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Abstract: A gauge block interferometer with a vacuum chamber was 

designed and constructed for the measurement of gauge block lengths 

between 10 to 1,000 mm. In the chamber, four gauge blocks under the 

length measurement can be mounted on the measuring table. Furthermore, 

the length of all four gauge blocks can be measured continuously in one 

measurement. In this study, four gauge blocks with the nominal length of 

125, 200, 400 and 500 mm were used for the length measurement. The 

environment parameters in the vacuum chamber including temperature, 

pressure, relative humidity and CO2 concentration were measured. The 

refractive index of air which depends on environment parameters was 

determined by using updated Edlén equation. Then, the lengths of four 

gauge blocks were measured and found to be 125.00025, 200.00019, 

400.00070 and 500.00064, respectively. 
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Introduction 

Gauge blocks are generally used for accurate 
calibration of length measuring instruments that are 
widely used in industries. To improve accuracy of length 

measurements, it requires more accurately calibrated 
gauge blocks as the references. Especially, there is a 
growing demand for accurate calibrations of gauge 
blocks longer than 200 mm. 

The length measurement of gauge blocks is generally 
carried out by two methods: (1) The comparison 

measurement and (2) the absolute measurement. 
Interferometry, an absolute measurement method, is used 
for the length measurement of high-grade gauge blocks 
(grade K) as recommended in ISO 3650:1998 (British 
Standard, 1998). Even though a very high accuracy 
measuring methods using an interferometer, there are 

critical errors in interferometry caused by the environment 
parameters such as temperature, pressure, relative 
humidity and CO2 concentration (Birch et al., 1993; Jong-
Han et al., 2007; Andrew et al., 2010; Diz-Bugarin et al., 
2013). Since the refractive index of air surrounding the 
interferometer depends on these parameters, therefore, the 

wavelength of the laser used for the length measurement 
of gauge blocks also depends on these parameters. 

The gauge block interferometer systems were 

developed by various National Metrology Institute (NMI) 

to measure the length of gauge blocks (Hamid et al., 2005; 

Darnedde 1992; Lewis 1994; Decker and Pekelsky, 1997). 

In addition, the interferometers for the length 

measurement of long gauge blocks up to 1000 mm were 

developed by various researchers Haitjema and Kotteb 

(1998) developed an interferometer for the calibration of 

long gauge blocks in the 100-1,000 mm range. Bitou et al. 

(2001) developed an interferometer using an optical 

multimode fiber for measuring the gauge blocks of up to 

1,000 mm long. Decker et al. (2003a) developed an 

interferometer based on Kösters interferometer for 

measuring the gauge blocks of 1 m long. Decker et al. 

(2003b) developed the multiple-wavelength interferometer 

for long gauge block calibration. Wengierow et al. (2008) 

developed the multiple-wavelength interferometer based 

on Twyman-Green interferometer with automatic data 

analysis based on phase fraction method and later the 

automatic fringe pattern analysis method was modified. 

Wengierow et al. (2013) further developed the above 

automatic multiple-wavelength interferometer system with 

extended measurement range for calibration of long gauge 

block up to 1 m. 
The National Institute of Metrology of Thailand 

(NIMT) was established in 1997 as a public agency 

under the supervision of Ministry of Science and 

Technology. The mission is to develop the national 
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measurement standards to be recognized internationally 

and to disseminate the measuring accuracy to Thai 

community. The main works of NIMT are the calibration 

services. The NIMT provides the calibration services to 

the calibration laboratories and industrial sectors in order 

that their measuring equipments are traceable to the 

national and international standards. The calibration 

services provided are related to 5 metrology departments 

including chemical metrology and biometry, dimensional 

metrology, electrical metrology, mechanical metrology 

and thermometry and optical metrology departments; 

and acoustics and vibration group.  
At present, only one commercial gauge block 

interferometer system available at NIMT is the frequency-
stabilized He-Ne laser at 633 and 543 nm with a measuring 
uncertainty of 0.025 m 0.2106 L (L = gauge block 
length, mm) at an operating temperature of 200.5C. This 
gauge block interferometer system is the automatic 
primary-level measuring instrument for gauge block lengths 
between 10 to 250 mm using optical interference which 
based on Twyman-Green interferometer. 

In this study, a gauge block interferometer with a 
vacuum chamber was designed and constructed for the 
length measurement of gauge block with a long length 
and wider range of the length between 10 to 1,000 mm.  

Furthermore, four gauge blocks can be mounted on 

the measuring table and the length of all four gauge 

blocks can be measured in one measurement.  

Gauge Block Interferometer Chamber 

Gauge block interferometer chamber was designed and 

constructed for a long gauge block measurement using 

interferometer as shown by a schematic diagram in Fig. 1. 

The system was modified from the gauge block 

interferometer developed and described in previous work 

(Ranusawud et al., 2013). In that system, when the length 

measurement of the first gauge block was finished, the top 

cover of the chamber must be opened for adjusting the 

next gauge block to be measured in the path of mirror M2. 

Prior to the length measurement, the air inside the 

chamber must be evacuated and it takes time. Therefore, 

four gauge blocks cannot be measured continuously. 

The new system was designed for measuring four 

long gauge blocks continuously in one measurement. 
The details on mechanical design for vacuum insulating 

wall have been described elsewhere (Ranusawud et al., 
2014). The chamber was vacuum insulating wall with a 
dimension of (W  L  H) 1.220.5 m. The vacuum 
insulating wall of gauge block chamber was constructed to 
reduce the thermal conductivity in system and to obtain 
high stability of temperature. The mechanical design of 
vacuum insulating wall is mainly composed of outer and 
inner aluminum plates with a thickness of 8 and 10 mm, 
respectively. The five vacuum insulating walls (four side 
plates and one top plate) were connected together by 
vacuum rubber tube. To prevent the collapse of two large 
aluminum plates, the Polyethylene (PE) frames were 
inserted between them. The gap between two aluminum 
plates was evacuated to have a pressure of 0.9 m bar by a 
rotary pump (Edwards: RV12). The refrigerated and 
heating circulator (Julabo, model: F34-HL( was used to 
control the temperature of water in the chamber with a 
resolution of 0.01C in the temperature range of 10 to 
70C. The water was circulated in gauge block chamber 
through the stainless steel pipe for stabilizing 
temperature in the chamber. The water at a flow rate of 
20 to 26 l/min was passed through the pipe. 

 

 
 

Fig. 1: Schematic diagram of gauge block interferometer chamber 
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The environment parameters including temperature, 

pressure, relative humidity and CO2 concentration 

inside the chamber were measured at various positions 

as shown in Fig. 1. The temperature was measured at 

three positions using platinum resistance temperature 

probes (Netsushin, Plamic Pt100) and display on a 

thermometer readout (Fluke, 1590). The air pressure 

was measured by a pressure transducer (DHI 

Instruments, RPM4). The relative humidity in the 

chamber was measured using a hygrometer transmitter 

(Vaisala, HMT333). The CO2 concentration was 

measured using a gas filter correlation carbon dioxide 

analyzer (Teledyne Instrument, 360EM). 

It is worth to point out that in our previous work 

(Ranusawud et al., 2013), the temperature was 

measured at 5 positions in the chamber. However, in 

this study the temperature was measured at 3 positions 

in the chamber. 

Interferometer System 

The interferometer system was installed in the 

aluminum chamber as shown in Fig. 1. All the optical 

components were mounted on 1×1.8 m breadboard. The 

configuration of interferometer was based on Twyman-

Green interferometer. Iodine stabilized He-Ne laser was 

used as the light source. The laser beam with a 

wavelength of 633 nm was passed into the chamber and 

passed through a spatial filter to clean up the laser 

beam. It was expanded by a beam expander and 

collimated by a collimating lens to obtain parallel beam 

with a diameter of 50 mm. The laser beam was 

reflected at the mirror M1 and passed to the non-

polarizing beam splitter BS. Then, the laser beam was 

separated into two beams of nearly the same intensity. 

The first beam passed to the reference mirror with a 

flatness of /20 that mounted on the Piezo-electric 

Transducer (PZT). The second beam passed to the 

mirror M2 and reflected to the gauge block under the 

length measurement that wrung on the platen. The 

beams reflected from the surfaces of the platen and 

gauge block, then, interfered with the beam reflected 

from reference mirror surface. The interference fringes 

were captured by a CCD camera. Interference in this 

setup can be explained by assuming that an image of 

reference mirror is formed at R by the beam splitter as 

shown in Fig. 2 (Doiron and Beers, 1995).  

It is noted that the mirror M2 mounted on a 

carriage C can be moved along linear tracks T by a 

screw S. The mirror M2 can be moved to the position 

corresponding with the gauge block under the length 

measurement. Therefore, for each length measurement 

experiment, all four gauge blocks can be measured 

continuously in one hour. 

 
 
Fig. 2: (a) Depiction of the incidence light to the top of the 

gauge block and the top surface of platen and (b) 

observed interference fringes 
 

The optical path difference between the beam 

reflected from reference mirror surface to platen surface 

and the beam reflected from reference mirror surface to 

gauge block surface is 2L, where L is the nominal 

length of gauge block. The measured length of gauge 

block (L) will be equal to a whole number of half 

wavelengths (N), plus the fraction b/a of the half 

wavelength of the light in which the fringes are observed 

(Galyer and Shotbolt, 1990): 
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where,  = b/a is the fringe fraction, a is the distance 

between the dark fringes on the platen and b is the 

distance between the dark fringes on the platen and the 

dark fringes on gauge block. 

Determination of Gauge Block Length by 

Interferometer (Doiron and Beers, 1995) 

 To determine the length of gauge block by 

interferometer, the calculating process is done in 3 steps: 
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conditions, (2) calculation of the whole number of 
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fringes in the gauge block length from its predicted 

length and the laser wavelength in ambient air and (3) 

calculation of the gauge block length from the whole 

number of fringes, the observed fringe fraction, 

wavelength in ambient air, gauge block temperature and 

interferometric correction factors. 

Calculation of the Wavelength 

 The laser wavelength is assumed to be constant in 

vacuum and denoted by v. However, in the air the laser 

wavelength is changed from v to the ambient wavelength 

(air) due to the refractive index of air. The laser wavelength 

in vacuum (v), the laser wavelength in air (air) and the 

refractive index of air (nair) are related by equation: 

 

v
air

air

λ
λ =

n
 (2) 

 

where, air = xtpR is the laser wavelength in air at the 

time of measurement in the interferometer chamber, i.e., 

temperature (t), pressure (p), relative humidity (R) and 

CO2 content (x) and nair = nxtpR is the refractive index of 

air at the time of measurement.  

Calculation of the Whole Number of Fringes 

The method to determine the whole number of 

fringes is valid if the gauge block length is known to be 

better than 0.5 fringe (1 fringe is /2) from its history or 

from an independent measured process. The calculation 

is as follows: 

 

 

air

2L 1+α t - 20
N =

λ

   
   (3)  

 

Where: 

N = The number of interference fringes in the length 

of gauge block 

L = The nominal length of gauge block taken from its 

history or and independent measurement 

air = The wavelength at the time of measurement 

 t = The gauge block temperature at the time of 

measurement 

 

Determination of the Air Refractive Index  

In our previous work (Ranusawud et al., 2013), the 

updated Edlén equation (Birch and Downs, 1993; 

1994), was used to calculate refractive index of air in a 

long gauge block interferometer developed at National 

Institute of Metrology (Thailand) by assuming that CO2 

content (x) is constant at 450 ppm. The refractive index 

of air in a long gauge block interferometer at any 

temperature (t), pressure (p) and relative humidity (R) 

is expressed by:  
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In our recent work (Kohmun et al., 2020), the CO2 

content (x) was also considered as a variable 

parameter and it was taken into account. Therefore, 

the equation used for the calculation of refractive 

index of air is given by: 
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Measurement of Environment Parameters in Gauge 

Block Interferometer Chamber  

Prior to the measurement of environment 

parameters in gauge block interferometer chamber, 

the chamber must be placed in a room with a 

controlled temperature and relative humidity of 

20±0.5C and 50±10%, respectively. The temperature, 

pressure, relative humidity and CO2 concentration 

were measured continuously for 12 h. However, these 

parameter values at the 6th h were used for the 

calculation of refractive index of air in the long gauge 

block interferometer chamber. We used the parameter 

values at the 6th h because it is average hour between 

0-12 h and hence all the parameter values are closed 

to average values. 

Length Measurement of the Gauge Blocks  

Four gauge blocks with the nominal length of 125, 

200, 400 and 500 mm with a certificate number 

S10G00263 manufactured by Mitutoyo, Japan were used 

for the length measurement. 

Since our gauge block interferometer developed in 

this study can be used to measure the length of four 

gauge blocks in one experiment by moving M2 to the 

position of each gauge block to be measured, therefore, 

the interference fringes obtained from all four gauge 

blocks can be done within one hour. 
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Results and Discussion 

In this study, the light source was an iodine stabilized 

He-Ne laser with a wavelength of 633 nm. The laser 

wavelength in vacuum (v) is 632.990677981 nm. 

Figure 3 shows the variation of temperature, pressure, 

relative humidity and CO2 concentration as a function of 

time in 12 h. From Fig. 3, it was found that from 0th to 

12th the temperature, pressure, relative humidity and 

CO2 concentration were varied from 19.943 to 19.963C, 

99999 to 100378 Pa, 51.9 to 52.4% and 406.0 to 456.0 

ppm, respectively. That is, the range of variation are 

0.020C, 379 Pa, 0.5% and 50 ppm with an average 

values (dot lines) of 19.950C, 100174 Pa, 52.2% and 

437.0 ppm. However, at the 6th h the temperature, 

pressure, relative humidity and CO2 concentration were 

found to be 19.950C, 100213 Pa, 52.3% and 454.6 ppm, 

respectively. It is seen that all the parameters at the 6th h 

are nearly equal to those of average parameter values. 

Then, these environment parameter values at the 6th h 

were used for the calculation of nair. 

The 125 mm - long gauge block was the first one that 

was set for the length measurement. Figure 4 shows the 

fringe patterns obtained from 125 mm - long gauge 

block with the image size of 525451 pixels. The fringe 

fraction () was then determined from the fringe patterns. 

The refractive index of air (nair) at the time of 

measurement, i.e., at the 6th h was calculated using 

Equation (5) and the obtained result was:  

 

=1.000268440airn  

 

Then, the laser wavelength in air was determined 

using Equation (2) and the obtained result was: 

 

= = 632.820803564v
air

air

λ
λ

n
 

 

  
 

Fig. 3: Variation of the environment parameters in the long gauge block chamber with time as measured for 12 h 
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Fig. 4: Typical fringe patterns with the values of a and b for 125 nm-long gauge block 

 
Table 1: Whole number of fringes (N), fringe fraction () and measured length for four gauge blocks 

    Measured length (mm) 

Nominal length Whole number Fringe fraction Certificate length ----------------------------------------------- 

(L) (mm) of fringes (N) ()  Uncertainty (mm) nair Equation (5) nair Equation (4) 

125 395057 0.35 125.000110.00005 125.00025 125.00026 

200 632091 0.08 200.000160.00007 200.00019 200.00020 

400 1264183 0.15 400.000440.00012 400.00070 400.00071 

500 1580228 0.19 500.000050.00015 500.00064 500.00065 

 

The whole number of fringes (N) was determined 

using Equation (3). Where, the linear thermal expansion 

coefficient () of gauge black was 10.8×10–6 C –1 and 

the gauge block temperature at the time of measurement 

(t) was 20.165C. Finally, the 125 mm - long gauge 

block was determined using Equation (1) and the 

measured length was found to be 125.00025 mm. The 

length measurements were carried out for 125, 200, 400 

and 500 mm - long gauge blocks. The fringe patterns for 

125, 200, 400 and 500 mm - long gauge blocks were 

recorded and the values of N,  and length (L) were 

determined. For the measured lengths of the gauge 

blocks, the air refractive index (nair) was calculated from 

Equation (5). However, we also calculated nair from 

Equation (4) and the measured lengths were obtained. 

The measured lengths using Equation (5) and (4) and the 

certificate length as calculated from Mitutoyo’s 

certificate number S10G00263 are given in Table 1. 

Table 1 shows the values of N, , L and certificate length 

with uncertainty values for all four gauge blocks. 

It is seen from Table 1 that the measured length 

values obtained from Equation (5) give a higher 

accuracy than those of Equation (4). That is the CO2 

concentration has effect on the length measurement of 

the long gauge blocks in the interferometer. 

Uncertainty of measured gauge blocks length was the 

uncertainty of the interference fringe number. Therefore, the 

gauge block length is determined by the uncertainty of a 

half wavelength in Equation (2), which is 0.00032 mm. It 

means that: (1) The length of 125 mm gauge block could be 

not only 125.00025 mm with deviation from nominal value 

of +0.00025 mm, but also 124.99993 mm with deviation -

0.00007 mm, (2) the length of 200 mm gauge block could 

be not only 200.00019 mm with deviation from nominal 

value of +0.00019 mm, but also 199.99987 mm with 

deviation -0.00013 mm, (3) the length of 400 mm gauge 

block could be not only 400.00070 mm with deviation from 

nominal value of +0.00070 mm, but also 400.00038 mm 

with deviation +0.00038 mm or 400.00006 mm with 

deviation +0.00006 and (4) the length of 500 mm gauge 

block could be not only 500.00064 mm with deviation from 

nominal value of +0.00064 mm, but also 500.00032 mm 

with deviation +0.00032 mm or 500.00000 mm with 

deviation +0.00000. All the measured length values 

obtained from Equation (5) are closer to the nominal length, 

particularly the obtained length values of 400 mm and 500 

mm gauge blocks are closer not only to the nominal lengths, 

but also to the certificate length values.  

Conclusion 

The interferometer system installed in aluminium 

chamber for the length measurement of long gauge 

blocks was designed and constructed. The wall of the 

chamber was the vacuum insulating wall to reduce the 

thermal conductivity in system and to obtain high 

stability of temperature. The high interferometer system 

could be used to measure the length of four gauge blocks 

at the same time. The length measurements were carried 

out on four gauge blocks with the nominal length of 125, 

1 cm 

b = 0.67 

a = 1.93 

b
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0.67
0.35
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200, 400 and 500 mm. Two equations, i.e., Equation (4) 

and (5), relating to environment parameters were used 

for the calculation of air refractive index. The measured 

lengths were, then, compared with the certificate values.  
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