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Abstract 

Time correlated single photon counter was design for measuring fluorescence lifetime of emitting 

materials. It was designed for photonics basic research and science that is usually done in a laboratory. 

Furthermore, time correlated single photon counter can be used to measure simple and more practical 

optical properties of materials, such as refractive index. However, since the system was not designed for 

this practical application, a simple setup modification and calculation is required. In this work, time 

correlated single photon counter is utilized to measure the refractive index of sodium chloride solutions. 

The measurement was done using simple time of flight calculation of each pulse of picosecond pulsed 

laser. Our measurement was done on different concentrations of sodium chloride that have different 

refractive indices. It was found that the measurement technique and calculation was able to produce 

consistent quantitative calculation of refractive indices.   

Keywords: time of flight, picosecond pulsed laser, refractive index 

 

Aplikasi Sederhana Time Correlated Single Photon Counter dari Laser Pulsa Picosekon untuk 

Mengukur Indek Bias Larutan 

 

Abstrak 

Penghitung foton tunggal berkorelasi waktu adalah sistem yang awalnya didesain dalam mengukur 

lifetime pendaran dari material yang berpendar. Sistem ini dirancang khusus untuk pengujian riset 

dasar fotonika dan ilmu fotonika yang biasanya dilakukan di dalam laboratorium. Selain itu, 

penghitung foton tunggal berkorelasi waktu dapat digunakan untuk mengukur sifat optik material yang 

sederhana dan lebih praktis, seperti indeks bias. Namun, karena sistem ini tidak dirancang untuk 

aplikasi praktis, maka diperlukan modifikasi pengaturan dan perhitungan sederhana. Dalam penelitian 

ini, kami menggunakan penghitung foton tunggal berkorelasi waktu untuk mengukur indeks bias larutan 

sodium klorida. Pengukuran dilakukan dengan menggunakan perhitungan waktu tempuh dari setiap 

pulsa laser pulsa picosekon. Pengukuran kami dilakukan pada konsentrasi natrium klorida yang 

berbeda yang memiliki indeks bias yang berbeda. Kami menemukan bahwa teknik pengukuran dan 

perhitungan kami mampu menghasilkan perhitungan kuantitatif indeks bias yang konsisten. 
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I. INTRODUCTION 

Photonics is one of the basic branches 

in Physics that concerns with the properties 

and transmission of photons. Nowadays, 

photonics is also used to study emitting 

nanoparticles. This branch is known as 

nanophotonics [1,2]. In nanophotonics, one 

of the important measurements is Time 

Correlated Single Photon Counter (TCSPC). 

This system is designed to measure 

fluorescence lifetime of emitting 

nanoparticles [3,4]. 

TCSPC is a popular and established 

measurement system to measure fluorescence 

lifetime. The fluorescence lifetime, or known 

as time-resolved photoluminescence, is 

unique characteristic of emitting molecules 

and can thus be used to characterize the 

emitting samples [4,5]. Special energy 

transfer between nanoparticles, including 

Förster Resonance Energy Transfer [6], 

quenching [7,8], charge transfer [9–11], 

solvation dynamics [12,13], or molecular 

rotation are several major subjects of TCSPC 

study. The changes of the lifetime can also be 

used to observe local chemical environment 

or reaction mechanisms [14,15]. These are 

example of experiments that use TCSPC. 

Basic operation of TCSPC is very 

simple. A picosecond laser produces pulsed 

laser with certain interval. This laser excites 

a sample that emits luminescence. TCSPC 

system measures time difference between the 

produced laser pulse and detected sample’s 

luminescence [16,17]. TCSPC requires a 

defined start-time which is provided by the 

electronics system of laser pulse, and also a 

defined stop-time signal which is realized by 

detection of the luminescence. The 

measurement of this time delay is then 

repeated many times to get the statistical 

nature of the luminescent samples. The 

start-stop mechanism is then known as time 

of flight mechanism [18].  

This time of flight mechanism can be 

modified, so that TCSPC system can be used 

for other measurements. Modification of 

original TCSPC system depends on particular 

application based on the users’ expectation. 

Modifications include experimental setup 

modification and analysis modification. 

Certain application requires different 

modification. In this work, TCSPC 

application is selected to measure the 

refractive index of liquid. The use of this 

application is expected to provide alternative 

measurement system for the refractive index, 

besides the common popular principles such 

as Snell’s Law [19,20] and Z-scan method 

[21]. 

Ordinary refractometer is a well-known 

device for measuring refractive index; 

however, this system consists of too much 

optics, such as prisms and lenses. The system 

is difficult to be implemented and modified 

for laboratory purpose [22,23]. Some 

researchers developed refractometer using 

optical fiber [23–25]. This system has shown 

good performance; however, the optical fiber 

is initially specially designed and it takes 

http://creativecommons.org/licenses/by-nc/4.0/
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high cost for creating special optical fiber. 

The Snell’s Law is the basic method to 

measure refractive indices. However, the 

accuracy of this method is limited since the 

angle determination is the crucial factor 

[26,27]. Based on previous works by several 

studies, thus it is asserted that accuracy and 

simple measurement system are two most 

fundamental factors in determining the 

refractive indices. All measurement systems 

mentioned above usually can only determine 

refractive index up to two digits. Improving 

accuracy up to three digits of refractive index 

using simple equipment is challenging and 

has never been achieved previously by the 

mentioned systems.   

In this work, there are two significant 

improvements will be covered. First, 

modification was carried out to the TCSPC 

system to measure saline solution by using 

only simple and small amount of measured 

liquid. Only 100 mm length of chamber was 

used in this study. This length is very short 

and almost indistinguishable for speed of 

light. Second, this study measures the 

different refractive index of several saline 

solutions which have small refractive index 

differences. It is believed the accuracy can be 

improved from the measurement until 

three-digit refractive index. 

 The purposes of this research are 

mainly to modify the TCSPC system into 

refractive index measurement system and 

measure refractive indices of sodium chloride 

solutions for preliminary application of our 

system.  

 

II. METHOD 

The modified setup of TCSPC is 

described in Figure 1. All parts of TCSPC 

system was from PicoQuant [28]. Picosecond 

laser source is driven by laser driver. The 

laser source PicoQuant D800 was prepared 

that emits laser at wavelength 420 nm and 

adjustable power repetition rate. The laser 

was directed to a chamber, where sample 

solution was placed. The length of sample 

chamber was 100 mm. The front and rear 

surface of the chamber was flat, and the laser 

was directed perpendicular to the surface of 

the chamber to avoid refraction angle in the 

liquid. After passing through sample chamber, 

the laser hit detector (MPD detector). Laser 

driver and signal from detector were 

connected to Picoharp-260 controller in 

computer. The distance between laser source 

and detector was 1 m. 

The TCSPC signal was recorded using 

TimeHarp software. The time difference (t) 

of measured signals was recorded manually 

with and without sample. The time difference 

would be used to determine the measured 

refractive index. The measured refractive 

index was then compared to calculated 

refractive index from reference. All 

measurements were done in room 

temperature. 

 

 

Figure 1. Modified setup of TCSPC for refractive 

index measurement 

Sodium chloride (NaCl) solution was 

prepared along with various concentration of 

sodium chloride (0 %, 5 %, 10 %, 20 %, 40 % 

and 70 % w/v). In order to make sodium 

chloride solution, sodium chloride powder 

from Sigma Aldrich was selected. In order to 

create 5 % (w/v) sodium chloride solution, 

10 gram of sodium chloride in a glass beaker 

was mixed with water until the total volume 

was 200 mL. The mixture was then put on a 
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magnetic stirrer for about 10 minutes to make 

homogenous solution. For every 

measurement, it required approximately 150 

mL solution to fill the chamber. 

 

III. RESULTS AND DISCUSSION  

The TCSPC system was modified for 

the refractive index measurement of sodium 

chloride. In order to determine refractive 

index using our modified TCSPC system, the 

following are some assumptions: 

1. Speed of laser light in air is equal to speed 

of light in vacuum (c). 

2. The length of sample chamber is fixed 100 

mm. The thickness of chamber’s wall is 

neglected. 

The measurement of refractive index 

using the modified TCSPS system was based 

on time of flight (known as time difference) 

of laser propagation with and without sample. 

Beside modification of TCSPC system, 

modified simple analysis was employed to 

obtain measured refractive index. In this 

work, the time difference (t) is defined as in 

Equation (1). 

𝑡 = 𝑡𝑠 − 𝑡0 (1) 

where to is recorded signal time of laser 

without sample and ts is recorded signal time 

of laser with sample. 

 It is well-known that refractive index () 

is defined in Equation (2). 

 =  
𝑐

𝑣
  (2) 

𝑣 =  
𝑥

𝑡
 (3) 

where c is speed of light in vacuum, v is 

speed of light in medium (sample), x is 

propagation distance and t is propagation 

time. The difference of laser propagation 

with and without laser is only in sample 

chamber (x = 100 mm). This sample medium 

results time difference t. The time 

difference is inserted to the Equation (3) to 

get Equation (4). 

 =
𝑐 𝑡

𝑥
  (4) 

As it is known that  is defined as follow in 

Equation (5). 

 = 
𝑠𝑎𝑚𝑝𝑙𝑒

− 
𝑎𝑖𝑟

    (5) 

By assuming air = 1 and combining 

Equations (5) and (4), simple equation is 

obtained to determine the refractive index of 

sample (sample) in Equation (6). 


𝑠𝑎𝑚𝑝𝑙𝑒

=
𝑐  𝑡

𝑥
+ 1  (6) 

Figure 2 shows example of time of flight 

measurement of picosecond pulsed laser 

obtained from TCSPS system. The black 

curve is TCSPC signal without sample and 

the red curve is TCSPC with solution sample. 

The time difference t was defined between 

the peak of black curve and the peak of red 

curve. It was also noticeable that red curve is 

wider than black curve. This is due to liquid 

effect that might delay laser propagation. 

However, this effect does not affect the 

determination of t since only time recorded 

at peak of each curves was used. 

   This time difference is then used in 

Equation (6) to determine the measured 

refractive index. The measurement was 

conducted for four times to obtain average 

measured refractive index and standard 

deviation of measurement for every sample. 

Figure 3 shows the measured refractive 

index of various sodium chloride 

concentrations using our modified TCSPC 

system including error bar, which is the 

standard deviation of measurement. It was 

found that higher concentration of sodium 

chloride yields higher refractive index. It was 

also found the error bars, which indicate 

deviation of measurements, were ranging 

from 0.012 to 0.034 or from 0.69 % to 

2.13 %, respectively. This small error bar 

indicates that our measurement is repeatable 

and consistent.  
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Figure 2. Example of TCSPC Signal Used to 

Measure Refractive Index in this Work 

The error of measurement is probably 

due several factors. First, although the liquid 

seems to be stable and static without 

movement, water and molecules inside might 

moving to external pressure and temperature. 

This small Brownian motion affects the laser 

propagation slightly. Second, the time 

resolution of TCSPC system is only 25 

picoseconds. It means that the smallest time 

difference that can be measured is only 25 

picoseconds. The length of chamber sample 

used was only 100 mm which causes error of 

refractive index around 0.01 (or two digits) 

of refractive index. This makes the measured 

refractive index is valid until two digits only.  

 

 
Figure 3. Measured Refractive Index of Sodium 

Chloride with Different Concentrations

 

Table 1.  Measured and Calculated Refractive Index 

Samples Sodium chloride 

Concentration (%) 

Measured 

Refractive Index 

Calculated Refractive 

Index (Reference) 

Refractive Index Difference 

in number in % 

1 0 1.332 1.334 0.002 0.14 

2 5 1.352 1.343 0.008 0.06 

3 10 1.356 1.352 0.004 0.29 

4 20 1.371 1.368 0.003 0.22 

5 40 1.397 1.396 0.001 0.07 

6 70 1.432 1.419 0.013 0.92 

 

However, in order to overcome this 

limitation, longer chamber sample length 

could possibly be used in the future 

experiment. By simple calculation, 1 m 

length of chamber sample can give error until 

three digits (0.001) of refractive index. This 

kind of system is suitable for high precision 

of refractive index measurement.  

In order to validate the measurement, 

reference value of refractive indices was used 

for the sodium chloride. Tan, et al were able 

to calculate refractive index of sodium 

chloride as function of temperatures and 

concentrations as follow in Equation (7) 

[29,30]. 

 = 1.3373 + (1.768210−3)𝑐

− (5.810−6)𝑐2

− (1.353110−4)(𝑇

− 273.15)

− (5.110−8)(𝑇 − 273.15)2 

 (7) 

where c is concentration of sodium chloride 

in percentage (%) and T is temperature in 

Kelvin.  

Since all experiments were conducted 

in room temperature (T = 298 K), thus the 

refractive index of sodium chloride can be 

calculated at different concentrations. The 

value of refractive indices calculated using 

Equation (7) is shown in Table 1 as the 
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calculated refractive index (reference). The 

test results were compared with the previous 

tests. The results of the tests were compared 

with the calculations (Equation (7)) of other 

researchers. In this article, the test results are 

referred as “measured refractive indexes”, 

while the comparison results are referred to 

as “calculated refractive indexes”. The 

results of the comparison have been 

presented clearly in table 1. It is assumed that 

this comparison is the analysis of error for 

this work. The results of this study have 

accuracy down to 3 digits. Thus, it is 

considered better than the conventional 

system that only have accuracy down to 2 

digits [22, 23]. This study can have similar 

accuracy to calculation previous works [29]. 

In terms of complexity of the experimental 

system, the system in this study is much 

simpler than the common fiber optics-based 

refractive index system [24].   

Table 1 shows the measured refractive 

indices obtained using the modified TCSPS 

system, calculated refractive index using 

Equation (7) and the refractive index 

difference. It was found that the measured 

refractive index is very similar to the 

calculated refractive index. The difference is 

less than 1% error of differences. This 

finding indicates that the modified TCSPC 

system in this study is believed to be able to 

measure refractive index of liquid.  

This study provides simple and 

accurate measurement of refractive indices of 

liquid samples. In the future, the 

measurement system can use for various 

liquid. Furthermore, this system can be 

integrated in other fields such oil companies 

and maritime industries, since or system is 

compact, portable and required only small 

space.  
 

 

 

 

IV. CONCLUSION 

The modified TCSPS system is 

successful to measure the refractive index of 

liquid based on time of flight of TCSPS 

signal curves. A series of measurement were 

also carried out to the sodium chloride with 

different concentration from 0% until 70%. It 

was found that the measured refractive index 

is reapetable with small measurement 

deviation. It was also asserted that the 

measured refractive index is very similar 

(with more than 99 % similarity) to 

calculated refractive index as reference value. 

The modified TCSPS system in this study 

can be applied and improved in the future to 

obtain more precise value of refractive index.       
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