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An optical feedback cavity ring-down technique (OF-CRD), in which the retro-reflection of the ring-down
cavity (RDC) is re-injected into the oscillator cavity of a Fabry-Perot diode laser and causes the spectral
fluctuation of the diode laser, is developed for ultra-high reflectivity measurement of optical mirrors. Due
to the optical feedback-induced spectral fluctuation, the spectral line of the diode laser is occasionally in
resonance with one or more RDC modes, resulting in an enhancement of the coupling efficiency of the laser
power into the RDC and the occurrence of resonance peaks in the amplitude of the CRD output signal.
These resonance peaks are employed in a CRD experimental setup for high reflectivity measurement of
optical mirrors at 1064 nm. In the CRD setup, a pair of cavity mirrors, with reflectivities higher than
99.99%, is used. The reflectivity of both cavity mirrors is determined to be 99.99606% with an uncertainty
of only 0.00003%. With a folded cavity configuration, the reflectivities of three mirrors with incident angles
of 0, 22.5, and 45 degrees, are measured, and the results are 99.9459 + 0.0004%, 99.9755 &+ 0.0005%, and

99.9621 + 0.0006%, respectively.
OCIS codes: 310.6860, 120.5700, 140.5960.
doi: 10.3788/COL201008S1.0094.

Optical mirrors with high reflectivities have been widely
used in a variety of research fields, such as high-power
laser systems, laser gyroscopes, gravitational-wave de-
tectors, and so on!'=4. Currently, the cavity ring-down
(CRD) technique has been the most commonly used
method for the measurement of reflectivities approaching
unity (R > 99.9%). To date, various CRD experimental
schemes have been developed!®). Physically, the simplest
one is the pulsed-CRD techniquel®, in which a pulsed
laser with a high peak power and a TEM(y mode is em-
ployed to produce a single exponential decay CRD signal.
Exponential decay signals are recorded to determine the
cavity decay time, from which the reflectivities of op-
tical mirrors consisting of the ring-down cavity (RDC)
are calculated. On the other hand, the continuous-wave
(CW) CRD works with a CW laser as the optical source,
which is switched off when the amplitude of the RDC
output signal exceeds a predefined threshold. The CW-
CRD has also been frequently used for high-reflectivity
measurement(”). With the CW-CRD technique, an ultra-
high-reflectivity of 99.99984% of cavity mirrors has been
determined with sub-ppm (part per million) accuracy!®.
However, the experimental arrangements of the conven-
tional CW-CRD technique are relatively complicated.
Recently, an optical feedback cavity ring-down tech-
nique (OF-CRD) was developed in our laboratory for
accurate measurement of high reflectivity!®!%. In con-
ventional CW-CRD techniques, narrow-band CW lasers,
such as gas lasers, distributed-feedback (DFB) diode
lasers, or extended cavity diode lasers (ECDLs), are nor-
mally employed as the light sources due to the fact that
the use of a broadband laser source would result in a low

1671-7694,/2010/S100094-05

coupling efficiency of the laser power into the RDC. In
the OF-CRD technique, on the other hand, a broadband
Fabry-Perot (F-P) diode laser is used as the light source.
Due to the optical feedback-induced spectral fluctua-
tion, the spectral line of the diode laser is occasionally
in resonance with one or more RDC modes, resulting
in an enhancement of the coupling efficiency of optical
power into the RDC and the occurrence of resonance
peaks in the CRD signal. However, the physical mech-
anism of the resonance-peak formation in the OF-CRD
signals has yet to be investigated. In this letter, the opti-
cal feedback(OF) effect is investigated in detail through
experiments. An OF-CRD experimental setup is estab-
lished to measure the reflectivities of cavity mirrors and
of planar test mirrors with different angles of incidence.
With this experimental setup, very high measurement
accuracy can be achieved.

The OF effect on both output power and spectrum of
diode lasers has been intensively investigated due to the
importance of line-width reduction and frequency stabi-
lization of diode lasers in optical telecommunication!*!],
The OF effect on diode lasers was classified into five
regimes according to feedback strength!'?l. In regime
I, where OF is weak, the line-width was broadened or
narrowed depending on the feedback phase. Rapid mode
hopping was observed in regime II. The lowest line-width
mode operation was obtained as the OF strength was in-
creased to regime III. regime IV was well-known as the
“coherence collapse” regime, in which the laser line-width
was greatly broadened. In regime V, the laser regained
stability and operated with a single longitudinal mode.
The influence of filtered OF made from a high-finesse
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Fig. 1. Schematic diagram of the experimental OF-CRD
setup.

resonator on diode lasers was also extensively investi-
gated in order to achieve efficient noise suppression and
frequency locking!'3.

To investigate the OF effect on the diode laser, the
spectral changes of an F-P diode laser relative to a
strong OF are experimentally investigated, including the
direct reflection from the front mirror of a linear RDC,
as well as the filtered frequency-selective OF from the
RDC. A schematic diagram of the experimental setup
is shown in Fig. 1. A CW F-P diode laser (Model
IQ1A07(1060-10B)G2, Power Techologies) is used as the
light source, whose wavelength is centered at about 1060
nm with an effective line-width of about 1.3 nm. A
high-resolution spectrometer (Model 209, McPherson,
0.01-nm wavelength resolution, 0.05-nm wavelength ac-
curacy) is used to measure the spectrum of the diode
laser and monitor the spectral changes caused by the OF
effect. The output power of the diode laser is square-
wave modulated by a function generation card (Model
UF2-3012, Strategic Test, Sweden), the output of which
also serves as the excitation signal for a threshold cir-
cuit (TC). The laser output is monitored by a photo-
diode. The laser beam is coaxially coupled into the
RDC. The light that leaks out of the cavity is focused
into an InGaAs photo-detector module (Model 1811,
New Focus), whose output is simultaneously sent to a
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Fig. 2. Comparison of laser output spectra measured with
and without OF effect: (a) with and without front mirror
feedback; (b) with front mirror feedback and RDC feedback.
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Fig. 3. (a) Temporal behaviors of laser output at different
wavelengths and (b) spectral shift speed within one modu-
lation period. The values in (a) indicate the wavelength in
nm.

data-acquisition (DA) card (Model UF2-6021) and the
TC. The TC is used to switch off the F-P diode laser
when the amplitude of the RDC output signal exceeds
a predefined threshold and to simultaneously trigger the
DA card, which records the exponential decay signal im-
mediately after switching off the diode laser. A variable
attenuator is used to adjust the OF strength. A He-Ne
laser is employed for aligning the cavity mirrors.

The original spectrum of the diode laser without the
influence of the OF effect is presented by the solid line
in Fig. 2(a), which consists of three longitudinal modes
centered at 1059.1, 1059.7, and 1060.4 nm. The laser
output power is contributed mainly by the 1059.1 and
1060.4-nm lines and only negligibly by the 1059.7-nm
line. The spectral width of each longitudinal mode is
approximately 0.2 nm. When the OF from the front
mirror of the RDC is present, most laser power pre-
viously emitted at 1059.1 nm is shifted to the 1060.4
nm line, and the 1060.4-nm line is slightly broadened,
as represented by the dotted line in Fig. 2(a). In this
case, the frequency-selective feedback from the RDC is
eliminated by blocking the retro-reflection from the back
mirror of the RDC. On the other hand, no significant
spectral change is observed when the frequency-selective
OF from the RDC is added to the strong OF from the
front mirror (Fig. 2(b)). This is done by un-blocking the
retro-reflection from the back mirror of the RDC. It is
worth mentioning that due to the resolution limitation
of the spectrometer, spectral changes within 0.01 nm
can not be measured. This might be the case when the
frequency-selective feedback is present, as the line-width
of the RDC is typically in the range of 10 to 100 kHz.
However, without any doubt, the results presented in
Fig. 2 show the strong effect of the OF on the spectrum
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Fig. 4. (a) Output power of the laser within one modulation
period; (b) the spectrometer signals at a fixed wavelength,
without and with optical feedback from the front mirror of
the RDC; (c) the spectrometer signal at a fixed wavelength
with feedback from the RDC and the corresponding CRD
signal.

0.5

Amplitude (V)
e = =
oo e

I
[
T

o
=)
T

0 50 100 150 200 250 300 350
Time (us)
Fig. 5. A typical exponential decay signal immediately after

the diode laser is switched off by the threshold circuit in the
OF-CRD experiment.

of the laser beam coupled into the RDC.

To further understand the resonance peaks that oc-
curred in the CRD signal, the temporal behavior of the
laser spectrum is also investigated within one modula-
tion period. The waveforms of the laser output power
measured by the spectrometer at wavelengths 1060.404,
1060.410, 1060.416, 1060.420, and 1060.426 nm within
the 1060.4-nm laser line and within one modulation
period are shown in Fig. 3(a). Even though the out-
put power of the diode laser is kept approximately con-
stant during the modulation period, the output power at
the beginning is mostly contributed by emissions from
shorter wavelengths within the laser spectrum. As time
passes by, the contribution to output power is replaced
by the emissions from longer wavelengths as emissions
from shorter wavelengths die down. In this time scale,
the central wavelength of the laser spectrum shifts to-
wards longer wavelengths within the modulation period
and finally stabilizes to a certain wavelength in approxi-
mately 5 ms. The speed of the spectral shift as a function
of time is shown in Fig. 3(b). The laser spectrum shifts
rapidly at the beginning of the driving period of the
laser and then slows down gradually. No significant

spectral shift is observed after 5 ms (not shown). The
temperature modulation caused by the driving current
modulation is believed to be the reason for the spectral
shift, as it is well known that the spectrum of a diode
laser shifts with temperature.

To establish correlations between the resonance peaks
of the CRD signal and the spectral shifts caused by
the OF effect, the spectrometer signals at a certain
wavelength, which represents the laser power at that
wavelength, and the CRD signals within one modulation
period are simultaneously recorded. The results are pre-
sented in Fig. 4. The waveform of the overall output
power, which is the spectrometer signal integrated over
the whole spectral range, of the diode laser is shown in
Fig. 4(a). The constant power level indicates that the
laser power is not affected by the spectral shifts and OF
effect within the whole modulation period. The influence
of the OF effect on the spectrometer signal recorded at a
fixed wavelength is shown in Fig. 4(b). Without the OF
effect, the spectrometer signal at the fixed wavelength
increases gradually with time, until the driving current
is abruptly switched off. When the strong feedback from
the front mirror of the RDC is present, the spectrom-
eter signal at that fixed wavelength largely fluctuates.
The addition of the frequency-selective feedback from
the RDC to the OF effect further changes the temporal
behavior of the spectrometer signal at a fixed wavelength
(Fig. 4(c)), as well as the waveform of the CRD signal.
From Fig. 4(c), it is clear that occasionally, there are
correlations between the temporal behaviors of the spec-
trometer signal and of the CRD signal at a fixed wave-
length. The two arrows in Fig. 4(c) indicate the time
periods in which the resonance peaks of the CRD signal
are correlated with the amplitude changes of the spec-
trometer signal, while other resonance peaks might be
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Fig. 6. Reproducible results of the measured cavity decay
time (a) and determined reflectivity (b) of a pair of cavity
mirrors with reflectivity of ~99.996%.
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Fig. 7. Determined high reflectivity of the planar test mirrors
with an angle of incidence (a) 0°, (b) 22.5°, and (c) 45°.

correlated to spectrometer signals at other wavelengths.
Clearly, the results presented in Fig. 4 show the corre-
lation between the resonance peaks of the CRD signal
and the spectral shifts that occurred in the laser spec-
trum, with the spectral shifts partially caused by the OF
effect.

In the OF-CRD technique, the resonance peaks of the
CRD signal are used to determine the cavity decay time
and therefore, the reflectivity of the mirrors consisting of
the RDC. When the amplitudes of the resonance peaks
exceed a predefined threshold, the TC is triggered to
switch off the laser power, and an exponential decay sig-
nal is recorded. A typical exponential decay signal im-
mediately after switching off the diode laser is shown in
Fig. 5. The reflectivity of the cavity mirror is about
99.996%, and the cavity length is 50 cm. The OF-CRD
decay signal in Fig. 5 is fitted to a single exponential
decay function, a exp(—t/7) 4+ b, with a as the amplitude
factor and b as the dc offset of the signal amplitude. The
cavity decay time is determined to be 42.36 us. The in-
strumental response time of the OF-CRD arrangement
including the TC is about 20 ns, and it can be neglected
in the decay time determination. The fitted decay time
is then used to determine the reflectivity of the cavity

mirrors in the linear cavity configuration.

The OF-CRD technique is first used to determine the
reflectivity of the cavity mirrors. In the experimental
setup presented in Fig. 1, a pair of cavity mirrors with
a similar reflectivity of approximately 99.996% is used to
construct a linear RDC and to investigate the sensitivity
and reproducibility of the OF-CRD technique. The cav-
ity decay time measured by the OF-CRD technique and
the corresponding reflectivity of the cavity mirrors are
shown in Fig. 6. The exponential decay signals are re-
peatedly detected 256 times, and the cavity decay time is
determined from each signal. The 256 cavity decay times
is statistically averaged to determine the reflectivity. The
error bars indicate the statistical errors. To repeat the
measurement, the cavity alignment is destroyed by arbi-
trarily moving the cavity mirrors and then restored by
re-adjusting the mirrors to their optimal positions. The
measurements are repeated 8 times to obtain all data
points. The reflectivity of the cavity mirror is statisti-
cally determined to be 99.99606 + 0.00003%. The result
is in good agreement with the data given by the man-
ufacturer (with a reflectivity higher than 99.995% and
a transmission coefficient of about 0.002%). The results
show that the present OF-CRD technique is highly sensi-
tive and reproducible for ultra-high reflectivity measure-
ment.

To test the capability of the OF-CRD technique for
the reflectivity measurements of planar mirrors, a folded
RDC with a cavity length of 80 cm is constructed by in-
serting a high-reflective test mirror with a required angle
of incidence into the linear RDC, which comprises two
cavity mirrors with a reflectivity of 99.99606%, as shown
in Fig. 1. The planar mirrors used in the measurements
are three highly reflective mirrors with incident angles
of 0°, 22.5°, and 45°. Similarly, for each measurement,
the cavity decay time is measured 256 times and statis-
tically averaged to determine the reflectivity. For each
planar mirror, the measurement is repeated 7 or 9 times
by destroying and then restoring the cavity alignment.
The reflectivities, shown in Fig. 7, are determined to be
99.9459 + 0.0004% for the 0° mirror, 99.9755 + 0.0005%
for the 22.5° mirror, and 99.9621 + 0.0006% for the 45°
mirror. The low standard deviations of the determined
results indicate the high measurement accuracy and re-
producibility of the OF-CRD technique for high reflec-
tivity measurement. The measurement accuracy can be
further enhanced with higher-reflectivity cavity mirrors
or test mirrors.

In conclusion, a simple and sensitive OF-CRD tech-
nique has been developed for the high reflectivity mea-
surement of both cavity mirrors and planar test mirrors.
The spectral fluctuations of the laser line caused by the
OF from the retro-reflection of the RDC result in the
spectral resonance between the laser line and the RDC
modes, which further leads to large resonant peaks in the
RDC output signals. These resonance peaks have been
used to determine the cavity decay time and the reflec-
tivities of cavity mirrors and planar test mirrors. The
reflectivity of cavity mirrors has been measured to be
99.99606% with a standard deviation of only 0.00003%.
By establishing a folded RDC, the reflectivity of three
planar test mirrors with incident angles of 0°, 22.5°,
and 45° have been measured to be 99.9459 4+ 0.0004%,
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99.9755 £ 0.0005%, and 99.9621 + 0.0006%, respectively.
The high measurement accuracy has proven that the OF-
CRD is a highly precise and reliable technique for high
reflectivity measurement.

This work was supported by the National Natural Sci-
ence Foundation of China under Grant No. 60878038.
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