
OPTOELECTRONICS LETTERS                                                       Vol.19 No.1, 15 January 2023 

 
  

Reflectivity measurement technology of special high re-
flective mirrors and uncertainty analysis of measure-
ment results* 
 

LIANG Xiaolin, ZHOU Songqing**, LI Xiaowu, ZHOU Ling, and CHEN Huihuang 

College of Intelligent Manufacturing, Hunan University of Science and Engineering, Yongzhou 425199, China1 
 
(Received 21 July 2022; Revised 14 September 2022) 
©Tianjin University of Technology 2023 
 

In order to meet the reflectivity measurement requirements of any incident angle at different points of the large size 
special high mirror, a rotating cavity ring-down spectroscopy high reflectivity measurement system was built, in which 
the rotation function of the resonant cavity was set, and the lifting and parallel travelling mechanism of the measured 
mirror was added. Furthermore, the uncertainty of the measurement results was analyzed and calculated. The results 
showed that the reflectivity of a high reflective mirror measured by the system was 99.979 5%, the measurement ac-
curacy reached the order of 10-6, and the combined standard uncertainty of reflectivity measurement was 0.002 8%. 
Collectively, these results provide a detection guarantee for the maintenance of the large size special high mirror, and 
provide ideas and methods for the uncertainty analysis of measurement results of similar equipment parameters. 
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With the rapid development and application of laser 
technology, especially large-scale high-energy laser 
technology, laser gyroscope technology, laser shooting 
technology and high-precision spectral measurement 
technology, the coating technology with high reflectivity 
(>99.9%) has been promoted rapidly[1,2]. However, for 
special types of high reflectors with different reflection 
angles and large sizes in the application field of 
high-energy laser technology, the surface reflectivity 
directly determines the safety and stability of the optical 
system[3-6]. Therefore, how to accurately measure the 
reflectivity of these special high reflectors has become a 
key concern of researchers.   

Cavity ring-down spectroscopy is one of the most 
commonly used methods for measuring the reflectivity of 
high reflective mirrors. This method has high measure-
ment accuracy, and the measurement results are inde-
pendent of the stability of the light source, so it has broad 
application prospects. In 1977, Virgil Sanders first pro-
posed the idea of using optical resonator to measure the 
reflectivity of the lens. The accuracy of the lens reflec-
tivity measured by combining the straight cavity and the 
folded cavity was better than ±0.000 1, which greatly 
improved the measurement accuracy compared with the 
traditional reflectivity measurement technology[7]. In 
2010, SRIDHAR et al[8] developed a laser high-reflective 

mirror quality measurement device, the order of magni-
tude of the measurement accuracy was 10-4, but the 
ring-down cavity completely depended on manual ad-
justment. Therefore, the device could only be used as a 
principle and technical verification experimental plat-
form. In 2012, LÜ et al[9] reported that the average re-
flectivity of the straight cavity mirror at 635 nm was 
(99.959±0.001)%, the reflectivity of the sample to be 
measured was (99.917±0.003)%, and the measurement 
accuracy was 10-5. In order to achieve accurate meas-
urement of the reflectivity of high reflectors, relevant 
research institutes have carried out a variety of high re-
flectivity measurement methods. Among them, the cavity 
ring-down method is the only technical means that can 
accurately measure the reflectivity greater than 
99.99%[10,11]. However, there are few studies on the di-
rect methods to measure the reflectivity of special high 
reflective mirrors (large-size mirrors with different re-
flection angles and different reflection points), and the 
measurement accuracy of cavity ring-down high reflec-
tivity, and the uncertainty of measurement results has not 
been comprehensively analyzed and evaluated by re-
searchers.  

In order to meet the measurement requirements of the 
reflectivity of special high reflective mirrors, especially 
large-size high-energy laser high reflective mirrors, a 
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rotating cavity ring-down spectroscopy high reflectivity 
measurement system was built. In the system, the rotation 
function of the resonant cavity was set, and the lifting 
and parallel travelling mechanisms of the measured mir-
ror were added. Accordingly, the reflectivity measure-
ment of any incident angle and different points of a 
large-size mirror can be realized. In order to improve the 
stability of resonant cavity and the accuracy of reflectiv-
ity measurement, the system optical path debugging and 
accurate adjustment methods, and the uncertainty of re-
flectivity measurement results were given and analyzed 
in detail, respectively. 

The cavity ring-down spectroscopy uses folded cavity, 
which makes the measurement process relatively simple 
and easy to adjust. It can measure the reflectivity of the 
lens at any angle, and calibrate the high precision reflec-
tivity by using low precision reflectivity[12,13]. The reflec-
tivity measurement system of cavity ring-down spec-
troscopy usually needs three parts, namely, light source, 
ring-down cavity, data acquisition and processing. Mir-
rors M1 and M2 constitute an optical resonator, and the 
reflectivity is generally required to be more than 99%. 
Assuming that the reflectivities of the cavity mirrors M1 
and M2 are respectively R1 and R2, the initial energy of 
the optical pulse entering the ring-down cavity is I0, and 
the attenuation of the optical pulse energy in the resonant 
cavity with time can be expressed as  

0( ) exp( ).I t I
t


                            (1) 

Without considering other losses such as cavity ab-
sorption, τ is completely determined by the cavity mirror 
reflectivities R1 and R2. τ can be expressed as 

  1
r 1 2ln ,t R R                           (2) 

where tr=2L/c represents the time required for the light to 
travel to and from within the cavity, L is the cavity 
length of the resonant cavity, c is the speed of light, and τ 
represents the time when the optical pulse energy drops 
to 1/e of the initial value I0. Assuming that the cavity 
mirror reflectivities R1 and R2 are equal, the cavity mirror 
reflectivity R can be calculated by measuring τ, and can 
be expressed as  

  r
1 2

exp( ).
2
tR R R


                        (3) 

For any high reflective mirror to be measured, the ac-
tual measurement process is divided into two steps. 
Firstly, the straight cavity is used to calibrate the reflec-
tivity of the cavity mirror, and then the folded cavity is 
used to measure the reflectivity of the mirror to be meas-
ured. The reflectivity of the mirror to be measured is 
calculated with  

0

1 1exp ,LR
c  

  
   

                          (4) 

where τ0 is the ring-down time of the straight cavity and τ 
is the ring-down time of the folded cavity. 

According to the reflectivity measurement principle of 
cavity ring-down method, a rotating cavity ring-down 

spectroscopy reflectivity measurement system was de-
signed as shown in Fig.1. The system consists of light 
sources, a ring-down cavity, a detector, a digital oscillo-
scope and a computer. The main laser is IRRB-1319 
lamp pumped pulse laser, the output wavelength is 
1.319 μm, the pulse energy is 15 mJ, and the pulse width 
is 7 ns. The guiding light is 1.2 mW He-Ne laser coaxial 
with the main laser, the output wavelength is 632.8 nm, 
which is used to solve the problems such as the invisibil-
ity of the main laser in the measurement system and the 
difficulty in adjusting the optical path. M3 and M4 are 
both reflective mirrors of the 1 319 nm laser. They are 
used to adjust the 1 319 nm main laser path to ensure that 
the main laser and guide light path was in the same axis. 
M5 is a lens with high transmittance at 1 319 nm and 
high reflectivity at 632.8 nm. M1 and M2 are concave 
high reflective mirrors with curvature radius of 0.6 m 
and reflectivity of 99.95%. M2 has high-precision rota-
tion function, and the length of the resonant cavity does 
not change when the straight cavity rotates to the folded 
cavity. M is the mirror to be measured, which is placed 
on the adjustable structure with the lifting and parallel 
travelling functions, and its central position does not 
change during the adjustment process. The purpose is to 
meet the reflectivity measurement requirements of spe-
cial high reflective mirrors. M6 is a focusing lens. The 
detector adopted the Det410 InGaAs detector of Thorlabs 
Company, whose response time is 1 ns, and the detection 
diameter is 1 mm. The signal is recorded by the 
TDS3044B digital oscilloscope, the sampling frequency 
used is 400 MHz, and the signal is used for real-time 
acquisition of ring-down waveform and accurate adjust-
ment of ring-down cavity. 

 

 

Fig.1 High reflectivity measurement system with the 
cavity ring-down method 

 
The optical path debugging of the measurement sys-

tem mainly has three key steps, namely, height fixing, 
coaxial adjusting and cavity adjusting. (1) Height fixing. 
Since the main laser at 1.319 μm is invisible to the naked 
eye, He-Ne light is used as the guiding light in the ex-
periment. Therefore, the first step of the experiment was 
to make two different wavelengths of light at the same 
height. (2) Coaxial adjusting. The He-Ne light as the 
guiding light must be coaxial with the main laser. The
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He-Ne light can be seen in the experiment, but the main 
laser is not visible. The phase paper can be used to de-
termine its specific location. Firstly, the He-Ne light de-
termines the guiding light path through M5. Secondly, 
the two kinds of light were coaxial by adjusting M3 and 
M4. The specific method is to make the main laser and 
the He-Ne light overlap before M1, and then make the 
two light sources overlap before M6. According to the 
principle of determining a straight line by two points, the 
guiding light and the main laser are coaxial. (3) Cavity 
adjusting. The resonant cavity composed of M1 and M2 
is the key to the success of measurement. First, the 
He-Ne light passes through the lens centers of M1 and 
M2 respectively, then the light returned by M2 passes 
through the center of M1, and finally the light returned 
by M1 passes through the center of M2. Since the main 
laser and the guiding light are coaxial, the oscillation of 
the main laser in the resonant cavity composed of M1 
and M2 can be roughly judged. 

The stability of ring-down cavity is very important[14]. 
The slight misalignments of the cavity length or the cav-
ity mirror angle will cause the ring-down waveform dis-
tortion, leading to the failure of the measurement. In 
2006, YI et al[15] carried out the waveform simulation of 
ring-down cavity misalignment. Through numerical cal-
culation, the variation of ring-down waveform under 
different cavity length misalignments or cavity mirror 
tilts was simulated. This paper selected the above ex-
perimental system parameters in the Matlab environment 
for modeling and simulating, and the simulation results 
acquired from the model were consistent with the former. 
When the resonator is stable, the ring-down signal de-
creases exponentially. With the increase of offset, the 
amplitude modulation of ring-down signal is more obvi-
ous, and the ring-down time is also gradually advanced. 
With the increase of the misalignment of the cavity mir-
ror angle, the even pulse amplitude gradually decreases 
to disappear. Therefore, according to the simulation re-
sults, with the ring-down curve of the stable cavity as the 
criterion, the digital oscilloscope is used to collect the 
ring-down waveform in real time to accurately adjust the 
ring-down cavity. The cavity length and the cavity mirror 
angle of the resonant cavity are accurately adjusted ac-
cording to the amplitude strength law of the ring-down 
signal and the amplitude change of the odd and even 
pulse signal, which is conducive to improving the stabil-
ity and measurement accuracy of the ring-down cavity.  

A straight cavity with a cavity length of 1.2 m was 
made up of M1 and M2 mirrors. The ring-down curve 
obtained in one measurement is shown in Fig.2. The 
ring-down curve was fitted exponentially according to 
Eq.(1), and the ring-down time of this measurement was 
6.351 μs, as shown in Fig.3. 

With the cavity length unchanged and M2 rotating, the 
straight cavity was changed into a folded cavity, and a 
45° total-reflection mirror was inserted at the beam turn-
ing point. Under the same conditions, 10 measurements 

were carried out, a ring-down curve obtained in one 
measurement, as shown in Fig.4. The ring-down curve of 
the exponential fitting of the folded cavity is shown in 
Fig.5. The ring-down time of the straight cavity and the 
folded cavity measured for 10 times, as shown in Fig.6. 
The average values were 6.356 4 μs and 4.553 9 μs, re-
spectively. According to Eq.(4), the reflectivity of the 
45° total-reflection mirror was 99.979 5%, and the mea-
surement accuracy reached the order of 10-6.  

 

 

Fig.2 The ring-down curve of the straight cavity 
 

 

Fig.3 The ring-down curve of exponential fitting for 
the straight cavity 

According to Eq.(4), the influencing factors of the un-
certainty uR of reflectivity measurement mainly include 
the uncertainty u1 of the cavity length measurement, the 
uncertainty u2 of the ring-down time measurement in the 
straight cavity and the uncertainty u3 of the ring-down 
time measurement in the folded cavity, as shown in Fig.7.  

 

 

Fig.4 The ring-down curve of the folded cavity
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Fig.5 The ring-down curve of exponential fitting for 
the folded cavity 
 

 

Fig.6 Measurement results of ring-down time 
 

 

Fig.7 Influencing factors of measurement uncertainty  
 
The source of cavity length measurement uncertainty 

was mainly introduced by the cavity length measurement 
equipment. The indication error of the common meters is 
±0.5 mm. According to the uniform distribution, the 
standard uncertainty u1 of the cavity length measurement 
is 

1 0.5 / 3 0.288 7 mm.u                      (5) 
The sources of the uncertainty of the ring-down time 

measurement in the folded cavity mainly include the 
uncertainty introduced by the selection of the maximum 
amplitude of the ring-down curve, the uncertainty intro-
duced by the exponential fitting of the ring-down curve, 

the uncertainty introduced by the oscilloscope amplitude 
fitting to the ring-down time, the uncertainty introduced 
by oscilloscope time measurement, the uncertainty in-
troduced by the electrical output signal of the photode-
tector, the uncertainty introduced by the time delay of the 
photodetector and the uncertainty introduced by the dis-
persion of measurement results.  

The uncertainty u31 is introduced by the selection of 
maximum amplitude of ring-down curve.  

For the same ring-down curve, 10 points were selected 
at the head of the curve as the maximum amplitude to 
intercept the ring-down curve. The ring-down time after 
the fitting was shown in Tab.1. 

 
Tab.1 The fitting results of the ring-down time after the 
interception of the ring-down curve (μs) 

No. 1 2 3 4 5 
Ring-down 
time τ  

4.565 7 4.546 3 4.551 0 4.515 2 4.529 6 

No. 6 7 8 9 10 
Ring-down 
time τ  

4.480 8 4.483 6 4.490 6 4.471 7 4.509 4 

 
The uncertainty u31 can be calculated as 

   2

31
1

1 0.009 8 μs.
1

n

k
k

u
n n

 


      
       (6) 

The uncertainty u32 is introduced by the exponential 
fitting of the ring-down curve.  

The first-order exponential ring-down fitting was per-
formed on the ring-down curve obtained from one meas-
urement. The standard deviation between the data point 
and the fitting function is 2.316×10-6, and the uncertainty 
of the ring-down time is 1.05×10-5 μs. Compared with 
u31, this value is small and can be ignored.  
  The uncertainty u33 is introduced by the oscilloscope 
amplitude fitting to the ring-down time.  

The relationship between the fitted amplitude V and 
the time t is 

 64.508 9 100.128 67e .tV
 

                    (7) 

Considering the oscilloscope calibration certificate, 
the uncertainty of calibration results was 0.2% when the 
amplitude range was 20.0 mV/div. According to the uni-
form distribution, the uncertainty of the amplitude meas-
urement was 0.12%. The uncertainty u33 can be ex-
pressed as 

7
33 v 1.082 10 μs.tu u

V


  


                (8) 

Compared with u31, u33 was small and can be ignored.  
The uncertainty u34 is introduced by the oscilloscope 

time measurement.  
The time range given by the oscilloscope calibration 

certificate is 10 μs, and the uncertainty of calibration re-
sults was 0.045%. According to the uniform distribution, 
the uncertainty of the oscilloscope time measurement was
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0.026%, and the uncertainty u34 of the ring-down time 
measurement was 0.001 2 μs.  

The uncertainty u35 is introduced by the electrical out-
put signal of the photodetector.  

The uncertainty introduced by the electrical output 
signal of the photodetector can be expressed by the am-
plitude fitting of the oscilloscope to the uncertainty in-
troduced by the ring-down time. According to the tech-
nical specification, the uncertainty of the electrical out-
put signal of the photodetector used in the measurement 
system is 0.5%, which was equivalent to the uncertainty 
of the oscilloscope amplitude. The uncertainty u35 of the 
ring-down time introduced by the electrical output signal 
of the photodetector was calculated as  

7
35 v 5.591 10 μs.tu u

V


  


                 (9) 

Compared with u31, u35 was small and can be ignored.  
The uncertainty u36 is introduced by the time delay of 

the photodetector.  
According to the technical specification, the response 

time of the photodetector is 1 ns, so the uncertainty u36 
introduced by the time delay of the photodetector is 
about 0.001 μs.  

The uncertainty u37 is introduced by the dispersion of 
measurement results.  

Under the same measurement conditions, 10 meas-
urements were carried out to fit the measured ring-down 
curve. The ring-down time was shown in Tab.2.  

 
Tab.2 The fitting results of the ring-down time under 
the same measurement conditions (μs) 

No. 1 2 3 4 5 
Ring-down 
time τ  

4.487 7 4.702 2 4.568 0 4.508 9 4.484 4 

No. 6 7 8 9 10 
Ring-down 
time τ  

4.460 5 4.479 3 4.697 6 4.662 2 4.488 6 

 
Then the uncertainty u37 introduced by the dispersion 

of measurement results can be calculated as 

   2

37
1

1 0.030 6 μs.
1

n

k
k

u
n n

 


      
      (10) 

Based on the above analysis, the combined standard 
uncertainty u3 of the ring-down time measurement in the 
folded cavity to be measured is shown as 

2 2 2 2
3 31 34 36 37 0.032 2 μs.u u u u u           (11) 

The influencing factors of uncertainty u2 were consis-
tent with the influencing factors of uncertainty u3, and 
the analysis method is the same. The calculated value of 
u2 was 0.028 0 μs.  

The combined standard uncertainty uR of reflectivity 
measurement is 

22 2
2 2 2

R 1 2 3
0

0.0028%.R R Ru u u u
L  

                   
(12) 

The expanded uncertainty U to be measured is 
U=2uR=0.005 6%,  (k=2).                  (13) 
Compared with the time attenuation method, the cav-

ity ring-down spectroscopy uses a folded cavity, which 
makes the measurement process relatively simple and the 
adjustment more convenient. Compared with the resona-
tor fineness method, it can measure the reflectivity at any 
angle of the mirror, and also calibrate the high-precision 
reflectivity by using the low-precision reflectivity. The 
design and construction of the high reflectivity meas-
urement system for rotary cavity ring-down spectroscopy 
can meet the measurement requirements of special high 
reflective mirrors. The measurement accuracy was up to 
10-6. The measurement uncertainty is independent and 
closely related to the measurement result. It is a parame-
ter that indicates the dispersion of the measurement re-
sult, and it is important to analyze the measurement re-
sult. 
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