the in-
termediate range. However, the ringing effect method is sub-
ject to limitations imposed by the semianalytical model, re-
sulting in a reduced space of available signals and low repro-
ducibility. In addition, it is also susceptible to noise from the
PZT, like the rapidly SF CRD method.

Based on the above analysis, both the fast-switching CRD
method and the FSR modulation method are considered to
be reliable in our experiments. In contrast, the rapidly SF
CRD method’s measurement results are less reliable due to
unknown noise and inadequate scanning speed, resulting in
larger results. Finally, the ringing effect method is consid-
ered the least reliable in our conditions due to its low repro-
ducibility, the noise issue with the PZT, and the limitations of
its semianalytical model.

To summarize, the four methods that we have discussed
can all be used to measure the finesse of the OEC. In terms
of finesse magnitude, the FSR modulation method applies to a
wide range of values, whereas the CRD method is better suited
for measuring high-finesse optical cavities, and the ringing ef-
fect method is appropriate for moderate finesse values. With
respect to the experimental setup, the FSR modulation method
does not necessitate a fast-response detection device or ad-
ditional measurements, but it does require a cavity locking
system to be in place. The fast-switching CRD method can
be performed in either a closed- or open-loop configuration.
Meanwhile, the rapidly SF CRD method and the ringing ef-
fect method are conducted in an open loop with simple equip-
ment, which makes them cost-effective and easy to implement
without requiring expensive modulation devices. Of the four
methods, the FSR modulation method and the fast-switching
CRD method exhibit superior measurement accuracy.

6. Conclusion

In this paper, a new variant method for finesse measure-
ment, the FSR modulation method, is proposed and studied in
comparison with three other methods, i.e., the fast-switching
CRD method, the rapidly SF CRD, and the ringing effect
method. The measurement principles and the effects of sys-
tematic errors in the four methods are studied in detail. A high-
power four-mirror OEC system injected by a single-frequency
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CW laser is demonstrated, and four different finesse measure-
ment methods are tested and optimized, producing similar re-
sults for each method. The final finesse measurement obtained
is approximately 16000. Using this value and the measured
cavity FSR, the cavity linewidth and intracavity loss are cal-
culated to be 4.92 kHz and 393 ppm, respectively. It should
be noted that the difference between the laser incidence an-
gle and the nominal angles of the mirror coatings, as well
as mirror defects and dust, could potentially alter the finesse
values during measurement. Although all four methods are
found to be valid, the results suggest that the FSR modulation
method and the fast-switching CRD method are more suitable
and accurate than the other two methods for high-finesse OEC
measurements. However, the CRD method and the ringing
effect method can be implemented in open loop at a lower
cost. Finally, the benefits, drawbacks, and applicability of
each method are discussed, along with recommendations for
selecting a finesse measurement method. This work provides
guidance for future OEC finesse measurements and research.
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