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Description
CROSS-REFERENCE TO RELATED APPLICATIONS
BACKGROUND
1. Field

[0001] Exemplary embodiments relate to light source systems and apparatuses to which the light source systems are
applied, and more particularly, to frequency shifting optical swept light source systems and apparatuses to which the
frequency shifting optical swept source systems are applied.

2. Description of the Related Art

[0002] Laser light having monochromaticity, coherence, and directionality is used in various applications. In fields such
as biotechnology and medicine, laser light is widely used for observing tissues and cells, diagnosing diseases, and/or
providing laser treatments.

[0003] In particular, in medicine, an internal structure of a human body may be observed without directly making an
incision in the human body when using and applying characteristics of laser light, and thus, causes and locations of
various diseases and processes thereof may be detected easily and stably. As the laser light source technology continues
to develop, light transmittance depth continues to improve, and thus, laser light is also applicable to fields in which
tomographic images of living tissues and/or cells are obtainable in real time.

[0004] An operating wavelength band of a conventional optical fiber laser that is currently typically used may be limited,
for example, to approximately 800 nm, approximately 1.06 wm, or approximately 1.55 pm, depending mainly on doped
rare-earth elements used in the optical fiber laser. In order to use an optical fiber laser in fields for which wavelengths
other than a radiation wavelength of a rare-earth element is necessary, a light source system which implements a
frequency shift is being developed.

[0005] Document US-B-7,733,922 discloses a fiber laser system including a predominant single spatial mode, and a
linearly polarized master oscillator providing a set of optical pulses and a polarization-maintaining optical isolator optically
coupled to the master oscillator. The fiber laser system also includes a fiber amplifier optically coupled to the optical
isolator and including a power amplifier comprising a double clad gain fiber, one or more pump lasers, and a pump
coupler. The fiber laser system further includes a pulse compression stage optically coupled to the fiber amplifier. The
pulse compression stage includes a volume holographic phase grating, moreover, the fiber laser system includes a non-
linear frequency conversion stage optically coupled to the pulse compression stage.

[0006] Document WO-A-2009/095023 relates to a system for the delivery of light comprising a light source having an
output arranged to emit light in an output path said output path comprising an unguided section and an at least partially
transmissive optical component wherein said optical component provides at least one residual reflection when the system
is in use and a detector system is arranged to detect said residual reflection. The detector is arranged to produce at
least one feedback response arranged to stabilize the optical output of said light source system. Hereby, a feedback
may be implemented with little or no reduction of performance.

[0007] Document US-A-5,880,877 discloses an apparatus and method for the generation of high-power femto-second
pulses from a fiber amplifier, wherein the femto-second pulses are generated by non-linear frequency conversion. The
implementation of non-linear frequency conversion allows the design of highly non-linear amplifiers at a signal wavelength,
while still preserving a high quality pulse at an approximately frequency doubled wavelength. By controlling the polarization
state in the non-linear fiber amplifier and by operating in the soliton supporting dispersion regime of the host class, an
efficient non-linear pulse compression is obtained. The generated pulse width is optimized by utilizing soliton compression
in the presence of the Raman-self frequency shift in non-linear fiber amplifier at the signal wavelength. High-power
pulses are obtained by employing fiber amplifiers with large core diameters. The efficiency of the non-linear fiber amplifier
is optimized by using a double clad fiber and by pumping light directly into the inner core of this fiber.

[0008] Document JP-A-2008/209342 discloses a coherence tomography device including a variable wavelength light
generating unit that changes the wavelength of light to generate the light as generated light, a dividing unit that divides
the generated light to measurement light and reference light, and reference unit that interferes signal light that the
measurement light is reflected or back-scattered and the reference tight, which includes a modulation unit that modulates
the generated light with a wavelength changed by a different frequency for each of a plurality of wavelength regions, a
plurality of scanning units that irradiate the measurement light having wavelength with a plurality of wavelength regions
to an object to be tomographied and scan the plurality of wavelength regions simultaneously, and demodulation units
that demodulate interference light by the frequency.
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SUMMARY

[0009] Provided are frequency shifted optical swept light source systems as defined in claims 1-12 which may be used
as a light source for wavelengths other than a radiation wavelength of a rare-earth element, and optical coherence
tomography apparatuses to which said systems are applied as defined in claims 13 & 14.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] These and/or other aspects will become apparent and more readily appreciated from the following description
of exemplary embodiments, taken in conjunction with the accompanying drawings of which:

FIG. 1is a schematic block diagram which illustrates a frequency shifting optical swept light source system, according
to an exemplary embodiment;

FIG. 2 illustrates an aspect of a soliton self-frequency shift;

FIG. 3 illustrates a distribution of second-order dispersion coefficients of an optical fiber based on a wavelength;
FIGS. 4 and 5 illustrate soliton self-frequency shift based on an intensity of seed light (pump power) and based on
an inclination of a dispersion coefficient, respectively;

FIGS. 6A and 6B respectively illustrate output light shown in FIG. 2 before and after passing through a filter;
FIGS. 7, 8, 9A, and 9B illustrate variations in an intensity and a spectrum of light and chirping with time, while a
soliton component illustrated in FIGS. 6A and 6B passes through an optical fiber that has a low non-linear coefficient
and a negative dispersion coefficient;

FIGS. 10, 11, 12A, and 12B illustrate variations in an intensity and a spectrum of light and chirping with time due to
self phase modulation while passing through an optical fiber that satisfies the condition of Inequality 6 below;

FIG. 13illustrates a compressed spectrum which results from shifting seed light input into an optical converting unit
of a light source system to a long wavelength band, according to an exemplary embodiment;

FIG. 14 illustrates swept light that is output when adjusting a repetition rate in a frequency shifting optical swept light
source system, according to an exemplary embodiment; and

FIG. 15 is a schematic view of an optical coherence tomography apparatus as an example of an apparatus to which
the frequency shifting optical swept light source system may be applied, according to an exemplary embodiment.

DETAILED DESCRIPTION

[0011] Reference will now be made in detail to exemplary embodiments, examples of which are illustrated in the
accompanying drawings, wherein like reference numerals refer to like elements throughout. In this regard, the present
exemplary embodiments may have different forms and should not be construed as being limited to the descriptions set
forth herein. Accordingly, the exemplary embodiments are merely described below, by referring to the figures, to explain
aspects of the present disclosure.

[0012] FIG. 1 is a schematic block diagram which illustrates a frequency shifting optical swept light source system
100, according to an exemplary embodiment.

[0013] Referring to FIG. 1, the frequency shifting optical swept light source system 100 includes a light source 30 that
outputs light, an amplification unit (also referred to herein as an "amplifier") 50 that amplifies the light output from the
light source 30, an optical converting unit (also referred to herein as an "optical converter") 70 that shifts a frequency of
the light which is amplified by using the amplification unit 50 and compresses a spectrum of the amplified light, and a
control unit (also referred to herein as a "controller") 10 that controls a current signal which is applied to the light source
30 such that a repetition rate of the light output from the light source 30 is adjusted. As a result of an application of the
frequency shifting optical swept light source system 100, an intensity of the light that is amplified in and output from the
amplification unit 50 is adjustable based on control of the control unit 10 so as to adjust a position of the compressed
spectrum with respect to a predetermined frequency band that is set for the light, wherein the frequency of the light is
shifted and the spectrum of the light is compressed by using the optical converting unit 70. Consequently, a wavelength
of light having a relatively narrow wavelength at a full width at half maximum (FWHM) may be instantaneously varied
within a predetermined range to form broadband light for a predetermined period of time, thereby implementing a broad-
band swept light source.

[0014] The light source 30 may be provided to output laser light in the form of a pulse. The laser light which is output
from the light source 30 may include, for example, seed light and/or pumping light, and a repetition rate of the light which
is output from the light source 30 may be adjusted by adjusting a current which is applied based on a control of the
control unit 10. Hereinafter, the light which is output from the light source 30 will be referred to as "seed light" for
convenience, so that it may be easily distinguished from light amplified by using the amplification unit 50 and light that
is transformed by using the optical converting unit 70.
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[0015] The light source 30 may be provided to output seed light which has a central wavelength of about 1.064 pm,
in the form of a pulse. In this case, as will be described later, when the amplification unit 50 uses Ytterbium-doped fiber
(YDF), the amplification unit 50 may output light that is amplified to a band of about 1.064 pm.

[0016] The amplification unit 50 may be structured to perform at least a double amplification in order to obtain a high
gain ratio. For example, the amplification unit 50 may include a plurality of amplifiers 53 and 57, and may further include
a plurality of isolators 51, 55, and 59 at the front and back of the amplifiers 53 and 57 in order to prevent propagation of
back-scattered light. The amplification unit 50 of FIG. 1 includes two amplifiers 53 and 57 and three isolators 51, 55,
and 59, but the structure of the amplification unit 50 is not limited thereto and may vary. For example, the amplification
unit 50 may have a triple amplification structure or a higher multiple amplification structure, and may include a corre-
sponding plurality of isolators.

[0017] The amplification unit 50 may include an optical fiber laser, and a wavelength of light amplified by using the
amplification unit 50 described above may vary based on a rare-earth element which is doped and which is used in the
amplifiers 53 and 57.

[0018] For example, the amplifiers 53 and 57 may use YDF. In this case, the amplification unit 50 may amplify seed
light that is input thereto by using the plurality of amplifiers 53 and 57 which are arranged in at least a double amplification
structure, and may output amplified light which corresponds to a band of, for example, about 1.064 pm.

[0019] Further, the energy which is input to the amplification unit 50 may be varied by adjusting any one or more of
peak power of the seed light, pulse duration of the seed light, and a repetition rate of the seed light. In particular, a gain
ratio of the amplification unit 50 may vary based on a repetition rate of input seed light. This may be understood as
amplification being performed at a lower magnitude as a repetition rate (of light) increases, and thus a limited amount
of energy being provided by the amplification unit 50 is distributed to more pulses of light per unit time. Accordingly, by
adjusting a repetition rate of input seed light, an intensity of light amplified by and output from the amplification unit 50
may be adjusted. The light amplified by using the amplification unit 50 is transferred to the optical converting unit 70.
[0020] The optical converting unit 70 shifts a frequency of the light amplified by using the amplification unit 50 and
compresses a spectrum of the amplified light, and includes a frequency shifting unit (also referred to herein as a "frequency
shifter") 71 that shifts a first wavelength range of a band of the amplified light to a second wavelength range which
corresponds to a longer wavelength band, a second-order dispersion unit (also referred to herein as a "second-order
disperser") 75 that disperses the light processed by the frequency shifting unit 71 on a time axis, and a self-phase
modulating unit (also referred to herein as a "self phase modulator") 77 that compresses a spectrum of the light which
is received from the second-order dispersion unit 75. The optical converting unit 70 may further include a filter 73. The
optical converting unit 70 may include an optical fiber connecting portion. In particular, the frequency shifting unit 71,
the filter 73, the second-order dispersion unit and the self phase modulating unit 77 may each be formed of an optical
fiber, and may be optically connected to one another.

[0021] The frequency shifting unit 71 may be provided such that soliton self-frequency shifting is performed by Raman
scattering. In particular, the frequency shifting unit 71 may include a soliton self-frequency shifting unit (also referred to
herein as a "soliton self-frequency shifter") that shifts a band of light which corresponds to a first wavelength and which
is output from the amplification unit 50 to a longer wavelength band, in a soliton state in which a shape of the light is
maintained without any change. For example, the soliton self-frequency shifting unit 71 may use a negative dispersion
high non-linear optical fiber. A degree of frequency shift is determined by a light intensity, and thus, a variation in a light
intensity due to adjustment of a repetition rate conducted by using the amplification unit 50 may result in a position
variation of the spectrum of the light.

[0022] The frequency-shifted light, which includes the soliton component and which occupies a relatively wide wave-
length band, is filtered by using the filter 73, and as a result, only a corresponding frequency band component of the
light which includes the soliton remains in the filtered light.

[0023] The filter 73 is designed to pass through only peripheral frequency bands which include the soliton component,
and may be disposed between the frequency shifting unit 71 and the second-order dispersion unit 75, or between the
second-order dispersion unit 75 and the self phase modulating unit 77. The filter 73 may include, for example, an optical
fiber grating that functions as a band-pass filter with respect to a predetermined frequency component. An optical fiber
grating is formed by combining an optical fiber with a lattice whose refractive index varies periodically, and may function
as a band pass filter with respect to a predetermined frequency component which corresponds to intervals and a distri-
bution of refractive indices of the lattice.

[0024] In a phase modulating operation which is executable by using the self phase modulating unit 77, which will be
described below, in general, even when the filter 73 is not included, or when the filter 73 is positioned at an end of the
optical converting unit 70, a compressed spectrum may be obtained at a target wavelength band. However, a frequency
component of a wavelength band lower than a zero dispersion wavelength may cause cross-phase modulation in a
soliton component. When the filter 73 is disposed in front of the self phase modulating unit 77, cross phase modulation
in a soliton component during phase modulation may be prevented. In this aspect, when a pass bandwidth of the filter
73 corresponds to a narrower bandwidth, a correspondingly greater amount of remaining light component other than a
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soliton is blocked, but a bandwidth of a final swept light is also limited. Thus, the pass bandwidth of the filter 73 should
be set to an appropriate value in consideration of these characteristics. A soliton which remains after passing through
the filter 73 is a transform-limited pulse without chirping.

[0025] The second-order dispersion unit 75 may impose dispersion, such as, for example, group velocity dispersion,
to the soliton component that has passed through the filter 73 on the time axis; and may intentionally apply negative
chirping to the soliton.

[0026] To this end, the second-order dispersion unit 75 may use a negative dispersion low-nonlinear optical fiber. By
using the negative dispersion low-nonlinear optical fiber, when a dispersion coefficient is a negative number in a wave-
length band in which a soliton is located, a spectrum of light is maintained almost uniformly, but an intensity of light is
dispersed on a time axis, and negative chirping may be applied.

[0027] The self phase modulating unit 77 is included in order to compress a spectrum of light which is received from
the second-order dispersion unit 75, and a portion of negative chirping which is applied due to dispersion may be offset
by this self phase modulation. This causes compression of a spectrum with respect to a frequency band for which chirping
is offset in a frequency domain. Accordingly, unlike in the second-order dispersion operation, the self phase modulating
unit 77 may use a low-dispersion high-nonlinear optical fiber which has a high-nonlinear coefficient and a low dispersion
coefficient in a corresponding frequency band, in order to vary via mainly self phase modulation.

[0028] Phenomena that may cause a variation in an optical signal in the optical converting unit 70 as described above
will be described below in detail.

[0029] Second-order dispersion is a phenomenon by which light is dispersed on a time axis due to different speeds
of various frequency components of the light. As a result, a frequency of light which is dispersed on a time axis is aligned
based on speed, and this alignment is referred to as frequency chirping.

[0030] A length of an optical fiber that is required in order to allow significant second-order dispersion is referred to
as a dispersion length, which depends on a width of an optical signal and a dispersion coefficient of an optical fiber. The
dispersion length may be expressed in a numerical formula, as indicated in Equation 1 below.

[Equation 1]

Tz
LI.') =Y. ... (1)

2]

where L denotes a dispersion length, B, denotes a dispersion coefficient of an optical fiber, and To denotes an initial
FWHM value of an optical signal. As can be seen in Equation 1, a dispersion length is relatively short when a dispersion
coefficient is relatively large and a width of an optical signal is relatively small. In general, a dispersion coefficient will
have a value which corresponds to several tens of ps2/km, and in order to obtain a dispersion length of less than a level
of one km, a FWHM value of a pulse must be at a level of several ps or several fs.

[0031] Further, self-phase modulation is based on an optical Kerr effect by which a refractive index of an optical fiber
varies in proportion to light intensity, and a phase that is proportional to light intensity is applied. Self phase modulation
includes applying positive chirping to a center portion of an optical fiber with a high light intensity, and causes dispersion
in a spectrum of an optical signal in a frequency domain, unlike the second-order dispersion. A length of an optical fiber
which is required in order to allow significant self-phase modulation is referred to as a nonlinear length, which depends
on the intensity of an optical signal and a nonlinear coefficient of an optical fiber. The nonlinear length may be expressed
in a numeral formula, as indicated in Equation 2 below.

[Equation 2]

[0032] In Equation 2, Ly, denotes a nonlinear length, y denotes a nonlinear coefficient of an optical fiber, and Py
denotes a peak power of an optical signal. Unlike a dispersion coefficient, there are various degrees of nonlinear coef-
ficients of an optical fiber based on respective types of optical fibers, and thus, it is easy to set a nonlinear length of an
optical fiber, as compared to a dispersion length. Second-order dispersion and self-phase modulation are basic phe-
nomena which an optical signal undergoes as the optical signal propagates inside an optical fiber. A basic nonlinear
Schrédinger Equation that corresponds to a variation in an optical signal which includes these basic phenomena may
be expressed as follows:

[Equation 3]
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[0033] In Equation 3, A denotes an envelope of an optical signal, and here the effect of attenuation is not considered.
z corresponds to a proceeding direction of light inside an optical fiber, and as can be seen in Equation 3, as an optical
signal proceeds by an infinitesimal displacement dz, the optical signal undergoes a second-order dispersion, which is
expressed in initial term of the right side of Equation 3, and a self-phase modulation, which is expressed in second term
of the right side of Equation 3.

[0034] Further, when a width of an optical signal is less than the level of ps, a significant Raman-induced frequency
shift occurs, whereby a high frequency component in a spectrum of an optical signal pumps a low frequency component.
A nonlinear Schrédinger Equation in which an influence due to the Raman-induced frequency shift is considered, in
addition to the second-order dispersion and the self-phase modulation, may be expressed as shown in Equation 4 below:
[Equation 4]

A A

2 - ﬁzgff‘y{(l‘f}e)l/l'“ +.thR(1)*1Ak [ (4)

J
[0035] In Equation 4, fg denotes a fraction of Raman response which corresponds to the nonlinear polarization, and
hg(t) denotes a Raman response function, and * denotes a convolution operation. In particular, as an optical signal on
the level of fs propagates through an optical fiber, and, as expressed in Equation 4, the optical signal experiences
complex changes on the time axis and in a frequency domain by dispersion, self-phase modulation, and Raman-induced
frequency shift.
[0036] In the optical converting unit 70 of the light source system 100 according to the current exemplary embodiment,
in the frequency shifting unit 71 which performs a first operation, that is, in a negative dispersion high-nonlinear optical
fiber in which soliton-maintaining frequency shifting is performed, seed light undergoes a frequency shift by which a
portion of seed light having a short wavelength band is shifted to a long wavelength band in a soliton state while
maintaining a shape. Next, a frequency band of a corresponding soliton component is filtered by using the filter 73, in
particular, by an optical fiber grating, and in the second-order dispersion unit 75 which performs a third operation, that
is, in second-order dispersion of a negative dispersion low-nonlinear optical fiber, a soliton component is dispersed on
the time axis, and negative chirping is applied to the soliton component. Then, in an operation of self-phase modulation
of a low-dispersion high-nonlinear optical fiber by using the self-phase modulating unit 77, a portion of the negative
chirping is offset and a spectrum is compressed.
[0037] FIG. 2illustrates an aspect of a soliton self-frequency shift, in which an amplification signal centered at 1.064
pm is expanded on a supercontinuum, and a partial component of the amplification signal maintains a spectrum thereof,
and continuously undergoes a frequency shift. FIG. 2 shows a result which may be obtained by applying a split-step
Fourier method based on Equation 4 as described above.
[0038] The supercontinuum aspect largely depends on a distribution of dispersion coefficients of an optical fiber.
Because a phase shift of a soliton must be offset by self-phase modulation and second-order dispersion, a dispersion
coefficient of the soliton in a corresponding wavelength band must have a negative (-) sign, and when a dispersion
coefficient increases toward a long wavelength band, a soliton self-frequency shift may easily occur.
[0039] FIG. 3illustrates a distribution of second-order dispersion coefficients of an optical fiber based on a wavelength,
which is an appropriate dispersion distribution to obtain an effective soliton self-frequency shift. A degree of frequency
shift largely depends on an inclination of a dispersion coefficient, a nonlinear coefficient, and an intensity of seed light.
[0040] FIGS. 4 and 5 illustrate a soliton self-frequency shift based on an intensity of seed light (pump power) and an
inclination of a dispersion coefficient, showing dependency as described above.
[0041] FIG. 4 shows a variation in an output spectrum based on seed light intensity under a condition as illustrated in
FIG. 2, and here, it can be seen that a frequency shift is more easily generated when the seed light intensity is greater.
[0042] FIG. 5illustrates a variation in an output spectrum based on an inclination of a dispersion coefficient with respect
to a zero dispersion wavelength which is located at 1.02 um as illustrated in FIG. 3; here, it can be seen that a frequency
shift is more easily generated when a dispersion coefficient is smaller over a shifted wavelength band- Variables that
are directly applied to an optical fiber, such as a nonlinear coefficient or a dispersion coefficient, are difficult to modify,
and thus, a frequency shift may be induced with respect to a desired wavelength band by adjusting the pumping signal
intensity.
[0043] An output optical signal at a stage of frequency shifting, which includes a frequency-shifted soliton component
and occupies a relatively wide wavelength band, is appropriately filtered in a next operation so that only a frequency
component in which a soliton is located remains. Even if no filtering unit is included or a filtering unit is designed to be
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disposed at the last position, a spectrum may be compressed in a target wavelength band. However, a frequency
component of a wavelength band lower than a zero dispersion wavelength may cause cross-phase modulation in a
soliton component, and arranging the filter 73 at a second stage of the optical converting unit 70 may prevent this cross
phase modulation. When a filter is included in a frequency shifting optical swept light source system, a bandwidth of the
filter should be set to include a band of a final swept light as described above. In order to implement the filtering function
of the filter 73, an optical fiber grating may be used, and the optical fiber grating may function as a band-pass filter with
respect to a predetermined frequency component based on intervals of and a distribution of refractive indices of a lattice,
and thus, the optical fiber grating may be used in the frequency shifting optical swept light source system 100 that is
optical-fiberized, according to the current exemplary embodiment.

[0044] FIGS. 6A and 6B respectively illustrate the output optical signal of FIG. 2 before and after passing through the
filter 73, in which a bandwidth of the filter 73 corresponds to a wavelength of approximately 80 nm.

[0045] A soliton which remains after passing through the filter 73 is a transform-limited pulse without chirping. In a
third stage of the optical converting unit 70, negative chirping is applied intentionally to the soliton, and second-order
dispersion of an optical fiber is used. When a nonlinear coefficient of an optical fiber is very low, the optical signal
undergoes a variation which is mainly focused on second-order dispersion rather than a nonlinear effect. This may be
regarded as the dispersion length, the nonlinear length, and the optical fiber length of Equations 1 and 2 satisfying
Inequality 5, which is expressed below.

[Inequality 5]

Lyy~Ly, Ly Ly, — - (5)

[0046] In Inequality 5, a subscript "3rd" denotes an optical fiber in the third operation in the optical converting unit 70
(that is, the second-order dispersion unit 75 of the optical converting unit 70 in FIG. 1), and a sign "~" indicates a similar
size degree. When the condition of Inequality 5 is satisfied and the dispersion coefficient is a negative number in a
wavelength band in which a soliton is located, a spectrum of an optical signal is almost equally maintained, but an optical
signal intensity is dispersed on a time axis and negative chirping is applied to the optical signal. FIGS. 7, 8, 9A, and 9B
illustrate variations in an intensity and a spectrum of the optical signal and chirping on the time axis, while a soliton
component which is illustrated in FIGS. 6A and 6B passes through an optical fiber. Similarly as the result shown in FIG.
2, FIGS. 7, 8, 9A, and 9B show a result which may be obtained by using the split-step Fourier method.

[0047] A portion of negative chirping which is applied by dispersion may be offset by self-phase modulation. This
causes a compression of a spectrum with respect to a frequency band in which chirping is offset in a frequency domain.
In order to cause a variation which is focused mainly on self-phase modulation, unlike second-order dispersion, an
optical fiber having a high nonlinear coefficient and a small dispersion coefficient in a corresponding frequency band is
necessary. A conditional expression which corresponds to Inequality 5 is as follows.

[Inequality 6]

Ly~ Ly Ly, KLy — oeees (6)

[0048] In Inequality 6, a subscript "4th" denotes an optical fiber in a fourth stage of the optical converting unit 70 (that
is, the self-phase modulating unit 77 of the optical converting unit 70 in FIG. 1). FIGS. 10, 11, 12A, and 12B illustrate
variations in an intensity and a spectrum of light, and chirping on time axis due to a self phase modulation while passing
through an optical fiber that satisfies Inequality 6.

[0049] As a result, the optical converting unit 70 of the light source system 100 that is optical-fiberized in the order of
soliton self-frequency shift, filtering, second-order dispersion, and self phase modulation may shift a frequency range of
a band of input seed light to a frequency range which corresponds to a long wavelength band and output a compressed
spectrum thereof, as illustrated in FIG. 13.

[0050] In addition, because a degree of frequency shift varies based on seed light intensity as described above, a
wavelength band of the output spectrum may be adjusted by varying the seed light intensity. Because the seed light
intensity may be adjusted by varying a repetition rate of the amplification unit 50, the frequency shifting optical swept
light source system 100 according to the current exemplary embodiment may output swept light via adjustment of a
repetition rate, as illustrated in FIG. 14.

[0051] The frequency shifting optical swept light source system 100, according to the current exemplary embodiment
as described above, may be used as a light source for a wavelength band other than a radiation wavelength band of a
rare-earth element via compression of a spectrum that is performed after a soliton self-frequency shift in the optical
converting unit 70. In addition, a position of the compressed spectrum may be adjusted by adjusting a repetition rate of
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seed light, and thus, the frequency shifting optical swept light source system 100 may be used as a swept light source.
While light of a narrow wavelength FWHM is obtained instantaneously, because the position of the compressed spectrum
is adjusted by adjusting a repetition rate of seed light, broadband light may be obtained in respect of predetermined time
intervals.

[0052] For example, when YDF is used in the amplifiers 53 and 57 of the amplification unit 50 and the amplification
unit 50 outputs amplified light of a band which corresponds to a wavelength of approximately 1.064 wm, in accordance
with an adjustment of a repetition rate of seed light, in the optical converting unit 70, a range of swept light which is
output after its frequency is shifted and then its spectrum is compressed may correspond to a range of between approx-
imately 1100 nm and approximately 1350 nm within a range which is allowed by a pass bandwidth of the filter 73.
[0053] The frequency shifting optical swept light source system 100, according to the current exemplary embodiment
as described above, may also be used in an optical measurement field as an optical-fiberized swept light source, by
combining the optical converting unit 70 with the amplification unit 50 that adjusts an output optical signal intensity by
adjusting a repetition rate.

[0054] FIG. 15is a schematic view of an optical coherence tomography apparatus as an example of an apparatus to
which the frequency shifting optical swept light source system 100 may be applied, according to an exemplary embod-
iment.

[0055] Referring to FIG. 15, the optical coherence tomography apparatus may include a light source system 200, an
interference optical system 300, and an image signal processor 600.

[0056] The frequency shifting optical swept light source system 100, which is described above with reference to FIG.
1 according to the current exemplary embodiment, may be used as the light source system 200. Accordingly, light that
instantaneously has a narrow FWHM value but is broadband at predetermined intervals may be output. Referring to
FIG. 15, "A" denotes that light output from the light source system 200 is broadband swept light that is obtained by
adjusting a position of a spectrum of frequency-shifted and spectrum-compressed light based on an adjustment of a
repetition rate of seed light, that is, light that is obtained by varying a frequency of the light.

[0057] The interference optical system 300 includes a beam separator 310 that separates the light output from the
light source system 200 into measurement light and reference light, a reflection mirror 330 that reflects the reference
light, and a detector 350 that detects an input optical signal. An object 500, from which an image signal is to be obtained,
may be disposed at a side toward which the measurement light separated by using the beam separator 310 proceeds.
A focusing lens 370 that focuses the measurement light on the object 500 may be further included between the beam
separator 310 and the object 500.

[0058] The interference optical system 300 irradiates the measurement light, which has been separated by the beam
separator 310, toward the object 500, and causes an interference between light which is reflected by the object 500 and
the reference light which is reflected by the reflection mirror 330, and the detector 350 detects a result of the interference.
[0059] The image signal processor 500 generates a tomographic image of the object 500 by using an interference
signal which is detected by using the detector 350.

[0060] The frequency shifting swept light source system according to one or more exemplary embodiments may be
used as a light source in various fields where wavelengths other than a radiation wavelength of a rare-earth element is
needed, by using compression of a spectrum that is performed after a soliton self-frequency shift. In addition, an optical-
fiberized swept light source system, in which a position of the compressed spectrum is adjusted with respect to a
predetermined frequency band by adjusting a repetition rate of seed light, may be implemented.

[0061] It will be understood by those of ordinary skill in the art that the exemplary embodiments described herein
should be considered in a descriptive sense only and not for purposes of limitation. Descriptions of features or aspects
within each exemplary embodiment should typically be considered as available for other similar features or aspects in
other exemplary embodiments.

Claims
1. A frequency shifted optical swept light source system (100), comprising:

- a light source (30) configured to emit light;

- an amplification unit (50) configured to amplify the light output from the light source (30);

- an optical converter (70) configured to shift a frequency of the amplified light and to compress a spectrum of
the amplified light; and

- a controller (10) configured to control a current signal which is applied to the light source such that a repetition
rate of the light output from the light source (30) is adjusted, for adjusting an intensity of the amplified light, in
order to thereby adjust a position of the compressed spectrum with respect to a first predetermined frequency
band;



10

15

20

25

30

35

40

45

50

55

10.

11.

12.

13.

EP 2782 197 B1
- wherein the optical converter (70) comprises:

- a frequency shifter (71) configured to shift a first wavelength range of a band of the amplified light to a
second wavelength range; wherein
- the frequency shifter (71) is configured to perform soliton self-frequency shifting.

The frequency shifting optical swept light source system of claim 1, wherein the optical converter further comprises:

-asecond-order disperser (75) configured to disperse light processed by the frequency shifter, on a time axis; and
- a self phase modulator (77) configured to compress a spectrum of the light received from the second-order
disperser.

The frequency shifted optical swept light source system (100) of claim 1, wherein the frequency shifter (71) includes
a negative dispersion high-nonlinear optical fiber.

The frequency shifted optical swept light source system (100) of claim 2, wherein the optical converter (70) further
comprises a filter (73) that is disposed between the frequency shifter (71) and the second-order disperser (75) or
between the second-order disperser (75) and the self-phase modulator (77), the filter (73) being configured to pass
a second predetermined frequency band.

The frequency shifted optical swept light source system (100) of claim 4, wherein the filter (73) comprises an optical
fiber grating configured to function as a band-pass filter with respect to a predetermined frequency component.

The frequency shifted optical swept light source system (100) of claim 1, wherein:

- a soliton self-frequency shifter (71) is configured to perform frequency shifting in a soliton state, such that a
first wavelength range of a band of the amplified light is shifted to a second wavelength range;
- and wherein the optical converter (70) further comprises:

- a second-order disperser (75) configured to disperse a soliton component which is incident from the soliton
self-frequency shifter (71) on a time axis and to apply negative chirping to the soliton component; and

- a self-phase modulator (77) configured to offset a portion of the negative chirping applied by using the
second-order disperser (75), via self-phase modulation, so as to cause spectrum compression with respect
to the frequency band for which the portion of the negative chirping is offset, in a frequency domain.

The frequency shifted optical swept light source system (100) of claim 6, wherein the optical converter (70) further
comprises a filter (73) that is disposed between the soliton self-frequency shifter (71) and the second-order disperser

(75), the filter (73) being configured to pass a predetermined frequency band of the soliton component.

The frequency shifted optical swept light source system (100) of claim 7, wherein the filter (73) comprises an optical
fiber grating configured to function as a band pass filter with respect to a predetermined frequency component.

The frequency shifted optical swept light source system (100) of claim 6, wherein the soliton self-frequency shifter
(71) includes a negative dispersion high-nonlinear optical fiber.

The frequency shifted optical swept light source system (100) of claim 2 or 6, wherein the second-order disperser
(75) includes a negative dispersion low-nonlinear optical fiber.

The frequency shifted optical swept light source system (100) of claim 2 or 6, wherein the self-phase modulator (77)
includes a low-dispersion high-nonlinear optical fiber.

The frequency shifted optical swept light source system (100) of any one of claims 1, 4 through 9, wherein the
amplification unit (50) includes at least two amplifiers.

An optical coherence tomography apparatus comprising:

- a broadband swept light source system (200) configured to implement the frequency shifted optical swept light
source system (100) of any one of claims 1 through 10;
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- an interference optical system (300) configured to separate light which is output from the frequency shifted
optical swept light source system (100) into a measurement light and a reference light, to irradiate the meas-
urement light toward an object, and to cause an interference between light reflected by the object and the
reference light in order to detect an interference signal; and

-animage signal processor (600) configured to generate a tomographic image of the object by using the detected
interference signal.

14. The optical coherence tomography apparatus of claim 13, wherein the amplification unit (50) of the frequency shifted

optical swept light source system (100) includes at least two amplifiers.

Patentanspriiche

Frequenzverschobenes, optisches Wobbellichtquellensystem (100), umfassend:

eine Lichtquelle (30), die dazu eingerichtet ist, Licht zu emittieren;

eine Verstarkungseinheit (50), die dazu eingerichtet ist, das Licht zu verstarken, das aus der Lichtquelle (30)
ausgegeben wird;

einen optischen Wandler (70), der dazu eingerichtet ist, eine Frequenz des verstarkten Lichtes zu verschieben
und ein Spektrum des verstarkten Lichtes zu komprimieren; und

eine Steuereinheit (10), die dazu eingerichtet ist, ein Stromsignal zu steuern, das auf die Lichtquelle angewendet
wird, so dass eine Wiederholungsrate des Lichtes, das aus der Lichtquelle (30) ausgegeben wird, eingestellt
wird, um eine Intensitat des verstarkten Lichtes einzustellen und dadurch eine Position des komprimierten
Spektrums in Bezug auf ein erstes vorbestimmtes Frequenzband einzustellen;

wobei der optische Wandler (70) umfasst:

einen Frequenzverschieber (71), der dazu eingerichtet ist, einen ersten Wellenlangenbereich eines Bandes
des verstéarkten Lichtes zu einem zweiten Wellenlangenbereich zu verschieben; wobei
der Frequenzverschieber (71) dazu eingerichtet ist, eine Soliton-Eigenfrequenzverschiebung auszufiihren.

Frequenzverschobenes, optisches Wobbellichtquellensystem nach Anspruch 1, bei dem der optische Wandler wei-
terhin umfasst:

eine Streueinrichtung (75) zweiter Ordnung, die dazu eingerichtet ist, Licht, das von dem Frequenzverschieber
verarbeitet wird, auf einer Zeitachse zu streuen; und

einen Eigenphasenmodulator (77), der dazu eingerichtet ist, ein Spektrum des Lichtes zu komprimieren, das
von der Streueinrichtung zweiter Ordnung empfangen wird.

Frequenzverschobenes, optisches Wobbellichtquellensystem (100) nach Anspruch 1, bei dem der Frequenzver-
schieber (71) eine hoch-nichtlineare Negativstreu-Lichtleitfaser umfasst.

Frequenzverschobenes, optisches Wobbellichtquellensystem (100) nach Anspruch 2, bei dem der optische Wandler
(70) weiterhin ein Filter (73) umfasst, das zwischen dem Frequenzverschieber (71) und der Streueinrichtung (75)
zweiter Ordnung oder zwischen der Streueinrichtung (75) zweiter Ordnung und dem Eigenphasenmodulator (77)
angeordnet ist, wobei das Filter (73) dazu eingerichtet ist, ein zweites vorbestimmtes Frequenzband passieren zu
lassen.

Frequenzverschobenes, optisches Wobbellichtquellensystem (100) nach Anspruch 4, bei dem das Filter (73) ein
Lichtleitfasergitter umfasst, das dazu eingerichtet ist, als Bandpassfilter in Bezug auf eine vorbestimmte Frequenz-
komponente zu fungieren.

Frequenzverschobenes, optisches Wobbellichtquellensystem (100) nach Anspruch 1, bei dem

ein Soliton-Eigenfrequenzverschieber (71) dazu eingerichtet ist, eine Frequenzverschiebung in einem Soliton-Zu-
stand auszufiihren, so dass ein erster Wellenlangenbereich eines Bandes des verstarkten Lichtes zu einem zweiten
Wellenlangenbereich verschoben wird;

und der optische Wandler (70) weiterhin umfasst:

eine Streueinrichtung (75) zweiter Ordnung, die dazu eingerichtet ist, eine Soliton-Komponente, die von dem
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Soliton-Eigenfrequenzverschieber (71) eintrifft, auf einer Zeitachse zu streuen und ein negatives Zirpen auf die
Soliton-Komponente anzuwenden; und

einen Eigenphasenmodulator (77), der dazu eingerichtet ist, einen Teil des negativen Zirpens, das mit Hilfe der
Streueinrichtung (75) zweiter Ordnung angewendet wird, tGber Eigenphasenmodulation zu versetzen, um so
eine Spektrenkompression in Bezug auf das Frequenzband, fir das der Teil des negativen Zirpens versetzt
wird, in einem Frequenzbereich zu bewirken.

Frequenzverschobenes, optisches Wobbellichtquellensystem (100) nach Anspruch 6, bei dem der optische Wandler
(70) weiterhin ein Filter (73) umfasst, das zwischen dem Soliton-Eigenfrequenzverschieber (71) und der Streuein-
richtung (75) zweiter Ordnung angeordnet ist, wobei das Filter (73) dazu eingerichtet ist, ein vorbestimmtes Fre-
quenzband der Soliton-Komponente passieren zu lassen.

Frequenzverschobenes, optisches Wobbellichtquellensystem (100) nach Anspruch 7, bei dem das Filter (73) ein
Lichtleitfasergitter umfasst, das dazu eingerichtet ist, als ein Bandpassfilter in Bezug auf eine vorbestimmte Fre-
quenzkomponente zu fungieren.

Frequenzverschobenes, optisches Wobbellichtquellensystem (100) nach Anspruch 6, bei dem der Soliton-Eigen-
frequenzverschieber (71) eine hoch-nichtlineare Negativstreu-Lichtleitfaser umfasst.

Frequenzverschobenes, optisches Wobbellichtquellensystem (100) nach Anspruch 2 oder 6, bei dem die Streuein-
richtung (75) zweiter Ordnung eine nieder-nichtlineare Negativstreu-Lichtleitfaser umfasst.

Frequenzverschobenes, optisches Wobbellichtquellensystem (100) nach Anspruch 2 oder 6, bei dem der Eigen-
phasenmodulator (77) eine gering streuende hoch-nichtlineare Lichtleitfaser umfasst.

Frequenzverschobenes, optisches Wobbellichtquellensystem (100) nach einem der Anspriiche 1, 4 bis 9, bei dem
die Verstarkungseinheit (50) wenigstens zwei Verstarker umfasst.

Optische Koharenz-Tomographievorrichtung, umfassend:

ein Breitband-Wobbellichtquellensystem (200), das dazu eingerichtet ist, das frequenzverschobene, optische
Wobbellichtquellensystem (100) nach einem der Anspriiche 1 bis 10 auszufiihren;

ein optisches Interferenzsystem (300), das dazu eingerichtet ist, Licht, das aus dem frequenzverschobenen,
optischen Wobbellichtquellensystem (100) ausgegeben wird, in ein Messungslicht und ein Bezugslicht zu tren-
nen, um das Messungslicht auf einen Gegenstand abzustrahlen und eine Interferenz zwischen Licht, das von
dem Gegenstand reflektiert wird, und dem Bezugslicht zu bewirken, um ein Interferenzsignal zu erfassen; und
einen Bildsignalprozessor (600), der dazu eingerichtet ist, ein tomografisches Bild des Gegenstandes mit Hilfe
des erfassten Interferenzsignals zu erzeugen.

Optische Koharenz-Tomographievorrichtung nach Anspruch 13, bei der die Verstarkungseinheit (50) des frequenz-
verschobenen, optischen Wobbellichtquellensystems (100) wenigstens zwei Verstarker umfasst.

Revendications

1.

Systeme de source lumineuse a balayage optique a décalage de fréquence (100), comportant :

- une source lumineuse (30) congue pour émettre de la lumiere ;

- une unité d’amplification (50) congue pour amplifier la lumiére émise en provenance de la source lumineuse
(30);

- un convertisseur optique (70) congu pour décaler une fréquence de la lumiere amplifiée et pour comprimer
un spectre de la lumiére amplifiée ; et

- un dispositif de commande (10) congu pour commander un signal de courant appliqué a la source lumineuse
de telle maniére qu’un taux de répétition de la lumiére émise en provenance de la source lumineuse (30) soit
ajusté, pour ajuster une intensité de la lumiére amplifiée, afin d’ajuster ainsi une position du spectre comprimé
par rapport a une premiére bande de fréquence prédéfinie ;

- ou le convertisseur optique (70) comporte :
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- un décaleur de fréquence (71) congu pour décaler une premiére plage de longueurs d’onde d’'une bande
de la lumiére amplifiée vers une seconde plage de longueurs d’onde ; ou
-le décaleur de fréquence (71) est congu pour mettre en oeuvre un auto-décalage en fréquence des solitons.

Systeme de source lumineuse a balayage optique a décalage de fréquence selon la revendication 1, ou le conver-
tisseur optique comporte en outre :

- un disperseur de second ordre (75) congu pour disperser une lumiére traitée par le décaleur de fréquence,
sur un axe temporel ; et

- un auto-modulateur de phase (77) congu pour compresser un spectre de lumiére regu en provenance du
disperseur de second ordre.

Systeme de source lumineuse a balayage optique a décalage de fréquence (100) selon la revendication 1, ou le
décaleur de fréquence (71) comprend une fibre optique hautement non linéaire a dispersion négative.

Systeme de source lumineuse a balayage optique a décalage de fréquence (100) selon la revendication 2, ou le
convertisseur optique (70) comporte en outre un filtre (73) disposé entre le décaleur d’'onde (71) et le disperseur
de second ordre (75) ou entre le disperseur de second ordre (75) et 'auto-modulateur de phase (77), le filtre (73)
étant congu pour laisser passer une seconde bande de fréquence prédéfinie.

Systeme de source lumineuse a balayage optique a décalage de fréquence (100) selon la revendication 4, ou le
filtre (73) comporte un réseau de fibres optiques congu pour servir de filtre passe-bande en ce qui concerne une
composante de fréquence prédéfinie.

Systeme de source lumineuse a balayage optique a décalage de fréquence (100) selon la revendication 1, ou :

- un auto-décaleur en fréquence des solitons (71) est congu pour mettre en oeuvre un décalage en fréquence
dans un état de soliton, de telle maniére qu'une premiére plage de longueur d’'onde d’une bande de la lumiére
amplifiée est décalée vers une seconde plage de longueur d’'onde ;

- et ou le convertisseur optique (70) comporte en outre :

- un disperseur de second ordre (75) congu pour disperser une composante de soliton incidente en provenance
de I'auto-décaleur en fréquence des solitons (71) sur un axe temporel et pour appliquer un chirp négatif a la
composante de soliton ; et

- un auto-modulateur de phase (77) congu pour décaler une partie du chirp négatif appliqué au moyen du
disperseur de second ordre (75) par auto-modulation de phase, de maniére a provoquer une compression du
spectre en ce qui concerne la bande de fréquence pour laquelle la partie du chirp négatif est décalée dans un
domaine fréquentiel.

Systeme de source lumineuse a balayage optique a décalage de fréquence (100) selon la revendication 6, ou le
convertisseur optique (70) comporte en outre un filtre (73) disposé entre I'auto-décaleur en fréquence de solitons
(71) et le disperseur de second ordre (75), le filtre (73) étant congu pour laisser passer une bande de fréquence
prédéfinie de la composante de soliton.

Systeme de source lumineuse a balayage optique a décalage de fréquence (100) selon la revendication 7, ou le
filtre (73) comporte un réseau de fibres optiques congu pour servir de filtre passe-bande en ce qui concerne une

composante de fréquence prédéfinie.

Systeme de source lumineuse a balayage optique a décalage de fréquence (100) selon la revendication 6, ou le
décaleur de fréquence (71) comprend une fibre optique hautement non linéaire a dispersion négative.

Systeme de source lumineuse a balayage optique a décalage de fréquence (100) selon la revendication 2 ou 6, ou
le disperseur de second ordre (75) comprend une fibre optique hautement non linéaire a dispersion négative.

Systeme de source lumineuse a balayage optique a décalage de fréquence (100) selon la revendication 2 ou 6, ou
I'auto-modulateur de phase (77) comprend une fibre optique hautement non linéaire a faible dispersion.

Systeme de source lumineuse a balayage optique a décalage de fréquence (100) selon I'une quelconque des
revendications 1, 4 a 9, ou l'unité d’amplification (50) comprend au moins deux amplificateurs.
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13. Appareil tomographique a cohérence optique comportant :

- un systéme de source lumineuse a balayage a large bande (200) congu pour mettre en oeuvre le systéme de
source lumineuse a balayage optique a décalage de fréquence (100) selon I'une quelconque des revendications
1a10;

- un systéeme optique d’interférence (300) congu pour séparer une lumiére émise en provenance du systéme
de source lumineuse a balayage optique a décalage de fréquence (100) en une lumiere de mesure et une
lumiére de référence, afin d’émettre la lumiére de mesure en direction d’un objet et de provoquer une interférence
entre la lumiere réfléchie par I'objet et la lumiére de référence afin de détecter un signal d’interférence ; et

- un processeur de signal d'image (600) congu pour générer une image tomographique de 'objet en utilisant
le signal d’interférence détecté.

14. Appareil tomographique a cohérence optique selon la revendication 13, ou I'unité d’amplification (50) du systéme
de source lumineuse a balayage optique a décalage de fréquence (100) comprend au moins deux amplificateurs.

13
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