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The aim of the work is development of medical optical tomo-
graphy technologies. The physical principles, tasks, and bounda-
ry possibilities of the optical tomography systems are considered.
The autors propose to use the femtosecond lasers, operating in the
«optical comb» mode, as a lught source in optical tomography sys-
tem. The advantages of this source uses were analyzed and reso-
lution power of femtosecond optical tomographs was calculated

Cmammio npuceayeHo po38uUmMKy mexHosnoziti onmu4Hoi' mo-
Mozpagpii MeouYHo20 Npu3Ha4eHHs. Po32aHymo (i3uyHi npuH-
yunu, 3a80aHHA Ma 2PAHUYHI MOXIUBOCMI ONMUYHUX cUCmeM
momozpacii. HagedeHo HANPAMKU Ma WAxXU po3sumky onmuy-
Hoi' momozpacii. 3anponoHOBAHO BUKOPUCMAHHA heMmoceKyHO-
HUX /1a3epie, Wo npayiooms y pexxumi «onmuyHoi epebiHKu» aK
Oxepena 8UNPOMIHIOBAHHA 8 CUMCEMAxX oNMUYHOI momozpadii.

in the artical. [lpoaHanizogaHo nepesazu BUKOPUCMAHHA UYuX Oxepen ma eu-
KOHAHO pO3paxyHKu po30inbHoi 30amHocmi (heMmocekyHOHUX

onmuyHux momozpacgie.
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INTRODUCTION

omography is a widely used in medicine method for step by step imagination of the
Tobject internal structure. There are irradiation (X-ray, ultrasound computer X-ray,
radionuclide methods) and unirradiation tomography methods (ultrasound and mag-
netic resonance methods).

The irradiation methods have a high spatial resolution and give the accurate struc-
tural information. But, for example, X-ray tomography doesn’t allow the classification
of tumors and isn’t used for patients younger than 30 years old. The magnetic resonance
method can determine the chemical composition of the tissue, but it doesn’t detect such
important element as oxygen. Positron emission tomography has a low spatial resolution
but it’s very expensive and can produce a false result when a patient has diabetes. The
development of optical tomography (or optical coherence tomography) methods (0T)
can be a solution for these and anouther similar problems [1].

The OT method is the process of optical illumination of biological object and cal-
culation of radiation reflection degree as a function of scanned medium layer depth.
The main feature of OT is an ability to study the objects and mediums when the
depth of optical radiation propagation is the several millimeters and a significant part
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of radiation is diffuse scattered and absorbed. The ad-
vantages of OT are based on the short wavelength and
coherence of radiation.

Visible and near-infrared (IR) light with low level
of radiation density is safe for biological tissuses and
A human body is well adapted to this type of radia-
tion. Light of this range penetrates well into biological
tissue and, when it interactes with various structural
and dynamic components, carries information about
structural and dynamic changes which are the results
of illness. Such processes as the diffusion, diffraction,
interference, fluorescence, spring quasi-molecular and
molecular dissipation are spoken in a biological mid-
dleware and are the sourses of information about
pathological processes.

0T is used in dermatology, ophthalmology, cardio-
logy, dentistry and other fields of medicine. OT method
is most effective in ophthalmology because of optical
transparency of the retina and visual organ media [2].
For three-dimensional imaginatination of eye it is done
the scanning in the longitudinal and transverse direc-
tions. Modern OT allows to do more than 25 000 li-
near scans per one second. The 0T methods resolution
in axial length reache 3-8 microns, and in the trans-
verse length — about 10-15 microns, which is much
higher than the possibilities of ultrasonic methods.
OT allows to determine and evaluate the morphologi-
cal changes of the retina and nerve fiber layer and
the thickness of these structures, parameters of the
optic disc, anatomical structures of the anterior seg-
ment of eye and their spatial relationship.

The development of OT systems is going along the
several waes. The first way is a researching the new
sources, especially with a wide radiation spectrum,
which have a small coherence length and can increase
the resolution. The second direction is development
of high-sensitivity and high-speed systems. They de-
velop the OT systems that can in real-time observe
and analys three-dimension objects and inhomoge-
neous mediumes that change their state.

The aim of the article is researching the pos-
sibilities of using the femtosecond lasers in optical
tomography.

1. PRINCIPLES AND CHARACTERISTICS OF OT

The main part of the OT systems is the low-co-
herence Michelson interferometer with a wide-spec-
trum radiation source (Fig. 1). In the interferometer
radiation is divided into a measuring wave that illu-
minates the object, and a reference wave, the optical
path length of which can change with the controlled
movement of the interferometer mirror.
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Fig. 1. Michelson interferometer scheme
Puc. 1. Cxema iHmepgepomempa manoi kozepeHmHocmi

Object

Detector

The low-coherence interference bands are ob-
served when the optical path lengths of the measu-
ring and reference waves are equal within the cohe-
rence length. Position of interferometer mirror, which
achieves the maximum of bandwidth visible, charac-
terizes the distance to the reflecting surface or the
boundary of inner reflecting layer of medium. In this
case there is only one perspective of probing the ob-
ject in the depth with determination of distance to the
reflecting layer. For formation and processing of low-
coherence interferometric signals, different methods
are used, especially methods of interference modula-
tion, phase shift, and optical nonlinearity.

Another approach to layer-based sensing in the
one perspective is based on the use of spectral inter-
ferometry methods. A spectral device is placed at the
output of the low-coherence interferometer (Fig. 1).
This device emits a narrow spectral interval for each
wavelength value, which is determined by the reso-
lution of spectroscope and recording system. In this
case, the selection of the layers reflection in depth
is reduced to the frequency selection of periodic spec-
trum components.

With a non-zero fixed optical path difference of the
measuring and reference waves, the intensity output
light depends on the wavelength value, that is, on the
number of wavelengths within that difference. As the
wavelength changes within the spectral range of radia-
tion, bands of equal chromatic order (groove spectrum)
are observed, the frequency of which is proportional
to the optical path difference. In the case of inhomo-
geneous medium volume reflection the groove spectra
for the medium are summed up and the resulting spec-
trum contains information about the medium inhomo-
geneity or about the distribution of radiation reflection
degree by the depth. The advantage of spectral inter-
ferometry technique is that there is no need to move
the reference reflector of the interferometer. Example
of tomographic researching results is given at Fig. 2.



2'2020 - METPOJIOT IS TA [IPUJIAAN « ISSN 2307-2180

HAHOMETPOJIOTIA

Fig. 2. Linear scan of the retina macular area
Puc. 2. JiHitliHutl ckaH maxyaapHoi obaacmi CimKigKu
8 HOpMI

One of the main characteristics of OT is the resolu-
tion, that differs significantly in different directions:
axial (longitudinal) and lateral, (transverse). In the
longitudinal direction, or in the optical axis direction,
the resolution &z is limited by the length of time co-
herence |:

=25 /A, (1)
where: A, is a central wavelength, A)\ is a radiation
line width.

In the transverse direction the resolution ox is de-
termined by a focused beam waist diameter (Fig. 3) [1].

The selection of reflected radiation along the depth
is provided by limiting of the probe radiation coherent
properties. Only radiation that comes from the region
of space bounded in the longitudinal direction by the
temporal coherence length I (1) can interfere with the
reference wave and can be detected. Optical inhomo-
geneities with sizes smaller than the temporal cohe-
rence length |, can't be recognized by OT.

The focused beam waist has finite size, which de-
pend on the light wave properties — the central wave-
length 2, and focusing MO numerical aperture:

NA=n-sinB,
where n is a refractive index of medium.

Knowing 2, and A2, it is possible to estimate the
length of focused beam waist or theoretical limit
of the longitudinal resolution:

dz=1,/2. (3)

This value determines the allowable depth of scan-
ning, like a depth of field in microscopy or photography.

The focused beam waist diameter, which deter-
mines the theoretical resolution limit in the transverse
direction, can be estimated by the formula:

SE~ 0,61(%0/NA). (4)

Using the formulas (1)—(4) we can estimate the
resolution parameters of the typical OT systems. For
systems with 2, = 850 nm, AL = 50 nm, NA = 0,1.
OE~ 5,18 pm, 6z ~ 15 pm. These results show that the
resolution along the depth and along the transverse
direction is significantly different. The equation (3)

(2)

Fig. 3. Parameters defining the spatial resolution,
where MO is a micro lens
Puc. 3. Ilapamempu, wo susHauaiomb npocmoposy P3,
O0e MO — mikpoo6’exmus

shows that practically the only way to increase the
longitudinal resolution is to increase AA, that is, to ex-
tend the source radiation spectrum.

Therefore, the development of a OT new genera-
tion should be done by increasing the axial resolution
by widening the radiation spectral line.

2. BASIS OF FEMTOSECOND OPTICAL TOMOGRAPHY
Femtosecond laser (FSL) is a laser that radiate the
femtosecond duration optical pulses (1 fs = 10% s)
It is a tape of the fiber ultra-speed and ultra-short
pulse lasers [3]. FSL can generate such a laser
mode as an optical comb (or supercontinuum) (0C).
0C is a special type of electromagnetic synchronization
in the optical range the frequency spectrum of which
loks lake a set of equidistant values with discret value
equals f,,, (Fig. 3) [4].
The frequency v,, which corresponds to the
0C peak with number m, is determined by the relation:
Vo = Jrgp M+ Voo (5)
With the help of OC they solve a group of metro-
logical and spectroscopic problems such as measuring
of intervals between two optical frequencies or va-
lues of frequency in the ranges in which otherwise

Vm

I(v)

VCEO
Fig. 3. Spectral characteristics (0C) of femtosecond
Ti-Sa laser with passive mode synchronization, where: 1(v) is
the radiation intensity, v, 1s the offset of the peak with
the number m =1 of the «ideal» frequency grid, AX is the
frequency of beat signal between V,,, and 2v,, signals
Puc. 3. CnexmpanbHi xapakmepucmuku ¢emmoceKyHOH020
Ti-Sa nasepa 3 nacugHow CuHxpoHizayier mod, de: I(V) —
[HMEeHCUBHICMb BUNPOMIHIOBAHHA, Viy, — 3MIWEHHA NIKY
3 Homepom M = 1 «ideanbHoi» yacmomHoi cimku, AX —
yacmoma cueHany 6umms MK CueHanoM V2M ma 2vm
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it is difficult to measure them. OC are used in the pre-
cision clocks, satellite positioning systems, high reso-
lution laser spectroscopy, for generating of low-noise
electromagnetic radiation and analyzing the cold
atoms or ions state, and more. [3].

FSL is an effective research tool in biomedicine
that is used, for example, for study of suture processes
or diagnosis of bio-objects with submicron resolution.
FSLs are used as the radiation sources for influencing
at the live objects (tissues, cells, cellular organelles)
with aim to change theirs structures or functions not
only in basic research but also in clinical practice.
FSL has been successfully used in ophthalmology for
the treatment of cataract and cornea (femto-LASIK
method).

Today we propose to use FSL and OC in the OT sys-
tems (Fig. 1). First this will allow us to select the scan-
ning frequency v, (5) depending on the test substance
transparency in the OC frequency range. Secondly, the
0C broad band radiation AL will increase the OT reso-
lution values (3), (4). Third, the femtosecond interval
of pulse effects on live cells does not cause the latter
to significantly heat.

Consider some FSLs and their radiation charac-
teristics and consider the characteristics of OTs de-
veloped on these lasers basis. When using fem-
tosecond Cr: Forsterite laser with 2, = 1250 nm,
AL = 125 nm, pulse duration t = 5,4 fs longitudinal
resolution of OT 6z ~ 6,2 pm. When using Ti: Al,0; FSL

based on photonic crystall fiber with A, = 1050 nm,
AL = 550 nm OT has an axial resolution 6z = 1 pm.
When using Ti: Al,0; FSL with characteristics:
Ao= 800 nm, AA = 350 nm, pulse duration t = 5,4 fs the
0T resolution 6z ~ 0,91 pm. The obtained values sig-
nificantly exceed the resolution level of standard 0Ts
using superluminescent diodes [5] and allow us to pre-
dict good prospects for the development of femtose-
cond optical tomography methods.

CONCLUSIONS

Analysis of literature revealed the main directions
for development of optical tomography systems, the
main of which is the search for new radiation sources
with wide spectrum and small coherence length. Using
such sources it will be impossible to increase the reso-
lution of tomography.

For solving this problem in the paper the possibili-
ties and prospects of using femtosecond lasers in opti-
cal tomography systems were researched. The obtained
analytical and mathematical results show that the use
of femtosecond lasers will allow us to choose the fre-
quency of scanning radiation depending on the trans-
parency of investigated substance in the wide frequen-
cy range of the optical comb and, due to the broad
band of radiation, it becomes possible to increase the
resolution value to 1 pm.

The results of the work begin a new direction
of femtosecond optical tomography.
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