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The paper presents some results of the optical interferometry investigations based on the noise spectral inter-
ferometry method with use of low-coherent optical sources beyond their coherence zone. It is shown that
when the path difference of arms in Michelson interferometer exceeds the coherence length of light-emitting
diode radiation, the interference pattern in spectral domain enables to perform absolute measurements of
micro- and nanodistances due to its dependence on both time delay and relative phase of the signals.
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INTRODUCTION

Interferometry based on application of lasers with
highly stabilized frequency provides precise measure-
ments of linear shifts within the range of few millim-
eters up to tens of meters. Real application of existing
laser interferometers for nano-scale measurements,
i.e. for the scale much smaller of the laser wavelength,
suffers of insufficient short-term stability of the la-
ser frequency. The latter does not allow carrying out
interferometric measurements of micro and nano dis-
tances. Which considerably limits applications of la-
ser interferometers for nano distances measurements.

Therefore the search of alternative methods for
optical interferometry methods has resulted at the end
of the last century in development of optical cohe-
rence tomography (OCT) [1]. OCT performs cross-
sectional imaging by measuring the magnitude and
echo time delay of backscattered light [1]. OCT has
found applications in such areas of medicine as oph-
thalmology, stomatology, dermatology, cardiology,
etc. OCT is used in an industry for studying of materi-
al surface characteristics, surface roughness and other
applications. In particular, in the paper production
industry it is used for paper quality inspection.

The spectral interferometry method are re-
searched and developed in radio-frequency region
at Laboratory for Nonlinear Dynamics of Electronic
Systems (LNDES) of Usikov Institute for Radiophys-
ics & Electronics, NASU (Kharkov, Ukraine) long
time [2-5]. Now, LNDS, Kharkov National Univer-
sity of Radio and Electronics (KHNURE, Kharkov,
Ukraine) and Laser Laboratory of Synchrotron (Tri-
este, Italy) in common begin investigations of the
spectral interferometry in an optical band for a nano-
metrology [6, 7].

In the papers, theoretical and experimental re-
sults on further elaborations of the noise spectral
interferometry method for the micro-distances meas-
urements are presented. In particular it has been
found, which kind of optical sources can be used for
such measurements, and which limit of measurement
accuracy has been achieved.
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1. THEORETICAL BASICS OF SPECTRAL
INTERFEROMETRY METHOD

The method of noise spectral interferometry (or
a method of double spectral processing) is based on
a linear interference of spectral components of the
noise probing and reflected signals [2-7] provided
the distance to probing object exceeds the coherence
length of the radiated signal:

c
=27 ()

where Af is the width of the frequency spectrum of
the noise probing signal, ¢ is the speed of light in
vacuum.

The method can be realized with the help of a
classical Michelson interferometer.

In case of a single reflector, the power spectrum,
F.(f), ofthe signal at the interferometer output (at the
photodetector input) may be represented as follows:

F,(f,7)=2F(f){1+cos(2nft, +0)}, 2)
where 0 is the phase difference between reference
and reflected signals, fis current time, 7, is time of
propagation of the signal up to the reflector and back,
f—the frequency of harmonic spectral components of
the broadband spectrum of optical radiation.

The analysis [3] of the power spectrum, F5(f),
of the total (probing and reflected) signal allows to
obtain the information about the distance to the re-
flector placed at the range L, .

The powerspectrum (2) is valid for infinite number
of averaging, which is not achievable in practice. That
is why we will suppose that in the measurements we
are dealing with ergodic random signals, and averaging
over ensemble of realizations may be substituted with
averaging over time. The average interval is to be long
enough to minimize scattering in the power spectrum
estimation due to random nature of the probing signal.
A large enough time-bandwidth product Af T, >>1
normally be used as criterion for choosing of an ap-
propriate measurement/integration time 7,,,, .

It is seen that power spectrum (2) contains peri-
odic alternations of maxima and minima along the
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frequency (wavelength) axis, which are (as it is shown
in [3]) the results of constructive, distractive and in-
termediate interferences of harmonic spectral com-
ponents of the stationary signals being summed in the
output arm of the interferometer. The period of these
alternationsisinversely proportional to the time-delay
1, of the reflected signal with respect to the reference
one which enables estimating the reflector distance.
For this purpose the difference Af,, of frequencies f,
and f, is to be measured, corresponding to positions
of two neighboring extrema (maximum or minimum)
in the power spectrum (2) and the distance are tied via
the following formula [2-7]:

Cc C
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2. EXPERIMENTAL SETUP

For realization of the noise spectral interferomet-
ry method for nanodistance measurement an experi-
mental setup of the optical Michelson interferometer
(hereinafter - the interferometer) was assembled. The
block diagram of the setup is showed in fig. 1.
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Fig. 1. Block diagram of the experimental setup.

The Michelson interferometer. 1 — the source of random
optical radiation (Toshiba TLRH190P LED); 2 — mirror,
4, 7 — Ag mirrors (Metal Mirror Ag: Er2, Newport);

3 — beam-splitting plate 50/50 (10RQO0UB.2, Newport);
5 — translation stage (F1-055/721299 Magini and C firms
with micrometric screw TESA with 2 um grating period);
6 — spectrum analyzer (on the basis of “M266 Solar Laser
Systems” monochromator/spectrograph,
made in Byelorussia)

The period of alternation of the spectrum ex-
trema increases, when reducing the measured dis-
tance, therefore it is required to use not only wideband
sources of radiation, but also wideband optical spec-
trum analyzers. “M266 Solar Laser Systems” mono-
chromator/spectrograph (Byelorussia) has been used
as the spectrum analyzer. It has a diffraction grating
of 1200 lines/mm and a photodiode array with 2048
channels. Average value of a spectrum resolution of
the M266 is less than 0.22 nm.
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Investigation of the spatial interference has been
carried out with the aim of estimation of the cohe-
rence length. Interference fringes in cross-section of
a beam are visible within the limits of the coherence
length of the radiation source. Hence, we can find the
coherence length of the source if we determine visi-
bility of the interference fringes.

3. OPTICAL NOISE SIGNALS SOURCES

Several methods may be applied to obtain band
limited noise optical signals with various size of a spec-
trum width [6, 7]. One of them is noise modulation of
the optical signal generated in a single-frequency and
a single mode He-Ne laser using an acousto-optic
modulator. At all advantages of this method it is very
expensive. Other method is to use a single-mode radi-
ation of semiconductor lasers. Semiconductor lasers
being based on usual technology, work with a Lorentz
radiation line-width up to 200 MHz. This width de-
pends on a working current of the semiconductor la-
ser, therefore it is possible to provide its increase or
small reduction depending on the selected operating
mode of the semiconductor laser.

Another perspective source of random optical
radiation which can be used in optical noise radar or
OCT is a femtosecond laser (PL) which works in a
mode of generation of white light (supercontinuum)
[8, 9]. PL have an extremely wide range of light (hun-
dreds of nanometers) in the infrared region with cen-
tral wavelengths of 800 nm, 1000 nm, 1300 nm. These
wavelengths semiconductor PL emit, for example,
Ti:Al203, Nd:Glass or Yb fiber, and Cr:Forsterite
lasers. Axial image resolution in OCT systems based
on these lasers reaches 4.1 microns. The main disad-
vantage of the PL is their relatively high cost, which
imposes a limit on the scope of their application.

In the literature on measurements of nano-dis-
tances researches in which were used low-coherence
radiation sources with a wide spectrum width were
already described [10, 11]. Due to this feature of
the used optical radiation sources, the given area of
measurements refers to as a low-coherence interfer-
ometry or a white-light spectral interferometry.

In industrially released measuring devices (mic-
roscopes, profilometers, etc.) and in researches de-
scribed in a scientific literature, as the sources of
optical radiation so-called superluminescent diodes,
various kinds of lamps (tungsten- and quartz lamps)
are usually used [12, 13]. But the lamps have low
power spectral density.

The most frequently used radiation sources for
the spectral interferometry, for example, for the OCT,
are superluminescent diodes due to their high spec-
tral power and relatively low cost. Superluminescent
diode (SLD) is a light-emitting diode operating in a
superluminescence mode. The SLD has characteris-
tics which is necessary to implement OCT inherent in
LEDs and lasers. The SLD is similar to semiconduc-
tor lasers which amplifies spontaneous emission pn-
junction. But, unlike a laser, SLD has no reflecting
mirror surfaces, ie, there is no cavity. So, resulting
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radiation output of SLD is not monochromatic like
a laser radiation and contains all wavelengths in the
band of gain. Thus, it has a wide band, like LEDs,
which is necessary for the implementation of OCT.

Positive qualities of the SLD are high power radi-
ation (tens of milliwatts), like lasers and broad spec-
tral band, like LEDs, tens of nanometers. For greater
tissue penetration now SLD with a wavelength of
1300 nm are used, which can reach an axial resolution
of 10 microns. For OCT applications SLD with great-
er spectral width are required. Therefore the rapid
development of technology has led to the emergence
of a composite SLD. Spectral width of the source ex-
ceeds the 150 nm and, therefore, it has a better axial
resolution (5.3 microns).

The most cost-effective source of noise optical ra-
diation, which could provide distances measurements
from one micron and less, is an ordinary light-emitting
diode (LED), the spectrum width of which exceeds
that of a semiconductor laser. It allows expanding the
range of measured distances towards its reduction.

In the present paper we suggest to use the LEDs
which are released serially for indication and illumi-
nation needs, namely Toshiba TLRH190P InGaAIP
LED and OSHR5111P LED from OptoSupply.

The researched Toshiba TLRH190P LED has the
following characteristics: a central wavelength of the
LED radiation is 645 nm with spectrum width at half'is
about 15 nm; Radiation level from the LED output di-
verges within the 40 angle only. Due to these properties,
radiation of the LED has been used in interferometer
without additional collimation and beam focusing.

The manufacturer positions the given type of
LEDs as «LED Lamp» by virtue of high brightness
of radiation which is 19 c¢d. The example of spectral
characteristic of TLRH190P LED radiation is shown
in fig. 2.

Frequency, THz
484 476 469 462 455 448 441 435

500 492
74—

Relative intensity of radiation

0 —— = :
600 610 620 630 640 650 660 670 680 690
Wavelength, nm

Fig. 2. Radiation Spectrum
of the Toshiba TLRH190P LED

Also second type of LED named OSHR5111P
from OptoSupply Company was investigated. Light
intensity of the OSHRS5111P LED is 50 cd, a radia-
tion wavelength under LED manual is 625 nm (at an
experimental sample it is about 637 nm), a divergence
angle at 3dB level of the maximal radiation intensity is
15 degrees; a width of a spectrum is about 20 nm. The
example of spectral characteristic of the OSHRS5111P
LED radiation is shown in fig. 3.

168

Frequency, THz
S509 500 492 484 476 469 462 455

Relative intensity of radiation

[

| | | | |
590 600 610 620 630 640 650
Wavelength, nm

Fig. 3. Radiation Spectrum of the OptoSupply
OSHRS5111P LED

4. THE MEASUREMENT METHOD
AND MEASUREMENTS RESULTS

After the interferometer has been checked up in
conditions of the spatial interference in the coherence
zone of radiation, its tuning has been done. Then the
difference of the interferometer arms hasbeen increased
more than the coherence length. After that the spatial
fringes vanished and a periodical structure appeared in
the spectral area, i.e. in the noise radiation spectrum
which has been registered at the interferometer output,
the spectral interference was observed which is well de-
scribed by the equation (2). If the mounted difference
of the interferometer arms is more than the coherence
length of the LED noise radiation the periodic structure
has been observed in the registered radiation spectrum.
The radiation spectrum at the interferometer output for
the case of the arms difference exceeds the LED cohe-
rence length is shown in fig. 4a. Fig. 4b shows result
of Fourier analysis of the Toshiba TLRH190P LED
spectrum that is shown in fig. 4a [7].

Fig. 5 shows the radiation spectrograms and
the result of Fourier analysis of the OptoSupply
OSHRS5111P LED.

Estimated value of a spectral fringes contrast is
0.27 for the Toshiba TLRH190P LED and 0.45 for
the OptoSupply OSHR5111P LED. For example, the
spectral fringes contrast of the superluminescent di-
ode used in the work [11] and shown in Fig. 6 equal
0.6. So it has similar value with the researched LEDs.

The considered spectra have a similar periodic
channels structure with a good contrast of spectral
fringes (lines). Due to this Fourier-processing of the
spectra in these cases enables to determine unequivo-
cally a time delay of signals between interferometer
arms and hence the difference of interferometer arms
lengths, i.e. allows to determine distances.

Fig. 7 shows the dependencies of the time delay
between the signals, which are distributed in the arms
of the interferometer (signals of the interferometer
arms) based Toshiba TLRH190P LED (that is pro-
portional to the measured distance), on the position
of the measure arm mirror of the interferometer near
the coherence zone [7].

Scanning began outside of the coherence zone,
passed through the coherence zone (the interferom-
eter arms are equal), and came to an end behind the
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Fig. 4. a — Power spectrum of noise optical radiation of the Toshiba TLRH190P LED at the output
of the Michelson interferometer: the arms difference exceeds the coherence length of the LED noise radiation;
b — the result of the second Fourier transform being applied to the spectrogram of fig. 4a
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Fig. 5. a — Power spectrum of noise optical radiation of the OptoSupply OSHRS5111P LED at the output
of the Michelson interferometer: the arms difference exceeds the coherence length of the LED noise radiation;
b — the result of the second Fourier transform being applied to the spectrogram of fig.5a.
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Fig. 6. SLD characteristics: @ — the output channelled spectrum from the SLD based optical-fiber Fabry-Perot
interferometer [11]; b — the autocorrelation function of the spectrum in Fig. 6a.
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coherence zone. As a result it is possible to observe
behavior of the radiation spectrum from the output of
the interferometer on borders of the coherence zone.

The interferometer arms difference was changed
with a step 1 um. On the abscissa axis of the diagrams
of fig. 7 and 8, position of the mirror of the measuring
interferometer arms at begin of scanning was accepted
as zero value for simplicity of perception.
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Fig. 7. The experimental dependencies the time delay
between the signals of the Toshiba TLRH190P LED based
interferometer arms on the position of the measure arm
mirror of the interferometer near the coherence zone.

At position of the measuring interferometer arm
mirror 4 (fig. 2) in a range ~35-69 um (fig. 7) the perio-
dicity ofthe structure of the LED spectrum is practically
not observed, i.e. the spectral interference in the given
area is absent. The given range is ~34 um, i.e. about
*17 um from a point of interferometer arms equality.
Meanwhile, as it has been told earlier, the experimen-
tal researches of the spatial interference have shown
that the radiation coherence length from the output of
the interferometer is ~16-18 um. Thus, it is possible to
draw a conclusion that the spectral interference effect
begins to be shown abroad the coherence zones i.e. on
the distance exceeding the coherence length.

The relative error of the measurement presented
in fig. 7, corresponding to the maximal absolute error
at confidence probability 0.95is 1.5-3 %.

The result of the measurements for the interfe-
rometer arms difference within the range more than 1
mm is shown in fig. 8. The interferometer arms diffe-
rence was changed with step 10 um. The top border of
a distance range was limited to resolution of the mea-
suring equipment, i.e. the Solar M266 monochroma-
tor/spectrograph. Fig. 8 presents the experimental
dependence of inversely of the period of the radiation
spectrum non-uniformity of the Toshiba TLRH190P
LED on the interferometer arms difference in ranges
more than 1 mm [7].

The diagram in fig. 8 shows linear dependence of
the period in the radiation spectrum pattern on the inter-
ferometer arms difference. Thus, knowing the period of
the spectrum pattern of the LED, we can determine the
interferometer arms difference, i.e. in case of use of the
given circuit in a distancemeter, we can determine the
distance up to the object the above accuracy.
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The relative error of the measurement presented
in fig. 8 is about 0.5% for the maximal absolute error
at the 0.95 confidence probability.
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Fig. 8. The experimental dependencies the time delay
between the signals of the Toshiba TLRH190P LED based
interferometer arms on the position of the measure arm
mirror of the interferometer.

Atchange ofthe interferometer armsdifference by
I um (minimally possible step for the used mecha-
nics) the period of the spectrum structure changes on
the average by 2.5 nm. The spectrum analyzer has its
0.22 nm wavelength resolution, which gives a distance
resolution of the measuring setup under consideration
to be not less than 100 nm.

CONCLUSIONS

The paper describes the theoretical model of the
noise spectral interferometry in an optical band. As
the result of experimental test of the method of opti-
cal spectral interferometry the possibility of periodic
modulation of the radiation spectrum of the Toshiba
TLRH190P LED and OptoSupply OSHRS5111P LED
have been shown. This is shown possibility of use of the
low-cost industrial-produced low-coherent optical
radiation sources for measure the micro- and nano-
distances using the method of spectral interferometry.
The authors suggest and see the perspectives of using
such LEDs in OCT devices, as they are much cheaper
superluminescent diodes commonly used in the OCT.
This will reduce the cost of devices based on them.

It was investigated the capability of the applica-
tion of the noise spectral interferometry for the micro-
and nanodistances measurements. Minimum mea-
suring distance is the coherence length of the radia-
tion source. This is due to the fact that the periodic-
ity of structure spectrum is appeared at the distance
exceeding the coherence length [7]. So, the minimum
measured distance can be down to tens of micro-
meters or less. For Toshiba TLRH190P LED mini-
mum measured distance determined by its coherence
length and is equal ~18 um [7]. The value of the maxi-
mal measured distance is mainly determined by the
resolution of measurement equipment.

The work has been carried out within the frame-
works of Sandwich Training Educational Programme
(STEP) of The Abdus Salam International Centre for
Theoretical Physics (ICTP, Trieste, Italy) at Laser
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laboratory of Sinhrotron (Elettra, Trieste, Italy) and
Laboratory of Nonlinear Dynamics of Electron sys-
tems (LNDES) IPE NASU, Kharkov, Ukraine. It
has been also supported by the STCU Project 3377.
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N3mepeHne HAHO-PACCTOSIHMI C HCIOJIb30BAHHEM
CMEKTPAIbHON WMHTep(dEepOMETPMH HA OCHOBE CBETOIMO-
noB / KA. Jlykun, M.b. lanaunos, FO.I1. MavexuH,
O.H. Tarbsinko // TlpukiaaHasi paavodJeKTPOHUKA. —
2013. —Tom 12. — Ne 1. — C. 166—171.

B paGoTte mpencTaBieHBI pe3yabTaThl UCCIIEIOBAHUIA
OINTUYECKOM MHTepdEepOMETPUM Ha OCHOBE HU3KOKOIe-
PEHTHBIX MCTOYHUKOB U3JIYy4eHUS] BHE 30HBI KOI'€PEHT-
Hoctu. [TokazaHo, UTO KOrua pa3HOCTb IJied MHTepdepo-
MeTpa MalikeJbcoOHa TMpeBhIIIaeT JIMHY KOTePEHTHOCTU
MU3JIYYEHUS] CBETOAMOMAA, SIBJICHUE CIIEKTPAIbHONW MHTEp-
depeHLIMA 00ecIieunBaeT aOCOIIOTHBIE M3MEPEHUST MU-
KpPO- M HAHO-PACCTOSIHUI B COOTBETCTBUM CO BPEMEHEM
3aIep>KKNU U OTHOCUTEIbHOM (Pa30oii MeXIY OMOPHBIM U
30HAUPYIOLINM CUTHAJIAMMU.

Kawueswie crosa: MeTol CIIeKTPaJIbHOM MHTEpGhEpPO-
METpUM, TOMOrpadusi ONTUYECKON KOTEPEeHTHOCTU, WH-
TepdepomeTp MaiikeabCcoHa, CBETOAUOI, IIIyMOBOI OITH-
YECKUI CUTHAJI.

Wn. 08. bubmmorp.: 13 HanMmeH.

YIK 681.785.57

BumMmipioBaHHsT HaHO-BicTaHeii 3 BHKOPHCTAHHSAM
cneKTpaibHOi iHTepdepomeTpii Ha OCHOBI cBiTJI0nIOAIB /
K.O. Jlykin, M.b. lanainos, IO0.I1. Mauexin, I.M. Ta-
ThsiHKO // [lpuxknanHa panpioenekTpoHika. — 2013. —
Tom 12. — Ne 1. — C. 166—171.

Y po6oTi HaBeneHO pe3yJbTaTH JOCIIIKEHb OITHY-
HOi iHTepdepoMeTpii Ha OCHOBI HM3bKO-KOT€PEHTHMX
JIKEpeJsT BUIPOMiHIOBAHHSI 11032 MeXaMU 30HU KOTEPEHT-
HocrTi. [TokazaHo, 1110 KOJIU pi3HUILLA ILIiY iHTepdepomeTpa
MaiikenbcoHa TIEPEBUIIYE JOBXUHY KOT€PEHTHOCTI BU-
MIPOMIHIOBaHHS CBIiTJIOAIONA, SIBUILIE CIIEKTPaJbHOI iHTEpP-
depeHlIii 3a0e3reuye aOCOMIOTHI BUMipIOBAaHHS MiKpo- Ta
HaHO-BiICTaHEe! 3rimHO 3 YaCOM 3aTPUMKU Ta BiTHOCHOIO
$a3010 MixKX OITOPHUM Ta 30HAYIOUMM CUTHAJIaMH.

Knrouoei cnoséa: MeTo1 CIEKTPaJIbHOI iHTEpdepoMeTpii,
TomMorpadisi ONTUYHOI KOTEPEeHTHOCTI, iHTepdepoMeTp
MaiikenbcoHa, CBITJI0Ii0A, IIIyMOBUM ONITUYHUIA CUTHAT.

1. 08. Bi6maiorp.: 13 Haiim.
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