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Abstract. We have developed an interferometer for gauge block calibra-
tion based on phase shifting algorithms. The measurement process can
provide flatness, parallelism, and length. Wavelength values need to be
corrected according to the refractive index of air. This correction is
obtained indirectly using Edlén’s equation. High-resolution sensors pro-
vide the temperature, pressure, and relative humidity readings. To pre-
serve stability, the interferometer is encapsulated in a chamber with
active temperature control. Its design, measurement principle, calibration,
stability, and reproducibility are analyzed. Since one goal is to employ
robust and cheap diode lasers as light sources, we describe the system
developed to stabilize a red laser diode using a mode locking technique
with a reference gas cell. The instruments and assembly are used to avoid
the Doppler effect in the gas cell, which would limit wavelength resolution.
Several experiments are carried out to restrict the influence of environ-
mental changes, which affect laser diode frequency. © 2013 Society of
Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.0E.52.4.045601]

Subject terms: phase shifting; gauge block; optical standards and testing; metrol-
ogy; external cavity diode laser; iodine cell.
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1 Introduction

Procedures for ensuring industrial quality require metrologi-
cal calibration processes that guarantee the traceability of the
reference magnitudes for the measurement instruments. In
dimensional metrology, gauge blocks (GBs) materialize
the unit length or its submultiples, where the length of the
GB is considered to be the perpendicular distance between
two gauging surfaces. The traditional interferometric con-
figuration used for this purpose employs two or more gas
laser sources that are frequency stabilized, and it needs a
housing capsule for the interferometric module with control
over temperature, relative humidity, and atmospheric pres-
sure (typical uncertainties are below 0.1°C in temperature,
1% in relative humidity, and 0.1 mbar in pressure).'
These values are used to monitor the temperature of the mea-
sured GBs (at the reference temperature of 20°C, according
to ISO 3650:1998) and to calculate the air refractive index
using a modified version of Edlén’s equation,”™ because the
refractive index determination is a crucial part of the gauge
block calibration procedure.’ To preserve the stability
conditions, the interferometer is encapsulated within an insu-
lated chamber with an active temperature control. Therefore,
it is necessary to develop an electronic control system which
manages the position of the GBs, the optical phase modula-
tion, the image processing system, and the CCD camera to
obtain the optical phase by means of the appropriate combi-
nation of the interferograms modulated in phase. Because
they affect the measurement of the length, problems associ-
ated with this interferometric process should be also consid-
ered, such as variations in contact layer thickness, phase
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shift corrections, environmental variations, and geometrical
deviations.

This work reports on the advance of the design and
construction of an interferometric device, its thermostatic
housing, and its refractometric module, paying attention to
the operation and stability of the most determinant variables.
Calibration of the optomechanical modulator is done by
using differential phase shifting algorithms®® (DPSAs),
while the experimental values of the refractive index of
air are compared with those provided by the National
Institute of Standards and Technology® (NIST).

The experimental setup is related to the red diode laser
stabilization using a mode-locking frequency technique,
which is also presented. Since the results show a suitable
frequency stabilization of the diode laser, this stabilized
red laser diode will be integrated later in the interferometric
optical phase evaluation system.

2 Principle of Measurement

Figure 1 shows the interferometer configuration employed to
determine the GB’s length. As can be seen, the GB is placed
on a reference support surface (RSS) in such a way that the
wavefronts reflected from the GB and the reference optical
surface (ROS) coming from the other interferometric arm are
superimposed. With this arrangement, the longitudinal
length of the GB can be estimated by fractional excess'’
as a multiple of the semiwavelengths contained in its length.
That is,

p A
Lz%(ml+F1):-~:Ej(mj+Fj), (1)

where L is the length of the GB, 4; represents the laser wave-
length, m; represents a whole number of fringes, and F; is
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Fig. 1 This experimental setup uses the following principal elements: double He-Ne illumination (632.8 and 543.2 nm); Zerodur mirrors with a
flatness of 1/20; 2M-XLI (CMOS-RGB) and Thorlabs-DCC1545M cameras; a PZT Physik Instrumente P-733.ZCL piezo nanopositioner; a Julabo
F25MC circulator; an ASL 600 DC F600 thermometry bridge; and a Vaisala PTU 3030 barometer.

the fractional excess or the decimal part of these semiwave-
lengths. It is necessary to iterate the results obtained with
several laser wavelengths, because a unique wavelength
does not allow us to calculate the total number of semiwa-
velengths of the assessed GBs. This interferometric process
requires the frequency stabilization of the laser to correct
the theoretical wavelength of the source from vacuum to
air values. Therefore, the refractive index [at temperatures
near 20°C (68°F)] for each wavelength n; of the interferom-
eter is accurately controlled using Eldén’s experimental
equation®™ as

2406147 15998
(n;—1)-108= <8342.54+ )

130—/1;2+38.9—/1;2

P 141078(0.601—0.00972T) P
96095.43 1+0.0036610T

—RH(8.753+0.03658872)

% (0.037345—0.00040 1/1;2), 2)

once the temperature 7, the atmospheric pressure P, and the
relative humidity RH are known. The influence of the CO,
composition is not considered. Ciddor’s experimental equa-
tion'' provides similar results at our working temperature,
and it should give better results for the refractive index of
air than Eq. (2) over a broader range of wavelengths and
under severe environmental conditions of temperature, pres-
sure, and humidity.’

What is more, the fractional excess is measured using the
phase difference of the fringes formed on the GB with
respect to those formed on the RSS! as

[Prss — dcsl;
F, =17 3
J 2 )
This provides the interference fringe pattern that is shifted
in phase by the modulation system, the computer-controlled
PZT, obtaining a series of phase-shifted fringe patterns
expressed as
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Sm (I', ¢» am) = ao(l') +a (I’) COS[¢(I‘) + am]’ )

where a(r) is the average local irradiance value, a, (r) is the
modulation amplitude which is proportional to the visibility,
and a,, is the additional introduced phase shift. This optical
phase ¢(r) is retrieved by using phase shift algorithms'?
(PSAs) as

M

M
¢(r) = arctan [Z NS (T, o 0t)/ Z dpSp (T, 0,) |,

m=1 m=1

&)

where n,, and d,, are the coefficients of the corresponding
PSA. The main error source during this process is given
by the lack of repeatability of the piezoelectric system.

The measurement of a mechanical comparator is com-
bined with the exact fractions calculation method to provide
the final result, which is then completed with corrections
such as heat dilatation, obliquity, or phase shift of different
materials between the GB and the RSS. Uncertainty estima-
tion associated with the determination of the GB’s length
indicate that thermal expansion due to the temperature gra-
dient between the GB and its setting makes a contribution of
more than 63% in the uncertainty evaluation.'? It is therefore
necessary to control the environmental parameters during the
process of measurement. In this way, the GB’s length is
corrected from the measured temperature to the reference
temperature of 20°C, according to its coefficient of linear
thermal expansion, and taking into account possible phase
shifts and obliquity errors.'

3 Interferometric System

The design implemented in this work is essentially a
Twyman-Green interferometer (Fig. 1) at present, with a
double He-Ne laser light source (632.8 and 543.2 nm)
where the GB is illuminated vertically, according to the
standard, and is wrung to the RSS. This surface and the
ROS on the other arm of the interferometer are selected
with good flatness and low wavefront distortion (Zerodur
mirrors with 1/20 of flatness). Since our system provides
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the optical and not the mechanical length, an error related to
the different characteristics of the surfaces must be corrected.
If two wavelengths are used, the length of the GB must be
previously measured better than 1 um. The collimation of the
original beam is obtained with an achromatic doublet with a
focal length of 500 mm, for a 2 in. optic, and with expansion
possibilities. The light reflected from the ROS interferes with
the light reflected from the GB and the RSS where the GB is
wrung. For image acquisition, there is a choice of cameras: a
2M-XLI (CMOS-RGB) or a Thorlabs-DCC1545M (mono-
chrome CMOS). Optomechanical modulation is carried
out by a Physik Instrumente P-733.ZCL piezo nanoposi-
tioner with a displacement range of 100 ym and a nominal
resolution of 0.3 nm. To adjust the fringe pattern (period and
orientation), a fine adjustment is available. The control and
evaluation system is made up of a main program written in C
++, which controls the different modules for positioning,
acquisition, processing, and calculation of the optical
phase (absolute/differential) in quasi-real-time using both
conventional and custom designed PSAs/differential PSAs.
The system also communicates with the atmospheric meas-
uring equipment in order to include its readings in the
calculation process. In the future, the modular design of
the aforementioned program will allow us to insert or change
its different components effortlessly.

There are two good reasons to control the environmental
parameters around the GB and the interferometer. The first
reason is to limit the temperature gradients between the block
and its setting; the second reason is to monitor the air temper-
ature, pressure, and relative humidity levels used to calculate
the air refractive index. This requirement led us to encapsu-
late the measurement system in a thermostatic housing. Its
structure is made up of modular aluminum profiles. Each
wall is heat stabilized and is composed of a copper coil
covered with insulation foam and sitting between two alumi-
num plates. This system was installed in the roof of the hous-
ing and in the four side walls, one of which is removable to
access the inside of the interferometer. The housing is made
up of an aluminum structure suitable for coupling to the

tan[(¢ + dppsa) — @] = tan[dppsa] =

mechanical base of the interferometer, which makes the
assembly stable and secure. The walls are attached to this
tubular aluminum structure by a custom designed system,
and they act as heat exchangers between the copper coil
and the inside the housing. In addition, we have installed
a Julabo F25MC circulator with the nominal specification
for PID controller stability. The required environmental val-
ues are monitored in real-time by a LabView® control pro-
gram through an ASL 600 DC F600 thermometry bridge
(uncertainty is higher than 10 ppm) and a Vaisala
PTU3030 (uncertainties are higher than 0.1°C in tempera-
ture, 1% in relative humidity, and 15 Pa in pressure).
Readings are used for the indirect calculation of the refrac-
tive index of a specific wavelength according to Eq. (2).
Figure 2 shows the evolution of the refractive index calcu-
lated over a period of 24 h. The measurement process was
carried out in an environmentally controlled room at
Laboratorio Oficial de Metroloxia de Galicia (LOMG)
once the optical module was sealed and the additional tem-
perature stabilization was allowed. To validate the imple-
mentation of our own software design, the results were
compared with the reference results published by the
NIST.’ This comparison indicates a RMS deviation of 2.3
e-10, which is less than the ninth decimal of the refractive
index. These values are compatible, bearing in mind that
the uncertainty of the air refractive index and the experimen-
tal results exceed the eighth digit.

The calibration procedure consists of an acquisition of
M + N shifted patterns with known phase increments. A
nominal control shift § is introduced between the first M pat-
terns, Eq. (4), and the d-shifted N patterns (Fig. 3), such that

SM+m (r’¢vaM+m) = aO(r) + ay (l‘) COS[¢(F) + 5PZT + aM+m]'

(©6)

This process is repeated for consecutive increments of
Opzt, and the phase difference between both patterns is recal-
culated, dppsa, in each case with a DPSA®® so that

Z%:] dmsm (l‘, ¢v am) ny\::l NS M4-m (I‘, ¢ + 5PZT7 aM+m) - Elrgzl Ny Sm (l‘, ¢v am) Zln\izl deMer(rv ¢ + 5PZT7 aMer)

Z%zl Ny Sm (I‘, ¢’ am) Z%zl dmsm (I‘, ¢v am) + Z%:] nmsM+m (I‘, ¢ + 6PZT? am) Z%:l dmsM+m (I‘, ¢ + 6PZT? aM+m>

The shift dppgs is affected by the various systematic
and random errors of the DPSAs. A histogram of the
whole field image is obtained for each value with its
average value and its typical deviation. Thus, a calibration
line can be constructed with the values of dpyr and
Oppsa- For example, Fig. 3 shows the line calibration
drawn making use of Schwider-Hariharan'*!> DPSA.
The well-known compensatory capacities of this algorithm
justify the regression coefficient R, one with a nearly
99% significance level. A test statistic for the
F-test on the regression model provides a value of
6,881.666. Therefore, a significant linear regression
relationship between the variables is provided. Finally, the
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p-value for the F-statistic of the linear relationship is
equal to zero.

4 External Cavity Diode Laser Stabilization
Using a Laser Mode Locking Technique

External cavity diode lasers (ECDL) can be used as an alter-
native to He-Ne gas lasers in dimensional metrology. These
lasers take advantage of efficient, low-cost diode lasers and
use frequency selective feedback to achieve narrow line
width and tunability. Typically, the feedback is obtained
through a diffraction grating in the Littrow configuration,
and the narrow line width is achieved by a mode-locking
technique using a reference gas cell, such as what is currently
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Fig. 3 M+ N phase-shifted patterns (a) and an example of the calibration line for § values in the interval [0, z/2] (b).

used in fundamental physics labs to cool atoms using
magneto-optical traps.'*!®

The experimental setup is shown in Fig. 4, and the laser
beam is split in two probe beams and a saturating beam. The
first two beams are shifted in the same direction and are
received by the photodetectors, whereas the third one is
shifted in the opposite direction to cross one of the others.
This third beam, which is much more powerful than the
others, is used to attain the saturation of the cell, avoiding
the laser Doppler effect, which limits the line width to
1 ppm of the desired frequency. Frequency variations of
the laser are turned into amplitude variations on the photo-
detector, due to the selective absorption of the gas cell. This
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Fig. 2 Refractive index calculation stability (a) and real view of the experimental setup (b).
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electronic signal is controlled by the Moglabs DLC-202 elec-
tronics system, which drives a grating assembled on a piezo-
electric actuator. Depending on the intensity differences
detected by the photodetector, the controller can change
the grating angle, which tunes the frequency of the probe
beam. With this procedure, the bandwidth of the laser diodes
can be reduced'! to less than 1 MHz.

The line width is sensitive to the variations of the cavity
length, laser diode temperature and current, feedback and
gratting efficiency, and optical system alignment. Therefore,
to avoid mechanical vibrations and temperature gradients
and to keep the laser resonant cavity at a constant temper-
ature, an encapsulated mechanical system was designed.

Fig. 4 Optical diagram and photography of the experimental setup: ECDL (1), photodetectors (2), iodine cell (3), beam splitters (4), optical isolator

(5), DAQ (6), electronic controller (7).
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This system was temperate and isolated, and it allowed the
grating assembly, the mirror reflector, and the piezoelectric
actuator to be integrated in the same module. This design
reduces the mode spacing of the external cavity, while the
cavity length can be tuned facing the laser mode hop.*>*
The mechanical device depicted in Fig. 5 consists of a red
laser diode at 635 nm (HL6344G) coupled to a collimator
tube (Thorlabs LT230P-B), which incorporates a mounted
aspheric lens (Thorlabs A230TM-A, f =4.51 mm NA =
0.54, 350 to 700 nm). These elements are mounted to a
piece of aluminum connected to a Peltier cell (Global
Componet Sourcing ET-131-10-13-S-RS, 36W 4A), and
the temperature is measured by a temperature sensor
(Texas Instruments AD592). In addition, there is a piece
of stainless steel supporting the grating (Thorlabs
GR25-1850, 18, 00 1/mm), the mirror, and two piezoelectric
actuators. This mirror is parallel to the diffraction grating and
produces a fixed output beam regardless of the changes in the
cavity length and grating angle.”” The two different
piezoelectric actuators, a stack (Noliac CMAP(04) and a
disc (Steminc SMD20TO08F2500R), are responsible for
changing the cavity length and seeking a better frequency
response function in the control feedback. Moreover, three
high-precision adjustment screws (Newport AJS100) are
used to align the grating with the laser diode to achieve a
fine alignment of the first diffraction order. Finally, the
whole ECDL system is mounted to a thick invar 36 plate
to provide inertial and thermal damping, and it is isolated
from the environment through an aluminum box.

Furthermore, to assure good stability in the reference
frequency given by the iodine cell, temperature stabilizing
was performed on it. A thermal conditioning system was
developed based on four Peltier cells (Melchor CP1.4-
127-045-RTV), two SuperCool PR-59 controllers, and two
fans (Coisar H80 and Fisher SK100-75-SA), as depicted
in Fig. 6. To guarantee the accuracy of this thermal stabili-
zation system, the NTC temperature sensors of the PID
controllers (SuperCool PR-59) were calibrated by LOMG
with deviations and uncertainties lower than 0.1°C. This
system allows the cell to be stabilized with better parameters
than the required specifications of 25.0 + 5°C for the cell and
15.0 % 0.2°C for the cold finger,'*? as shown in Fig. 7, over
a period of 6 h.

This ECDL experimental setup was tested on the laser
fluorescence phenomenon (as shown in Fig. 6), which is trig-
gered by de-excitation of the iodine after having been excited

by the laser at its absorption line. Figure 8 presents several
absorption lines around 632.9 nm [R(127) 11-5 al6 transi-
tion],'>* detected by the photodetector when a triangular
voltage sweep of the cavity was made by the stack piezoelec-
tric. For this sweep, an interval between two peaks is
shown in these figures to assess the quality of the system.
Figure 8(b) shows the laser mode hops, which disguise
the absorption lines, using the previous ECDL version with-
out the mechanical system. However, Fig. 8(c) depicts the
absorption lines achieved with the ECDL presented in this
work. The downward dashed arrows mark two iodine tran-
sitions, labelled as a,,, because it was not possible to measure
the absorption lines, since low-resolution equipment does
not allow the spectral lines to be evaluated with the required
precision. However, this equipment can measure the line
width of the absorption lines, whereas the laser is stabilized.
Also, Fig. 8(d) shows the error in the frequency measured
during a mode-locking frequency technique using Fourier
transform analysis. The diode frequency remained stable
for a period of 5 h with a line width of 0.2 ppm. There-
fore, this technique is suitable for adapting laser diodes as
a reference frequency in metrological applications. The
next step will enhance the stability of the ECDL, adjust the
cavity parameters to avoid doing new alignments when a
diode is changed, and measure the wavelength of the laser
to know the accurate iodine transition fixed by the laser.

Power supply s PID
—@ | Peltier cells

Aluminium piece

PID |
Power supply %
T —
— N | L L
e Peltier cells ‘

| ] Heatsink ==

lodine cell

Aluminium piece

Fig. 5 Mechanical system of the external cavity diode laser (ECDL): Invar plate (1), grating (2), laser diode (3), PZT disc (4), mirror (5), PZT stack

(6), temperature sensor (7).
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Fig. 8 (a) Triangular voltage sweep of the resonant cavity, (b) mode hops of the previous ECDL setup, (c) iodine absorption lines detected by the
ECDL presented in this work and marked by the downward dashed arrows, and (d) frequency spectrum of the stabilized laser diode.

5 Summary and Conclusions

This work shows several aspects of the process of designing,
constructing, and calibrating of a new multiple-wavelength
Twyman-Green interferometer for the calibration of GBs.
This interferometer has a custom developed automatic evalu-
ation system based on optomechanical modulation, and the
refractive index of the air was calculated using Edlén’s equa-
tion to obtain the final length value. The main features of the
interferometer are described, including the phase-shifting
and image acquisition system. A procedure for the calibra-
tion is developed, and the experiments are carried out to sta-
bilize a diode laser as a light source. We are planning to
design a complete control loop that involves hardware and
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software developments to achieve the maximum perfor-
mance of the stabilization process using low-cost compo-
nents. The aim is to attain an automated GB dimensional
measurement system employing robust and cheap laser
diodes as light sources. The results obtained by calculating
the refractive index of air and the optomechanical modulator
show a high level of theoretical-experimental correlation.
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