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(54) Title: SWEPT LIGHT SOURCE APPARATUS AND IMAGING SYSTEM INCLUDING THE SAME

(57) Abstract: The present invention pro-
vides a light source apparatus capable of pro-
ducing stable oscillation and performing
FIG 1 high-speed wavelength sweeping over a de-
sired wavelength range. A swept light source
apparatus in which oscillation wavelength is
continuously changeable is provided. The
apparatus includes, inside a resonator, an op-
tical amplification medium that amplifies
104 106 107 light, a first device configured to disperse
light emitted from the optical amplification
medium and thus produce beams having dif-
ferent wavelengths, a second device tfunc-
tioning as a non-focusing optical element
and configured to collimate the beams hav-
ing different wavelengths resulting from the
dispersion by the first device, and a selecting
device configured to select a beam having a
specific wavelength from among the beams
collimated by the second device. The beam
having the specific wavelength selected by
the selecting device is fed back to the optical
amplification medium.
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DESCRIPTION

SWEPT LIGHT SOURCE APPARATUS AND IMAGING SYSTEM
INCLUDING THE SAME

Technical Field

[0001] The present invention relates to a swept light
source apparatus in which the oscillation wavelength is
continuously changeable and to an imaging system including
the same.

Background Art

[0002] In the fields of communications network and
examination systems, various light sources, in particular,
laser light sources whose oscillation wavelengths are
changeable, have been used.

[0003] In the field of communications network, the
wavelength is desired to be switchable at a high speed. 1In
the field of examination systems, wavelength sweeping is
desired to be performed at a high speed over a wide range.
[0004] Exemplary applications of such a wavelength-tunable
(swept) light source in the field of examination systems
include a laser spectroscopy system, a dispersion-measuring
system, a film-thickness-measuring system, a swept-source
optical-coherence-tomography system, and the like.

[0005] Optical coherence tomography (hereinafter



WO 2011/099409 PCT/JP2011/052201

abbreviated to OCT) is a technique of obtaining cross-
sectional images of a sample by utilizing low-coherence
interference. Researches on this imaging technique have
Hbeen energetically conducted in recent years in the medical
'fieid because, for example, the technique provides a microﬁ—
order spatial resolution and is characterized by non-
invasiveness.

[0006] At present, OCT provides cross-sectional images of
several millimeters in depth‘with resolutions of several
mibrometers in the depth direction, and is applied to
ophthalmologic imaging, dental imaging, and the like.

[0007] " The swept-source (SS)-OCT system temporally sweeps
the oscillation wavelength (frequency) of the light source
and is categorized into the Fourier-domain (FD)-OCT system.
A spectral-domain (SD)-OCT system, which is another FD-OCT
system, requires a spectroscope that separates interfering
light into different spectral components, whereas the SS-OCT
does not. Therefore, the SS-OCT has small loss of light and
is expected to provide image§ at a high signal-to-noise
(S/N) ratio.

[0008] A medical imaging system including the swept light
source is suitable for use in an examination (in-situ/in- -
vivo imaging) in which tissues of a living body is directly
examined without taking any sample tissues therefrom,

because the imaging time can be reduced by increasing the



WO 2011/099409 _ PCT/JP2011/052201

sweeping speed.

[0009] PTL 1 discloses a wavelength-tunable light source
including an optical amplifier and a reflector provided
outside the optical amplifier. The reflector includes a
diffraction grating. Fig. 15 shows the light source
disclosed by PTL 1. |

[0010] Referring to Fig. 15, a portion of light emitted
from an optical amplifier 1501 is reflected by a beam
splitter 1534 and strikes a diffraction grating 1506. Then,
a beam having a Bragg wévelength is reflected back to the
optical amplifier 1501, where the beam is amplified and is
output to a fiber 1544. The light source also includes a
total reflection mirror 1540 and an isolator 1542. The
diffraction grating 1506 is rotatable. Thus, the wavelength
of the reflected beam is changeable. |

[0011] PTL 2 discloses a laser apparatus that emits a
laser beam in which light emitted from a laser medium is
dispersed to form beams having differeht wavelengths by a
~diffraction grating, and one of the dispersed beams is
selected and is fed back to the laser medium by a spatial
modulator.

[0012] . Fig. 16 shows the laser apparatus disclosed by PTL
2. Light emitted from an end face 1604 of a laser medium
1601 is transmitted through a lens 1605 and is diffracted by

a diffraction grating 1606. The diffracted beams having
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different wavelengths travel in different directions, and
are focused on different pixels (including 1608é and 1608Db)
of a spatial modulator 1608 by a focusing lens 1624. 1In the
laser apparatus, the pixels of the spatial modulator 1608,
are individually controlled to be in an ON state, where the
incoming beam is reflected, and in an OFF state, where the
incdming beam is absorbed. Thus, a beam reflected by one of
the pixels (the pixel 1608b) follows the reverse optical
path and is fed back to the laser medium 1601. 1In this case,
an end face 1603 of the laser medium 1601 on the output‘side
and the spatial modulator 1608 in combination function as a
resonator. A laser beam 1613 having the wavelength of the
feedback beam is output from the end face 1603.

[0013] The light source disclosed by PTL 1 selects a
wavelength by changing the incidence angie of light on the
basis of the mechanical driving of the diffraction grating
1506, and is therefore not suitable for high-speed
wavelength sweeping.

[0014] The laser apparatus disclosed by PTL 2 selects, on
"the basis of the electrical driving of the spatial modulator
1608, a beam to be output from among the beams resulting
from the‘dispersion by the diffraction grating 1606 fixed at
a position inside the resonator formed by the end face 1603
of the laser medium 1601 and the spatial modulator 1608.

The laser apparatus realizes a sweeping speed of 100 kHz or
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higher.
[0015] Nevertheless, the laser apparatus disclosed by PTL
2 needs to be configured such that the focusing lens 1624 is
telecentric on the side thereof near the spatial modulator
1608. Therefore, unless the diffraction grating 1606, the
focﬁsing lens 1624, and the spatial modulator 1608 are
positioned precisely, the feedback beam may not reach the
laser medium 1601. Consequently, laser oscillation may not
occur.
[0016] Probably, if the foregoing three elements are
assembled with a certain level of preéision, oscillation may
occur over a very narrow wavelength range within the swept
range.
[0017] However, to provide an apparatus realizing a stable.
light intensity and producing oscillation over the entirety
of the swept range, difficult work including precise
measurement and strict positioning needs to be done. That
is, such an apparatus is difficult to provide.
Citation List
Patent Literature
[0018] PTL 1 U.S. Patent No. 5,862,162

PTL 2 Japanese Patent Laid-Open No. 2007-242747
Summary of Invention
[0019] The present invention provides a light source

apparatus capable of producing stable oscillation and
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performing high-speed wavelength sweeping over a desired

wavelength range.

[0020] According to an embodiment of the present invention,
there is provided a swept light source apparatus in which
oscillation wavelength is continuously changeable. The
apparatus includes the following inside a resonator: an
optical amplification medium that amplifies light, a first
device configured to disperse light emitted from the optical
amplification medium and thus produce beams having different
wavelengths, a second device functioning as a non-focusing
optical element and configured to collimate the beams having
different wavelengths resulting from the dispersion by the
first device, and a selecting device configured to select a
beam having a specific wavelength from among the beams
collimated by fhe second device. The beam having the
specific wavelength selected by the selecting device is fed

back to the optical amplification medium.

[0021] The apparatus according to the embodiment of the
present invention includes, inside the resonator, the first
device configurea to disperse light emitted from the optical.
amplification medium and thus produce beams having different
wavelengths, the second device functioning as a non-focusing
optical element and configured to collimate the beams having
different wavelengths resulting from the dispersion by the

first device, and the selecting device configured to select
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a beam having a specific wavelength from among the beams
collimated by the second device.

[0022] The second device configured to collimate the
dispersed beams having different wavelengths is a non-
focusing optical element. Therefore, by determining the
positions of the first and second devices, a swept light
source apparatus capable of producing stable oscillation is
provided even if the positional precision among the
selecting device configured to select a beam having a
specific wavelength and the first and second devices is not
strictly satisfied.

[0023] Furthermore, the beam having the specific
wavelength selected by the selecting device from among the
beams collimated by the second device is fed back to the
optical amplification medium. Thus, high-speed wavelength
sweeping is realized.

Brief Description of Drawings

[0024] Fig. 1 schematically shows a light source apparatus
according to an embodiment of the present invention.

[0025] Fig. 2 explains the principles of the apparatus
according to the embodiment of the present invention
including diffraction gratings. |

[0026] Figs. 3A to 3C explain the principles and behavior
of a spatial modulator applicable to the embodiment of the

present invention.
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[0027] Fig. 4 explains Bragg diffraction caused by a
traveling—diffraction—grating device (acousto-optic device)
applicable to the embodiment of the present.invention.
[0028] Figs. 5A and 5B explain Raman—Nath diffraction
caused by the traveling—diffractioh—grating device (acousto-
optic device) and the behavior of the spatial modulator.
[0029] Fig. 6 schematically shows an exemplary light
source apparatus including blazed diffraction gratings.
[0030] Fig. 7 schematically shows another exemplary light
source apparatus including blazed diffraction gratings.
[0031] Fig. é schematically shows an exemplary light
source apparatus including a traveling-diffraction-grating
device (acousto-optic device).

[0032] Figs. 9A and 9B schematically show a spatial
modulator including a surface-acoustic-wave device.

[0033] Figs. 10A and.loB schematically show an exemplary
light source apparatus including traveling-diffraction-
grating devices (acousto-optic devices).

[0034] Fig. 11 schematically shows another exemplary light
source apparatus including traveling-diffraction-grating
devices (acousto-optic devices).

[0035] Fig. 12 schematically shows a rotatable slit.
[0036] Fig.. 13 schematically shows an exemplary light
source apparatus including a ring fiber.

[0037] Fig. 14 schematically shows an exemplary optical-
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coherence-tomography system including the light source
apparatus according to the embodiment of the present
invention.

[0038] Fig. 15 schematically shows a known apparatus.
[0039] Fig. 16 schematically shows another known apparatus.
Description of Embodiments‘

[0040] The scope of the swept iight source apparatus
according to the present invention includes a wavelength-
tunable light source in which a plurality of dispersing
elements are provided inside a resonator including. an
optical amplification medium, the dispersing elements
dispersing light to form beams having different wavelengths
and coliimating the dispersed beams, and in which a beam
having a specific wavelength is selected by a spatial
modulator that is driven at a high;speed.

[0041] A general embodiment of the present invention will
now be described with reference to the accompanying drawings.
[0042] Fig. 1 schematically shows a swept light source
apparatus according to a.géneral embodiment of the present
invention. _

[0043] Referring to Fig. i, an optical amplifier 101 has
thereinside an active layer 102 corresponding to an optical
amplification medium. A first diffraction grating 106,
corresponding to a first device, disperses a beam of light

radiated from the active layer 102 and thus produces beams
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having different wavelengths. A second diffraction grating
107, corresponding to a second device, is a non-focusing
optical element that collimates.the beams having different
wavelengths resulting from the dispersion by the diffraction
grating 106. A spatial modulator 108, corresponding to a
selecting device, selects a beam having a specific
wavelength from among the beams collimated by the
diffraction grating 107.

[0044] When electrical energy is supplied from a power
source (not shown) to the optical amplifier 101, optical
radiation occurs in the active layer 102. The radiation is
amplified and propagates toward end faces 103 and 104 of the
optical amplifier 101, the end face 104 being anti-
reflection-coated.

[0045] The radiation is transmitted through the anti-

- reflection-coated end face 104 and is emitted as a beam 110
to the outside. The beam 110 has astigmatism and the
wavefronts thereof are asymmetric with respect to the
optical axis. An optional optical system 105 converts the
beam 110 into a beam in the form of spherical waves that are
symmetric with respect to the optical axis.

[0046] The beam ilO in the form of spherical waves is
dispersed by the diffraction grating 106 and thus forms
beams having different wavelengths. The dispersed beams are

collimated by the diffraction grating 107. The collimated
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beams are focused on.the spatial modulator 108.

[0047] The spatial modulator 108 includes a plurality of
pixels. The mode of the pixels are selectively switchable
between a reflective mode (state) and a non-reflective mode
(state).

[0048] In the light source apparatus shown in Fig. 1, the
beam 110 of light radiated from the active layer 102 with a
plurality of wavelengths is dispersed by the diffraction
grating 106 and thus forms beams having different
wavelengths, the dispersed beams are collimated by the
diffraction grating 107, and the collimated beams
perpendicularly st:ike the surfaces of the pixels of the
spatial modulator 108.

[0049] When one of the pixels of the spatial modulator 108
is selectively switched to be in the reflective mode, the
spatial modulator 108 and the end face 103 of the optical
amplifier 101 in combination funétion as an optical
resonator, and an output beam 113 having a specific
wavelength is emitted from the end face 103. The beams of
different wavelengths strike different pixels of the spatial
modulator 108. Therefore, by changing the pixel switched to
be in the reflective mode, the wavelength of the output beam
113 emitted from the end face 103 is changed. That is, the
wavelength of laser oscillation is changeable. By

sequentially selecting pixels, the wavelength of the output
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beam 113 sequentially changes. Thus, a swept light source
apparatus is provided.

[0050] Referring now to Fig. 2, the principles of an
effect, which is a major feature of the present invention,
produced by the first device configured to disperse light
and thus produce beams having different wavelengths and the
second device configured to collimate the beams having
different wavelengths resulting from the dispersion by the
first device will be described.

{0051] Fig. 2 schematically shows the relationship between
the beam 110 and the diffraction gratings 106 and 107 shown
in Fig. 1.

[0052] The diffraction gratings 106 and 107, whose grating
pitches P are equal, are spaced apart from each other-by a
distance d. The beam 110 including beams having wavelengths
Al and A2 enters the diffraction grating 106.

[0053] | At the entry into the diffraction grating 106, the
incidence angle 6; and the emergence angle (diffraction
angle) ¢; (the angles with respect to the optical axis,
taking positive values in the clockwise direction) are
expressed as follows:

[Math. 1]

m =%(sin9l —sing, ) M

where m=+1,+2,--.
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[0054] Here, focusing only on the lst—order diffracted
beam and defining the directions of diffraction toward right
and left in the direction of travel of the light as the
negative and positive sides, respectively, m fbr the
diffraction grating 106 is -1, and Equation (1) is
translated as follows:

[Math. 2]

—1=§(sin91 —sin¢,) )

where ¢; is a function of A. When the wavelength increases;
¢1 increases, that is, the diffraction angle increases. This
implies that light is dispersed by the wavelength.

[0055] The same applies to the diffraction grating 107,
which is expressed as follows:

[Math. 3]

m=§(sin92 —sing, ) ‘ 3

where m=+1,%+2,---

[0056] In this case, the lst-order diffracted beam travels
toward left, meaning that m is +1 as below:

[Math. 4]

+1=§(sin62 —sin¢, ) 4

[0057] When the diffraction gratings 106 and 107 are

provided paraliel to each other, the following holds:
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[Math. 5]

¢, =0,, thatis, sin¢, =sinb, B 6))

[0058] When Equation (5) is substituted into Equations (2)
and (4), the following holds:

[Math. 6]

sin@, =sin¢,, thatis, 6,=¢,, - (6)

[0059] Hence, when the beam 110 perpendicularly enters the
diffraction grating 106, the resulting dispersed beams
emerge from the_diffraction grating 107 at an angle
perpendicular to the surface of the diffraction grating 107.
That is, the following holds:

[Math. 7]

9,=¢2=0

[0060] As is understood from the above, by employing two
diffraction gratings, beams having different wavelengths can
be collimated.

[0061] Letting.the distance between the diffraction
grating 106 and the diffraction grating 107 be denoted by d,
the width (dispersion width) of the set of beams emerging
from the diffraction grating 107 is expressed as follows:

[Math. 8]

ol (B (z) o

[0062] Here, supposing that the grating pitch P of the

diffraction gratings 106 and 107 is 1.5 um and the distance
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d between the diffraction gratings 106 and 107 is 10 mm, a
wavelength-tunable light source apparatus operating with a
center wavelength of 1.15 um and a swept range of 60 nm,
i.e., a light.sourée apparatus whose wavelength is
changeable from 1.09 pm to 1.21 pum, will be considered.
[0063] The diffraction angle ¢; is calculated to be 50.1 %
3.6° from Equation (1). The dispersion width A of the set
of beams having different wavelengths is calculated to be
3.1 mm from Equation (7).

[0064] A beam is selected by one of the pixels of the
spatial modulator 108 from among the beams dispersed over
the range of 3.1 mm, and the selected beam is fed back to .
the optical amplifier 101 by a mirror 109. In this
configuration, the end face 103, i.e., the output end, of
the optical amplifier 101 and the mirror 109 in combination
function as a resonator. Thus, laser osciliation in which
the wavelength changes_over the range of 1.09 um té 1.21 pm
is produced.

[0065] In the general embodiment of the present invention,
the first device configured to disperse light and thus
producé beamsihaving different wavelengths and the second
device functioning as a non-focusing optical element and
configured to collimate the beams having different
wavelengths resulting from the dispersion by the first

device may be any of the following static elements:
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diffraction gratings (of transmissive or reflective types),
prisms, grisms, and the like. A grism is a combination of a
diffraction grating and a prism.

[0066] The first and second devices may alternatively be
dynamic elements, such as acousto-optic (AO) devices that
temporally and spatially produce traveling waves.

[0067] Theoretically, the first and second devices may be
different kinds of optical elements. It is beneficial,
-howevér, if the first and second devices are of the same
kind. If so, the positions of the first and second devices
may not necessarily be adjusted very strictly. Here, the
optical elements of the same kind are defined as follows.

If the optical elements are diffraction gratings, the
elements are éonfigured at substantially the same grating
pitch and with substantially the same thicknesé. If the
optiéal elements are AO devices, the elements are configured
to produce waves traveling at substantially the same speed
and at substantially the same pitch.

[0068] The spatial modulator 108 (the selecting device
configured to select a beam having a specific wavelength
from among a plurality of beams), which will be described in
detail below, allows a beam having a specific wavelength
selected from among the beams having different wavelengths
striking different wavelength-selecting portions of. the

spatial modulator 108 to be fed back to the optical
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amplifier‘lol.

[0069] The above description concerns the principles of an
effect produced by static dispersing elements. A dynamic
dispersing element will now be described. Figs. 5A and 5B
explain the-principles of an acousto-optic (AO) device.
[0070] The AO device shown in Fig.. 5A includes an
ultrasonic oscillator 53, an absorber 52, and a crystalline
medium 50 held therebetween. Exemplary materials for the
crystalline medium 50 include tellurium dioxide (TeO,),
crystal (SiO;), glass (SFs), and the like. The speed of the
ultrasonic wave traveling through the crystalline medium 50
varies with the material of the medium 50.

[0071] The center driving frequency fc produced by a
driver 51 corresponds to the frequency of ultrasonic
oscillation, and a wave 54 that travels through the medium
50 at a speed of v m/s is produced. This produces waves of
compression and rarefaction of the refractive index. The
wavelength P of the waves is expressed as follows:

[Math. 9]

P=— ®

[0072] Fig. 5B explains positional (temporal) changes in
the waves of compression and rarefaction produced in the AO
device shown in Fig; 5A.

[0073] The speed of travel of the ultrasonic wave through
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a crystalline medium composed of tellurium dioxide (TeO2),
for example, is 617 m/s in shear mode and 4200 m/s in
longitudinal mode. In many cases, the AO device is driven
at a frequency, i.e., the number of.ultrasonic oscillations,
from several tens of MHz to a hundred and several tens of
MHz.

[0074] It should be noted that when a traveling
diffraction grating in which waves temporally and spatially
propagate through the medium is employed as the dispersing
element, a Doppler shift produced by the tra?eling
>diffraction grating acts on the diffracted beams, and the
number of oscillations of the diffracted beams is shifted by
the number of oscillations of the ultrasonic wave.

[0075] Diffractions caused by AO devices include Bragg
diffraction and Raman-Nath diffraction. 1In both cases of
diffractions, the relationship between the incidence angle
and the diffraction angle is expressed by Equation (1), and
the wavelengths of the diffracted beams are shifted by an
amount corresponding to the driving frequency f; with
respect to the wavelength of the incoming light. In general,
Bragg diffraction provides higher diffraction efficiency
than Raman-Nath diffraction.

[0076] The use of a plurality of temporally and spatially
traveling, dynamic diffraction gratings produces the same

effect as that produced by the two static diffraction
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gratings provided side by side as shown in Fig. 2.
Therefore, dynamic diffraction gratings are applicable to
the first and éecond devices according to the general
embodiment of the present invention.

[0077] In the case where traveling diffraction gratings
are employed, the two AO devices are to be provided‘such
~that the direction of travel of the wave and the direction
of diffraction of each of the two devices are opposite to
those‘of the other so that the Doppler effect, i.e., the
above-mentioned addition or deduction of the ultrasonic

- frequency to or from the frequency of the diffracted beams,
acting on each of the two devices is cancelled out by that
acting on the other.

[0078] In such a configuration, however, the grating area
of one of the AO devices on the downstream side needs to
have a width corresponding to the dispersion width of the
set of beams incident thereon. Nevertheless, if the dynamic.
characteristic of the AO diffraction gratings is utilized,
the grating area of the downstream AO device does not
necessarily have a width corresponding to the dispersion
width.

[0079] An example of such a solution is to simultaneously
modulate the driving frequencies of the two AO devices.
This enables the realization of a system in which the

wavelength is changeable only on the basis of the optical
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axes of the diffracted beams produced by the AO devices.
[0080] Such a system can be configured by utilizing Bragg
diffraction, which provides high diffraction efficiency.
[0081] Referring now to Fig. 4, Bragg diffraction will be
described. In Fig. 4, elements that are the same as or
similar to those shown in Figs. 5A and 5B are denoted by
common reference numerals.

[0082] When a beam is incident on an AO device at an
incidence angle O with respect to a plane perpendicular to
the direction of travel of the wave 54 and emerges at an
emergence angle ¢ = -0, the beam is specularly reflected
with respect to the wavefront traveling through the AO
device. In such a situation, the diffraction efficiency is
‘the highest. The angle defined in this situation is called
the Bragg diffraction angle 0s.

[0083] v The relationship between the wavelength A of light
and the center driving frequency fc of the ultrasonic wave

54 established in Bragg diffraction is expressed as follows:

(Math. 10]
2-v-0
A=—_8 )
Je

where v denotes the speed of the ultrasonic wave 54
traveling through the crystalline medium 50 of the AO device.
Here, when the Bragg diffraction angle 03 is fixed, the

wavelength A and the driving frequency fc are inversely
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proportional to each other.

[0084] For example, supposing that 0z is fixed at 35 ﬁrad
(2.0°) and tellurium dioxide ié employed in shear mode, the
driving frequency fc in a case where the range of the
wavelength A of the beam is set to 1.09 to 1.21 um is
calculated to be 39.6 to 35.7 MHz from Equation (9).

[0085] In this case, a reflective or transmissive
microscopic aperture is provided only on the optical axis of
the Bragg-diffracted beam so that only the beam of light
that reaches the microscopic aperture is fed back to the
optical amplification medium. Thus, a light source
apparatus whose oscillation wavelength is changeable is
provided.

[0086] .That is, by combining two AO devices described
abqve, the Doppler effects of the two devices cancel each
other out. Furthermore, by changing the driving frequency
of the AO devices between 39.6 and 35.7 MHz in 10 ms, a
light source apparatus in Which the oscillation wavelength
is swept between 1.09 to 1.21 pum at a frequency of 100 kHz
is provided. . Specific examples of such a light source
apparatus will be described below in sixth and seventh
embodiments.

[0087] As described above, by combining a plurality of
dispersing elements, light is dispersed and thus forms a

plurality of beams having different wavelengths, and the
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dispersed beams are collima£ed.

[0088] The spatiél modulator 108 as the selecting device
configured to select a beam having a specific wavelength
from among a plurality of beams will now be described.
[0089] Examples of the spatial modulator 108 include the
following: an element (light valve) having one or more rows
of microscopic apertures that reflect or transmit incoming
beams, AO and electro-optic (EO) devices forming traveling
"diffraction gratings, and an element having a light-blocking
member provided with a transmissive aperture through which
light.is transmitted.

[0090] First, a spatial modulator that does not utilize
traveling waves will be described.

[0091] A spatial modulator that does not utilize traveling
waves has pixels (or apertures) whose si;e ranges from
several microns to several hundred microns, the pixels being
arranged one- or two-dimensionally. Beams that strike the
pixels (apertures) are either reflected in specific
directions or transmitted therethrough. |

[0092] Referring to Figs. 3A to 3C, an example of such a
spatial modulator will now be described. The spatial
modulator is a micro-opto-electromechanical device in which
light is reflected and diffracted by metal-foil ribbons
provided on a substrate.

[0093] Fig. 3A schematically shows an exemplary ribbon-
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type reflecting/diffracting device. The device includes a
substrate 302 and ribbons 301. The ribbons 301 are
electrostatic metal-foil strips each having a width of
several microns and a length of several hundred microns.
The ribbons 301 are arranged side by side in the x direction
on the substrate 302. Several ribbons 301 form one pixel.
The ribbons 301 are each bendable under an electrostatic
force, making a level difference from other ribbons 301
adjacent thereto, whereby a displacement equivalent to one
fourth of the waveiength A (A is the wavelength of an
incoming beam) 1is produced.

[0094] Fig. 3B includes cross-sectional views showing two
different states of the ribbons 301, taken in the x
direction. In this example, one pixel includes six ribbons
301. Here, suppose that a beam 350 strikes the pixel shown
in Fig. 3B. In the state shown on the left in Fig. 3B,
there are no differences in the levels of the six ribbons
301, and the pixel therefore functions as a mirror causing
specular reflection. in contrast, in the state shown on the
right in Fig. 3B, the ribbons 301 are staggered by a level
difference of A/4, and the pixel therefore functions as a
phased diffraction grating. Hence, the beam 350 falling
over adjacent ones of the ribbons 301 forms beams that are
each reflected at a phase angle of A/2, and the beams

reflected by the adjacent ribbons 301 cancel each other out.
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Consequently, the pixel does not cause specuiar reflection.
[0695] The beam that has not been specularly reflected is
diffracted. In this example, since the device functions as
a spatial modulator that utiiizes specular reflection, the
pixel shown on the left in Fig. 3B is in the ON state, and
the pixel shown on the right in Fig. 3B is in the OFF state.
[0096] Fig. 3C schematically summariées the relationship
between the displacement of the ribbons 301 of the spatial
modulator and the resulting laser oscillation.

[0097] In Fig. 3C, column (1) shows different states of
the ribboné 301 that change with time, column (2) shows the
reflection spectra corresponding to the respective states of
the ribbons 301, and column (3) shows the wavelengths of the
resulting laser oscillation.

[0098] Focusing on the states of the ribbons 301 at time
(a), a reflective pixel is formed at a left-of-center
position in the row of ribbons 301. When a beam is
reflected at the reflective pixel, the spectrum of the
reflection that is fed back'to the optical amplification
medium has a profile including a peak spreading with a
certain width corresponding to the width of the reflective
pixel, as shoWn in column (2). When the reflection having
such a spectrum is fed back to the optical amplification
medium, several longitudinal modes appear within the

spectrum.
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[0099] However, the energy of the longitudinal modes
concentrates on the wavelength at the peak of the reflection
profile. Therefore, the oscillation wavelength corresponds
to the wavelength at the peak of the reflection spectrum.
[00100] _Focusing now on other states at times (b) to (d),
the reflective pixel of ribbons 301 is shifted rightward
with time, and it is understood that the oscillation
wavelength changes correspondingly.

[00101] Next, the speed of wavelength sweeping performed by
the wavelength—tunable;light source apparatus will be
described.

[00102] The displacement of the ribbons 301 are controlled
at a driving frequency of about iO MHz. Hence, to realize a
sweeping speed of 100 kHz or higher with a thousand pixels,
ten pixels are to be involved with the reflection spectrum.
As described above, the peak of the reflection spectrum
determines the wavelength of laser oscillation. Thus, a
light source apparatus that operates at a sweeping speed of
lOOlkHz or higher is realized.

[00103] While a reflecting/diffracting element including
metal—fqil ribbons have been described as an example of the
spatial modulator 108, the spatial modulator 108 may
alternatively be a micromirror device, in which movable
micromirrors are arranged one- or two-dimensionally and

spatial modulation is performed by controlling the
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inclinations of the individual micromirrors, or a reflective
liquid-crystal panel.

[00104] Next, an exemplary spatial modulator utilizing a
traveling diffraction grating will be described. A
traveling chéracteristic is that, for example, waves of
compression and rarefaction of the refractive index or a
wavy pattern in a surface spatially travels and propagafes
through a propagation.medium. The following description
concerns examples employing AO and EO devices.

[00105] In such a spatial modulator, the A0 or EO device is
controlled to be driven in such a manner as to form, in the
propagation medium, a traveling diffraction grating
including a portion (at least one pixel) where there are no
compression and rarefaction of the refractive index. The
portion of the traveling diffraction grating where there are
no compression and rarefaction of the refractive index
functions as the ON pixel of the spatial modulator.

[00106] A beam of light radiated from an optical
amplification medium is dispersed and collimated by the two
diffraction gratings, whereby beams having different
wavelengths are obtained. Thus, beams parallel to one
another strike the spatial modulator. Portions of the
spatial modulator where the traveling diffraction grating is
formed function as the OFF pixels, and a portion of the

spatial modulator where the traveling diffraction grating is
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not formed functions as the ON pixel by transmitting or
reflecting the incoming beam. In a case where the device is
of reflective type, the beam is reflected by the ON pixel
and is fed back to the optical amplification medium. In a
case where the device is of transmissive type, the beam is
trénsmitted through the ON pixel, is reflected by a mirror
provided behind the\pikels, and is fed back to the optical
amplification medium. The ON pixel at which there are no
compression and rarefaction of the refractive index travels
through the propagation medium at a high speed specific to
the medium. Thus, a sweeping speed of 100 kHz or higher is
realized.

[00107] A spatial modulator employing an acousto-optic (AO)
device will now be described. An AO modulator is a
combination of an AO device and a mirror that reflects light
transmitted through the AO device. The mirror functions as
one of the components forming the resonator included in the
light source apparatus.

[00108] Referring now to Fig. b5A, Réman—Nath diffraction,
the principles of modulation by the AO device, will be
described. As described for Bragg diffraction, when the
ultrasonic oscillator 53 is driven, waves 54 of compression
and rarefaction of the refréctive index travel through the
crystalline medium 50 of the AO device. In Raman-Nath

diffraction also, the grating pitch P is expressed as
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Equation (8) on the basis of the driving frequency f. and
the speed v m/s of the ultrasonic oscillation traveling
through the crystalline medium 50.

[00109] In Raman-Nath diffraction, the incidence angle 0 in
Equation (1) is zero, and the relationship among the speed v
of propagation of the ultrasonic wave, the driving frequency

fc, and the diffraction angle @g is expressed as follows:

[Math. 11]
A

o =L (10)
\%

[00110] For example, when the wavelength A is 1.15 um; the
speed v of propagation of the ultrasonic wave is-3300 m/s;
and the driving frequency fc is 80 MHz, the angle of #lst-
order diffracted beams is 1.6°.

. [00111] Fig. 5B shows the distribution of compression and
rarefaction of the refractive index. 1In Fig. SB, the
direction in which the ultrasonic wave travels through the
crystalline medium 50 of the AO device is defined as the x
direction. Beams of light strike the AO device as indicated
by the arrows. 1In Fig. 5B, the beam that strikes a portion
(pixel) where the refractive index is constant with no
compression and rarefaction is transmitted through the AO
device as a Oth-order diffracted beam.

[00112] Meanwhile, the beams that strike portions where

there is a periodic distribution of the refractive index
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undergo Raman-Nath diffraction, producing *lst-order, +2nd-
order, ... diffracted beams. The *1lst- and higher-order
diffracted beams can be blocked by an aperture or the like
so as not to be fed back to the optical amplifiéation medium,
as described below in a fourth embodiment.

[00113] If a mirror is provided behind the transmissive
portion of the AO device, the A0 device, in combination with
the mirror, can function as a reflective spatial modulator.
[00114] Next, an exemplary laser oscillation produced by a
wavelength-tunable light source apparatus employing the
above AO device as the spatial modulator will be described.
[00115] The ON pixel shown in Fig. 5B travels with time in
the form of compression and rarefaction of the refractive
index, in a manner similar to that described above referring
to Figs. 3A to 3C. When a beam is reflected by the ON pixel,
the spectrum of the reflection that is fed back to the
optical amplification medium has a profile including a peak
spreading with a certain width corresponding to the width of
the ON pixel. When the reflection having such a spectrum is
fed back to the optical amplification medium, several
longitudinal modes appear within the reflection spectrum.
However, the energy of the longitudinal modes concentrates
on the wavelength at the peak of the reflection profile.
Therefore, the oscillation wavelength corresponds to the

wavelength at the peak of the reflection spectrum.
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[00116] A specific example of the sweeping speed will be
given. Supposing that the dispersion width A is 3.1 mm and
the speed of travel of the ultrasonic wave is 3300 m/s, a
high sweeping speed-of 1100 kHz is realized.

[00117] Other examples of the spatial modulator employing
the traveling diffraction grating include an EO device
utilizing the piezoelectric effect, and a surface-acoustic-
wave device utilizing the surface acoustic wave.

[00118] In a case where the above-described spatial
modulator includes reflective pixels, the spatial modulator
also functions as one of the resonator components between
which the optical amplification medium is provided in the
optical path.

[00119] Examples of the optical amplification medium
according to the general embodiment of the present invention
that amplifies liéht include an active layer of a
semiconductor laser, an active layer of a semiconductor
optical amplifier (SOA), a rare-earth-doped (ion-doped)
optical fiber éontaining, for example, erbium or neodymium,
and a medium that amplifies light by utilizing a dye doped
to an optical fiber.

[00120]. An SOA utilizes the process of optical
amplification basically with no resonator components’
provided on a semiconductor laser. The end faces of the SOA

have low reflectivity so as not to form any resonator
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- component.
[00121] In the light source apparatus according to the
general embodiment of the present invention, an optical
amplification medium is provided inside a resonator.
Therefore, one end face of the SOA can be provided as a
mirror, and the other end face can be anti-reflection-coated
so that light is efficiently emitted toward the first device,
i.e., the dispersing element. In such a configuration, one
end face of the SOA has a cleavage plane functioning as one
of the resonator components and as an output surface of the
light source apparatus. Alternatively, a semiconductor
laser having one end face thereof anti—reflection—coatéd may
be employed.
[00122] Semiconductor lasers and SOAs are of small sizes
and are controllable at high speeds, and are therefore
beneficial ih terms of the size reduction and high-speed
control of the light source apparatus.
[00123] The active layers of semiconductor lasers and SOAs
may be compound semiconductors or the like employed in
general semiconductor lasers. Exemplary compound
semiconductors include those based on InGaAs, InAsP, GaAlSb,
GaAsP, AlGaAs, GaN, and the like. Such an active layer is
to.be selected from among those having gain center.
wavelengths of 840 nm, 1060 nm, 1150 nm, 1300 nm, 1550 nm,

etc., in accordance with the intended use and so forth of
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the light source apparatus.

[00124] Rare-earth-doped optical fibers are suitable for
obtaining a high gain with a good noise characteriétic.
Dye-doped optical fibers are beneficial in that an increased
number of wavelength options are provided by appropriately
selecting the fluorescent dye.and the host material.

[00125] The scope of the present invention includes an
optical-coherence-tomography (OéT) system.

[00126] An OCT system according to the general embodiment
of the present invention includes the light source apparatus
according to the general embodiment of the present invention.
{00127] Now, the relationship between the swept wavelength
range and the resolution in the thickness airection of the
sample and the relationship between the sampling pitch at
which the wavelength is swept and the detectable length in
the depth direction of the sample in the OCT system will be
described.

[00128] The sampling wavelength interval AA at which the
wavelength is swept and the maximum length L in the depth
direction of the sample (in the optical-axis direction)
detectable with the OCT system have the following

relationship, in principle:

== (1)
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[00129] Letting the upper and lower limits of the swept
wayelength range be denoted by A; and Ay, respectiveLy, the
resolution AL in the depth direction of the sample (in the
optical-axis direction) detectable with the OCT system is
expressed as foilows:

[Math. 13]

7"1 ')“2

=2(7"1 _}“2) (12)

[00130] Specifically, supposing that the sampling
wavelength interval AA is 0.15 nm and the center wavelength
A is 1.15 um, the maximﬁm detectable length L in the depth
direction of the sample (in the optical-axis direction) is
calculated to be 8.8 mm from Equation (11).

[00131] Furthermore, supposing that the upper and lower
limits A and.xz of the swept wavelength range are 1.09 um
and 1.21 pm, respectively, the detectable resolution AL in
the depth direction of the sample (in the optical-axis
direction) is calculated to be 5.5 um.

[00132] Now, the present invention will be described in
more detail by giving several specific embodiments. To
avoid redundancy, elements that are the same as or similar
to those described above are basically denoted by common
reference numerals.

First Embodiment an;_i Comparative Embodiment

[00133] Fig. 1 schematically shows a light source apparatus
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according to a first embodiment of the present invention
including two transmissive diffraction gratings.

[00134] Referring to Fig. 1, the optical amplifier 101
'produces laser oscillation. The active layer 102 functions
as the optical amplification medium. The end face 103 of
the optical amplifier 101 is a translucent mirror so as to
function as a resonator mirror and to extract the output
beam 113. 4 |

[00135] The end face 104 of the optical amplifier 101 is
anti-reflection-coated. The active layer 102 radiates and
emits the beam. 110 to the outside with a specific range of
wavelength that depends on the gain width of the active
layer 102.

[00136]‘ The optical system 105'shapes the beam 110 emitted
to the outside and focuses the beam 110 on the spatial
modulator 108.

[00137] The first diffraction grating 106 disperses the
beam 110 and thus produces beams having different
wavelengths. The second diffraction grating 107 collimates
the dispersed beams having different wavelengths. 'The
grating pitches of the diffraction gratings 106 and 107 are
both 1.5 pum. The diffraction gratings 106 and 107 are
provided parallel to each other and are spaced apart from
each other by a distance of 15 mm.

[00138] As a result of the dispersion, a beam 111 having a
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long wavelength and a beam 112 having a short wavelength are
obtained. The mirrbr 109 reflects a beam having.a specific
wavelength selected by the spatial modulator 108 back to the
active layer 102.

[00139] In the first embodiment, the active layer 102 of
the optical amplifier 101 includes InGaAs layers and GaAs
layers that are alternately stacked into a quantum well
structure having a thickness of 1 pm.

[00140] When electrical energy is supplied to the active
layer 102 of the optical amplifier 101, optical fadiation
occurs. The radiation is amplified in the active layer 102
and propagates toward the end face 103, functioning as a
resonator component, and the anti-reflection-coated end face
104. The radiation is transmitted through the anti-
reflection-coated end face 104 and is emitted as the béam
110 to the outside. The beam 110 has astigmatism and the
wavefronts thereof are asymmetric with respect to the
optical axis. The beam 110 is then converted by the optical
system 105 into a beam in the form of spherical waves that
are symmetric.with respect to the optical axis. The'beam
110 in the form of spherical waves is dispersed and thus
forms beams having different wavelengths by being
transmitted through the diffraction grating 106. The
dispersed beams are collimated by being transmitted through

the diffraction grating 107. The collimated beams are
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focused on the spatial modulator 108.

[00141] The beam 110 of the radiation from the active layer
102 perpendicularly,strikes the diffraction surface of the
diffraction grating 106.. That is, the incidence angle 6; is
zero. ‘As expressed by Equations (1) to (6), the emergénce
angle ¢, of the beams emerging from the diffraction grating
107 is also zero.

[00142] When the output beam 113 emitted from the end face
103, i.e., the translucent mirrof, is measured with an
optical spectrum analyzer, a laser beam having a center
wavelength of 1.15 um with a swept wavelength range of 1.09
to 1.21 um is detected.

[00143] The diffraction angles produced with the center
wavelength of 1.15 pm, the short wavelength end of 1.09 pm,
and the long wavelength end of 1.21 pum arelcalculated to be
50.1°, 46.6°, and 53.8°, respectively, from Equation (3).
The width A between the short wavelength end and the long
wavelength end.is calculated to be 4.6 mm from Equation (7).
[00144] Now, a cqmparative embodiment corresponding to a
known light source apparatus will be described. |
[00145] The comparative embodiment corresponds to the light
source apparatus shown in Fig. 16. Let the focal length of
the focusing lens 1624 shown in Fig. 16 be denoted by £,
and the focal length of the lens 1605, which is a beam-

shaping lens, provided near the laser medium'1601,
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corresponding to the optical amplifier, be denoted by f,.
Furthermore, suppose that the thickness of the active layer
of the optical amplifier 1601 is 0.001 mm. Furthermore, lét‘
the stabilities of the focusing lens 1624 in the optical-
axis direction and in the direction perpendicular to the
optical axis under the aforementioned conditions be denoted
by 8z and dy, respectively.

[00146] When the focusing lens 1624 is displaced by 6z or
Sy, each beam is deflected and strikes a position deviating
from the originally expected position by 80. To cause this
beam deflected by 60 to be fed back to the active layer,
since the distance from the center of the active layer to
each boundary is 0.0005 mm, the following equation is to be
satisfied:

[Math. 14]

86- f,=0.0005(mm)

[00147] Here, supposing that f, is 3 mm, the following

holds:
[Math. 15]
86 =0.00017(mm) (13)

[00148] The allowénces for 0z and dy will now be calculated.
First, 8z will be considered. Letting the width of the set

of beams be denoted by A as described above, 00 is expressed
as follows, as a function of dz:

[Math. 16]
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A A
86=tan”'| —2— |—tan!| 2
+ 0Z

14
716 7 (14)

[06149] Then, 0y is expressed as follows:

[Math. 17]

86=1, -8y NE))

[00150] Here, suppose that A is 4.6 mm and f, is 15 mm.
This ‘is equivalent to a case where the diffraction grating
107 according to the first embodiment is replaced with the
focusing lens 1624.

[00151] From Equations (13) to (15), the following values

are obtained:

[Math. 18]
6z=0.017mm
(Math. 19]

dy=0.000013mm

[00152] According to the above calculations, it is
undersfood that, in the known light source apparatus
employing the focusing lens 1624, the positional allowances
of the optical axis in the z and y directions are 17 um or
smaller and 0.013 pm (13 nm) or smaller, respectively.
[00153] The allowance in the y direction is particularly
strict, requiring nanometer-order precision.

[00154] In contrast, in the light source apparatus

according to the first embodiment of the present invention,
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since the dispersed beams are collimated by a non-focusing
optical element (diffraction grating), the allowanceé 6z and
0y in the z and y directions are theoretically not limited
but are practically limited only by mechanical interferences{
[00155] That is, in the light source apparatus according to
the first embodiment of the present invention, oscillatign
is produced over the entirety of the.swept range, and
difficult works of very precise measurement and very strict
positioning are not necessary for realizing stable light
intensity. Therefore,.the light source apparatus is
manufactured easily.

Second Embodiment

[00156] Referring to Fig. 6, a light source apparatus
according to a second embodiment of the present invention
will now be describéd.

[00157] ' The second embodiment concerns an apparatus

. employing blazed reflective diffraction gratings, which
realize high diffraction efficiency. In addition to the
high efficiency Qf light ﬁtilization, the light source
apparatus according to the second embodiment is beneficial
in that the size thereof in the optical-axis direction is
shorter because the optical path is folded by the use of the
reflective diffraction gratings.

[00158] A reflectiﬁe blazed diffraction grating 166

disperses the beam 110 emitted from the optical amplifier
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101. A reflective blazed diffraction grating 167, which is
of the same kind as the reflective blazed diffraction
grating 166, collimates the dispersed beams having different
wavelengths obtained from the beam 110. The spatial
modulator 108 includes metal-foil ribbons. Among the beams
received at different pértions of the spatial modulator 108,
a beam having a specific wavelength is selected and is fed
back to the active layer. |
[00159] A collimator 151 collimates the beam 110 having an
oval shape emitted from the active layer. A beam-shaping
prism 152 shapes the oval beam 110 into a circular shape,
thereby converting the beam 110 into a beam in the form of a
plane wave. A focusing lens 153 focuses the beam 110 in the
form of a plane wave on the spatial modulator 108.

[00160] The end face 103 of the optical amplifier 101 forms
a mirror on the output side functioning as one of the
resonator components. The output beam 113 emitted from the
end face 103 is transmitted through a collimator lens 154, a
beam-shaping prism 155, and a coupling lens 156, and enters
a fiber 115.

[00161] In a case where the reflective blazed diffraction
gratings 166 and 167 each have 600 grooves/mm at a blazed
angle of 30°, the efficiency of the lst-order diffracted
beam is 80% or higher.

[00162] When two reflective blazed diffraction gratings are
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employed as the dispersing element and the collimating
element, high diffraction efficiency is realized. 1In
addition, the optical path is folded. Therefore, the light
sourcé apparatus is provided with excellent wavelength
controllabiiity and in a smaller size with a reduced length.
Third Embodiment

[00163] Referring to Fig. 7, a light source apparatus
according to a third embodiment of the present invention
will now be described.

[00164] The apparatus according to the third embodiment has
a shorter length in the optical-axis direction than the
apparatus acéording to the second embodiment.

[00165] The apparatus according to the‘third embodiment
employs a folded optical system with two reflective blazed
diffraction gratings, as in the second embodiment, and
includes a translucent mirror 176 provided between the
optical amplifier 101 and the reflective blazed diffraction
grating 166, whereby the output beam 113 is extracted in a
direction away from the optical axis defined by the optical
amplifier 101. Thus, compared with the second embodiment in
which lenses are provided on the output side on the
extension of the optical axis defined by the optical
amplifier, a further size reduction is realized.

[00166] In addition, since an optical amplifier emitting

light only from one end face thereof is employed, a
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practically low-cost light source apparatus is provided.
[00167] 1In the apparatus shown in Fig. 7, the beam 110
emitted from the optical amplifier 101 is collimated by the
optical system 105. A portion of the collimated beam 110 is
transmitted through the translucent mirror 176, whereas the
remaining portion of the collimated beam 110 is feflected by
the translucent mirror 176 and, as a beam 110', travels
toward the fiber 115.

.[00168] The transmitted portion of the beam 110 is focused
by a focusing lens 145 while being reflected by the
reflective blazed diffraction gratings 166 and 167 in the
form of beams having different wavelengths. The beams
having different wavelengths are thus focused on different
pixels of the spatial modulator 108 also functioning as a
resonator component. The pixels of the spatial modulator
108 each include, for example, metal-foil ribbons.

[00169] A beam having a specific wavelength is selected and
reflected by the spatial modulator 108. The beam is further
reflected by the reflective blazed diffraction gratings 167
and 166.again. Subsequently, the beam is transmitted
thréugh the translucent mirror 176 and enters the optical
amplifier 101, thereby being amplified.

[00170] The beam amplified by the optical amplifier.101 is
reflected by an end face 133 of the optical amplifier 101,

is further. amplified, and, as the beam 110, travels toward
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the optical system 105. The transmittance of the
translucent mirror 176 is specified such that laser
oscillation is produced even if there is any loss of energy
due to the reflection and absorption by the translucent
mirror 176.

[00171] Laser oscillation is produced with the beam having
the selected wavelength obtained by the repetition of the
above process. A portion of the beam is reflected by the
translucent mirror 176, is transmitted through a focusing
lens 125, and is guided into the fiber 115.

[00172] In the above configuration, the amplified beam is
guided, as the beam 110', in a direction away from the
optical axis of the beam 110 (in the third embodiment, a
direction substantially perpendicular to the optical axis of
the beam 110), and is extracted as the output beam 113.
[00173] Thus, compared with the apparatus according to the
second embodiment in which lenses are provided on the output
side on the extension of the optical axis defined by the
optical amplifier, the size of the apparatus according to
the third embodiment is further reduced. 1In addition, since
an optical amplifier emitting light only from one end face
thereof is employed, a low-cost light source apparatus is
provided. |

Fourth Embodiment

[00174] A light source apparatus according to a fourth



WO 2011/099409 PCT/JP2011/052201
44

embodiment of the present invention is the same as the light
source apparatus according to the first embodiment, except
that the spatial modulator 108 is an acousto-optic (AO)
device.

[00175] The principles of the spatial'modulator employiﬁg
an AO device has been described in detail in the general
embodiment. |
[00176] SpecifiCally, a tra&eling diffrﬁction grating
including a portion (at least one pixel) where there are no
compression and rarefaction of the refractive index is
formed in the propagation mediﬁm. ‘The portion where there
are no compression and rarefaction of the refractive index
is utilized as the ON pixel, and the other portions where
the traveling diffraction grating is formed are utilized as
the OFF pixels.

[00177] Description will proceed with reference to Fig. 8.
In Fig. 8, elements that are the same as or similar to those
shown in Fig. 1 are denoted by common reference numerals.
-[00178] The 5eam 110 emitted from the optical amplifier 101
undergoes dispersion and collimation by the two diffraction
gfatings 106 and 107. The resulting beams having different
wavelengths enter the spatial modulator 108.

[00179] Waves 184 of cgmpression and rarefaction of the
refractive index travel through the propagation medium of

the AO device. Portions where the traveling diffraction
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grating is formed function as the OFF pixels, and a portion
where the traveling diffraction grating is not formed
functions as the ON pixel, where the beam is transmitted or
reflected.

[00180] In a case where the device is of reflective type,
the beam selected at the ON pixel is fed back to the active
layer 102, i.e., the optical amplification medium. In a
case where the device is of transmissive type, the selected
beam is fed back to the active layer 102 by the mirror 109
provided behind the device. The ON pixel travels through
the medium at a high speed spécific to the medium. Thus, a
sweeping speed of 100 kHz or higher is realized.

[00181] An optical system 187 shapes and condenses the oval
beam 110 from the active layer 102 into a circular beam.
Although the optical system 187 shown in Fig. 8 includes one
lens, the optical system 187 may include a plurality of
lenses. - |

[00182] An aperture 188 blocks the unintended diffracted
beams from the AO device. A focusing lens 189 focuses the
beam 110 diverging from the aperture 188 on the mirror 109
pro&ided behind the AO device, i.e., the spatial modulator
108. The mirror 109 functions as a resbnétor component.
[00183] The anti-reflection-coated end face 104, which is
an output end of the active layer 102, and the mirror 109,

functioning as a resonator component, are optically
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conjugate to each other, whereas the aperture 188 and the
mirror 109 are not.éonjugate to each other. Therefore, the
diffracted beams from the AO device other than the Oth-order
diffracted beam, i.e., the Zlst- or higher-order diffracted
beams, are blocked by the aperture 188 and aré.not fed back
to the active layer 102. |

[00184] The active layer 102 in the fourth embddiment is
the same as that in the first embodiment. The diffraction
gratings 106 and 107 in the fourth embodiment are also the
same as those in the first embodiment, except that the

- distance therebetween is 10 mm.

[00185] Thus, a laser beam having a center wavelength of
1.15 um with a swept wavelength range of 1.Q9 to 1.21 pm is
prbduced.

[00186] The size of the crystal as the medium of the AO
device is limited. Therefore, the distance d between the
diffraction gratings 106 and 107 is set to 10 mm.
Accordingly, the dispersion width A between the short
'wavelength end and the long wavelength end is calculated to
be 3.1 mm from Equation (7).

[00187] Supposing that the speed of travel of the wave
through the AO device is 3300 m/s and the driving frequency
of the AO device is 80 MHz, the‘diffraction angle of the
lst-order diffracted beam having a wavelength of 1.15 um is

1.6°.
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[00188] By determining the diameter of the aperture 188 and
the focal length of the focusing lens 189 such that at least
the *lst-order diffracted beams are blocked, a swept light
source apparatus operating at a high sweeping speed of 1 MHz
or greater is provided. | |

Fifth Embodiment

[00189] A fifth embodiment of the present invention
concerns a light source apparatus employing a surface-
acoustic-wave (SAW) device as the spatial modulator.

[00190] Figs. 9A and 9B schematically show a SAW devicei
[00191] In the SAW device, since the speed of the surface
acoustic wave is as high as 4000 m/s, a sweeping speed
corresponding to a sweeping frequency of 1 MHz or higher is
realized. Furthermore, since the SAW device is thinner than
the AO device, a smaller light source apparatus is provided.
[00192] The principles of the spatial modulator employing
the SAW device are simiiar to those of the AO device
described in the fourth embodiment.

{00193] When ultrasonic oscillation is produced by placing
a high-frequency voltage across electrodes, a traveling
diffracfion grating travels through the SAW device. The SAW
device is driven intérmittently by taking pauses
periodically.

[00194] Such a driving method produces a traveling

diffraction grating including a portion, corresponding to
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abéut one pixel, where there are no compression and
rarefaction of the refractive index and the surface shape.
The portion functions as the ON pixel. That is, a beam
having a wavelength corresponding to the position of the ON
pixel is selected and is reflected as the Oth-order beam by
the interface between the ON pixel and a substrate carrying
the ON pixel.

[00195] Thé interface functions as a mirror, i.e., one of
the resonator components. The reflected beam is fed back to
the active layer 102, and laser oscillation is produced with
the wavelength of the feedback beam.

[00196] Meanwhile, in the.portions where there are
compression and rarefaction of the refractive index and the
surface shape, diffraction occurs but no Oth-order
reflection occurs. Hence, the portions function as the OFF
pixels. The diffracted beams, other than the Oth-order beam,
from the OFF pixels are fed back toward the active layer 102
but are blocked by an aperture provided halfway in the
optical path or by the aperture ofvthe active layer 102.
Therefore, such diffracfed beams do not contribute to laser
oscillation.

[00197] Elements shown in Fig. 9A include a SAW device 921,
electrodes 922 and 923 that generate surface-acoustic waves,
and a drive power circuit 924 that places a voltage across

the electrodes 922 and 923.
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[00198] Fig. 9B is a schematic cross-sectional view of the
SAW device 921.

[00199] A piezoelectric thin film 912 is composed of, for
example, lithium niobate (LiNbO3), and has an absolute
refractive index n, of 2.232 and an effective refractive
index n. of 2.156.

[00200] A substrate 911 carries the piezoelectric thin film
912. The interface between the substrate 911 and the
piezoelectric thin film 912 functions as a reflective film
that reflects the incoming beam having a wavelength within
the swept wavelength range.

[00201] When a high—frequency.alternating voltage is placed
across. the electrodes 922 and 923, surface acoustic waves
representing the compression and rarefaction of the
refractive index and the surface shape propagate on the
surface of the SAW device 921 at a speed of 4000 m/s.

[00202] Supposing.that the electrodes 922 and 923 each
having a width of i pm are provided with a separation of 1
um, surface waves occurring at a pitch P of 4 um propagate.
In this case, the diffraction angle of the xlst-order
diffracted beams is +16.7°.

[00203] Furthermore, suppose that the change in the
refractive index of the piezoélectric thin film 912, for
example, a lithium niobate film, occurring when a voltage is

placed across the electrodes 922 and 923 is 0.024, and that
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the depth to which the refractive index changes is the
'threefold_of the wavelength of 4 um, i.e., 12 um. Then, the
difference in optical path length between before and after |
the change is 0.288 um, which is equivalent to A/4, where A
is the wavelength of the incoming beam and is 1.15.
Therefore, the intensity of the Oth-order diffracted beam
under such a situation is zero.

Sixth Embodiment

[00204] In each of the above embodiments, two static
diffraction-gratings are employed for dispersiﬁg the light
radiated from the optical amplification medium and thus
producing beams having different wavelengths and for
collimating the dispersed beams. In a sixth embodiment of
the present invention, traveling diffraction gratings
(diffraction gratings utilizing traveling waves) that are
temporally and spatially dynamic are employed.

[00205] The basic concept of the traveling diffraction
grating has been described above in the general embodiment.
[00206] In the sixth embodiment, a beam having a wavelength
with which Bragg diffraction at a spécific angle is caused
by the AO device is selected and is fed back to the optical‘
amplification medium, and laser oscillation is produced.
[00207] According to Equation (9), when the drivingA
frequency fc of the AO device is swept, A is swept because

the Bragg diffraction angle 6z is fixed. Thus, a swept light
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source apparatus is provided.

[00208] In the sixth embodiment in which two AQO devices are
employed, the Doppler shifts of the wavelength caused by the
two traveling diffraction gratings cancel each other out.
[00209] An apparatus according to the sixth embodiment will
now be described with reference to Fig. 10A. The apparatus
shown in Fig. 10A includes a first AO device 1006 that
disperses the beam of light radiated from the optical
amplification medium and thus produces a plurality of beams,
and a second AO device 1007 that collimates the beams
resulting from the dispersiqn by the first>AO device 1006.
[00210] The diétances from the positions of diffraction in
the first and second AO devices 1006 and 1007 to respective
oscillators 1053 and 1054 are set so as to be equal,. whereby
waves of compression and rarefaction at the same pitch reach
the respective positions of diffraction.

[00211] A driver 1027 drives the first and second AO
devices 1006 and 1007 simultaneously; An aperture 1028 is
providedvfor selecting a beam having a specific wavelength
from among the beams collimated by the second AO device 1007.
A mirror 1009 and the end face 103 of the optical amplifier
101 in combination function as a resonator.

[00212] The optical system 105 is a focusing lens that
focuses the beam from the optical amplifier 101 on the

mirror 1009.
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[00213] The operation according to the sixth embodiment

- will now be described.

[00214] First, the AO devices 1006 and 1007 are driven by
the driver 1027 at a frequency f;. Subsequently, electrical
energy 1is supplied from a power source (not shown) to the
optical amplifier 101, whereby albeam of light radiated from
the optical amplifier 101 travels through the focusing lens
105 and enters the first AO device 1006.

[00215] The relationship between the diffraction angle
(Bragg diffraction angle) and the wavelength of each of the
diffracted beams produced at the entry into the first AO
device 1006 is expressed by Equation (9) above. That is,
the incidence angle on the first A0 device 1006 corresponds
to the Bragg diffraction angle 0Oj.

[00216] As can be seen from Fig. 10A, 0z is fixed. Let the
wavelength of the beaﬁ Bragg-diffracted by the first AO
device 1006 be denoted by A;. The Bragg-diffracted beam
enters the second AO device 1007 that is being driven at the
same frequency as for the first AO device 1006, and the bgam
is similarly Bragg-diffracted.

[00217] Subsequently, the beam having the wavelength A; is
selected (the wavelength range is limited) by the aperture
1028 and strikes the mirror 1009. The beam having the
wavelength lllis reflected by the mirror 1009, returns the

same -optical path, and enters the active layer of the



WO 2011/099409 PCT/JP2011/052201
53

optical amplifier 101. Thus, the beam is amplified between
the mirror 1009 and the end face 103, which is a‘translucent
mirror.

[00218] The beam reflected by the translucent mirror 103
travels back and forth between the translucent mirror 103
and the mirror 1009, thereby being amplified. Then, an
output beam 113 having the wavelength A1 1s output through
the translucent mirror 103.

[00219] Subsequently, the driving frequency of the driver
11027 is chanéed to f;. This changes the pitch of the
diffraction gratings, i.e., the pitch of the compression and
rarefaction of the refraction index.

[00220] Since the Bragg diffraction angle 0y is fixed, the
diffraction wavelength changes to A, in accordance with
Equation (9). This change is schematically shown in Fig.
10B.

[00221] Now, the Doppler shifts caused by the first and
second AO devices.1006 and 1007 will be described.

[00222] In general, a traveling diffraction grating causes
a Doppler shift acting on the wavelength of each diffracted
beam. The diffraction by the first A0 device 1006 occurs in
the direction of travel of the wave. Hence, the frequency
of the diffracted beam is increased by the driving frequency
f; of the first AO device 1006.

[00223] Meanwhile, the diffraction by the second AO device
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1007 occurs in the direction opposite to the direction of
travél of the wave. Hence, tHe frequency of the diffracted
beam is increased by -f;, or is reduced by f;.

[00224] Therefore, by combining the diffractions occurring
in the same as and the opposite to the direction of travel
of the wave of the AO devices 1006 and 1007, the Doppler
shifts occurring in the AO devices 1006 ahd 1007 cancel each
-other out, and stable laser oscillation is realized.

[00225] Specific numerical values will now be given.
[00226] Suppose that the speed of propagation of the
ultrasonic wave through the crystalline medium of the AO
device is 3300 m/s; the Bragg diffraction angle is 35 mrad
(2°); and the same active layer as in the first embodiment
is employed, whereby A; and A, are set to 1.21 pum and 1.09 um,
respectively; When the foregoing values are substituted
into Equation (9), f; comes to 35.7 MHz, and £f, comes to 39.6
MHz.

[00227] Thus, the wavelength of laser oscillation is
changeable over the range of 1.21 to 1.09 um by changing the
driving frequency of the AO devices over the range of 35.7
to 39.6 MHz.

[00228] For example, if the driving frequency is
continuously changed from f; to f; in a sawtooth manner at a
period of 10 us, a swept light source apparatus operating at

100 kHz is provided.
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[00229] Furthermore, in the sixth embodiment, the elemeht
corresponding to the épatial modulator is provided as a
light-blocking member having an aperture. Thus, a low-cost
swept light source apparatus is provided.

Seventh Embodiment

[00230] Fig. 11 schematically shows a light source
apparatus according to a seventh embodiment of the present
invention. The light source apparatus shown in Fig. 11 is
basically the same as the light source apparatus according
to the sixth embodiment, except that the output beam 113 is
emitted from the opposite side, i.e., from the mirror 1009;
[00231] Specifically, unlike the apparatus shown in Fig.
10A, the end face 103 of the optical amplifier 101
functioning as one of the resonator componehts is provided
as a mirror, and the mirror 1009 functioning aé the other
resonator component is a translucent mirror.

[00232] In the seventh embodiment, a side of the appaiatus
near the AO device corresponds to the output side, and an
easily available optical aﬁplifier having a mirror only on
one side is employed. Therefore, a swept light source
apparatus that costs less than the apparatus according to
the sixth embodiment is provided.

Eighth Embodiment

[00233] A light source apparatus according to an eighth

embodiment of the present invention employs a rotatable slit
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(slit wheel) 1208, shown in Fig.A12, instead of the spatial
modulator 108 included in the apparatus according to the
first embodiment. The rotatable slit 1208 shown in Fig. 12
includes a rotatable disc 1220 having a plurality éf
transmissive slits 1221. The slits 1221‘are arranged at
regular intervals along the circumference of the rotatable
disc 1220 such that the virtual lines extending in the
longiﬁudinal directions thereof pass the center of rotation
of the rotatable disc 1220. The rotatable slit 1208 also
includes a mirror (resonator mirror) 1225 provided behind
the rotatable disc 1220. In this apparatus, as the slits
1221 sequentially pass a light dispersiqn area 1227, a~beam
having a specific wavelength that is present within the
light dispersion area 1227 is continuously selected. The
selected beam is reflected by the mirror 1225, whereby
oscillation is produced (wavelength sweeping is performed).
[0b234] While the eighth embodiment employs the
transmissive slits 1221, the slits 1221 may altérnatively be
of reflective type so that the functions of the slits 1221
and the resonator mirror 1225 may be integrated.

Ninth Embodiment

[00235] A ninth embodiment of the present invention
concerns a light source apparatus employing a fiber ring
laser.

[00236] Referring to Fig. 13, the apparatus includes a



WO 2011/099409 PCT/JP2011/052201
57

fiber 1335 functioning as a waveguide, a circulator 1332
that controls the directivity of the optical path, the
optical amplifie: 101, and a coupler 1334 that separates
light so as to extract the output beam 113.

[00237] The optical amplifier 101 is, for example, a
semiconductor optical amplifier or a rare-earth-doped
optical fiber.

[00238] The beam emitted from the optical amplifier 101 is
separated by the coupler 1334 into two beams, one of which
is guided into the fiber on the output side, and the other
of which is guided into the fiber 1335. The beam guided
into the fiber 1335 travels through the circulator 1332 and
the optical system 105, functioning as a focusing lens, and
is further guided toward the two diffraction gratings 166
and 167. The spatial modulator 108 and the mifror 109 are
the same as those in any of the above embodiments.

[00239] The beam haVing a specific wavelength selected by
the spatial modulator 108 is fed back to the circulator 1332
and is amplified in the optical amplifier 101 again. After
the repetition of this process for amplifying the beam, an
output beam 113 is emitted.

[00240] In the apparatus according to the ninth embodiment,
the use of the fiber waveguide stabilizes the optical path,
excluding any fluctuations due to the airflow. Thus, a

swept light source apparatus whose output is extremely
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' stable is provided.

Tenth Embodiment

'[00241] A tenth embodiment of the present invention
concerns an optical-coherence-tomography (OCT) éystem
including the swept light source apparatus according to any
of the embodiments of the present invention.

[00242] In the OCT system, a beam reflected from a sample
having a plurality of interfaces that are present in the

" optical-axis direction is taken in by one arm (a measuring
unit), and a beam reflected from a referencé surface is
taken in by another arm (a.reference unit). The two beams
are caused to interfere with each other while the wavelength
of the light source apparatus is swept, whereby a modulated
interference signal is obtained. The modulated interference
signal is then Fourier-converted. Thus, information on a
cross section of the sample is obtained.

[00243] Fig. 14 schematically shows an OCT system according
to the tenth embodiment of the preéent invention.

[00244] The system shown in Fig; 14 includes a light source
unit 1482 to which the swept light source apparatus
according to any of the above embodiments of the present
invention is applied. A sample 1486 is the retina at the
fundus of an eye. The sample 1486 is scanned with a mirror
1490. Thé beam reflected fro@ the sample 1486 is

transmitted through an optical fiber 1485. The mirror 1490
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and the optical fiber 1485 in combination form a sample-
measuring unit.

[00245] The beam reflected from a reference mirror 1488 is
transmitted through an optical fiber 1487. The reference
mirror 1488 and the optical fiber 1487 in combination form a
reference unit.

[00246] A fiber coupler 1484 functions as an interference
unit that combines the beam reflected from the sample-
measuring unit and the beam reflected from the reference
unit. A photoelectric converter 1495 functions as a
photodetector that detects the interfering beam (modulated
interference signal) from the interference unit.

[00247] A computer 1496 functions as an image processing
unit that digitizes an électrically detected signal,
performs data processing such as Fourier conversion, and
renders a cross-sectional image of the sample 1486. That is,
a cross-sectional image is obtained from the beam detected
by the photodetector. The cross-sectional image is
visualized on a display 1497.

[00248] A beam emitted from the light source unit 1482
travels through a fiber 1483 and is separated into two’beams
traveling in different directions by the fiber coupler 1484.
[002491 One of the two beams travels through the fiber 1485
and is applied to the sample 1486, i.e., the retina of an

~eye. The beam reflected by the sample 1486 returns through



WO 2011/099409 PCT/JP2011/052201
60

the fiber 1485 to the fiber coupler 1484.

[00250] The other of the two beams travels through the
fiber 1487 and is applied to the reference mirror 1488. The
‘beam reflected by the reference mirror 1488 returns through
the fiber 1487 to the fiber coupler 1484.

[00251] The beam reflected by the surface of the sample
1486 and the beam reflected by the surface of the reference
mirror 1488 are caused to interfere with each other by the
fiber coupler 1484. The interfering beam is guided into a
fiber 1494 and enters the photoelectric converter 1495.
[00252] In this process, when the wavelength of the beam
emitted from the light source unit 1482 is changed from A; to
A2 given in Equation (12), a modulated interference signal
representing a cross-sectional structure 1s obtained, as
described above.

[00253] The modulated interference signal is digitized and
is Fourier-converted by the computer 1496, whereby a cross-
section signal is obtained. Since this cross-section signal
only represents information at a point, the cross-section
signal is measured one dimensionally by performing scanning
with the mirror 1490. The result of the measurement is
visualiéed on the display 1497 as a tomogram.

[00254] Now, supposing that the light source unit 1482 is
the light source apparatus according to the first embodiment,

the number of pixels and pixel pitch of the spatial
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modulator will be describedf

[00255] As described above, the resolution and length in
the depth direction of the sample detectable with the OCT

- system depend on the swept wavelength range of the light
source spectrum and the spectral width, respectively. The
detectable length in fhe depth direction is denoted by L in
Equation (11), and the detectable resolution is denoted by
AL in Equation (12).

[00256] The relationship between the sampling wavelength
interval AA at which the wavelength is swept and thé maximum
length L in the depth direction of the sample  (in the
optical-axis direction) detectable with the OCT system has
been expressed in Equation (11) above;

[00257] In the light source apparatus accordiné to the
first embodiment, the width A between the short wavelength
end and the long wavelength end is 4.6 mm, and Al - A2 is
0.12 pm.

[00258]"‘When the width A of 4.6 mm is divided by 1000 on
the spatial modulator included in the light source apparatus,
AL comes to 0.12 nm. According to Equation (11), the
detectable maximum length L in the depth direction of the
sample (in the optical-axis direction) comes to 11 mm.
[00259] In this case, according to Equation (12), the
detectable resolution AL in the depth direction of the

sample (in the optical-axis direction) comes to 5.5 um.
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[00260] With a light source apparatus employing a spatial
modulator including 1000 pixels arranged at a pixel pitch of
4.6 pm, an OCT system realizing a detectable depth of 11 mm
with a resolution of 5.5 um is provided.

[00261] With the light source apparatus according to any of
the above embodiments of the present invention, an OCT
system capable of high-speed detection of a tomogram at a
sweeping speed of 100 kHz or higher and realizing a large
detectable depth and a high depth-direction resolution is
providedf'

[00262] The scope of the OCT system according to the
present invention includes not oniy those employing, as the
light source units, light source apparatuses according to
the above embodiments but also those employing, as the light
source units, the light source apparatus according to the
present invention.

[00263] While the present invention has been described with
reference to exemplary embodiments, it is to be understood
that the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.
[00264] This application claims the benefit of Japanese
Patent Application No. 2010-029279, filed February 12, 2010,

which is hereby incorporated by reference herein in its
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entirety;

Reference Signs List

[00265] 102 optical amplification medium
106, 166, 1006, 1206 first device
107, 167, 1007, 1207 second device

108, 1028 selecting device

PCT/JP2011/052201
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CLAIMS
[1] A swept light source apparatus in which oscillation
wavelength is continuously changeable, the apparatus
comprising, inside a resbnator:

én optical>amplification medium that amplifies light;

a first devicé configured to disperse light emitted
from the optical amplification medium and thus produce beams
having different wavelengths;

a second device functioning as a non-focusing optical
element and configured to‘collimate the beams having
different wavelengths resulting from the dispersion by the
first device; and

a selecting device configured to select a beam having a
specific wavelength from among the beams collimated by the
second device,

wherein the beam having the specific wavelength
selected by the selecting device is fed back to the optical
amplification medium.

[2] The swept light source apparatus according to Claim 1,
wherein the first and second devices are of the same kind.
[3] The swept light source apparatus according to Claim 2,
wherein the first and'second devices include first and
second diffraction gratings, respectively.

[4] The swept light source apparatus according to Claim 3,
wherein the diffraction gratings have the same period.

[5] The swept light source apparatus according to Claim 3,
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wherein the diffraction gratings are provided parallel to
each other.

[6] The swept light source apparatus according té Claim 3,
wherein the diffraction gratings'are provided such that the
light from the optical amplification medium is
perpendicularly incident on a diffraction surface of the
first diffraction grating.

[7] The swept light source apparatus according to Claim 3,
wherein the diffraction gratings are of transmissive type.
[8] The swept light source apparatus according fo Claim 3,
wherein the diffraction gratings are of reflective type.

[9] The swept light source apparatus according to Claim 2,
wherein the first and seéond devices include acousto-optic
devices, respectively.

[10] The swept light source apparatus according to Claim 1,
wherein the selecting device is a spatial modulator.

[11] The swept light source apparatus accordihg to Claim 10,
wherein the spétial modulator includes a rotatable slit.
[12] The swept light source apparatus according to Claim 10,
wherein the spatial modulator is a light valve.

[13] The swept light soﬁrce apparatus according to Claim 12,
wherein the light valve includes metal-foil ribbons with
which light is reflected.

[14] The swept light source apparatus according to Claim 12,
wherein the light valve includes movable micromirrors.

[15] The swept light source apparatus according to Claim 12,
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wherein the light valve includes either of an acousto-optic
device and a surface-acoustic-wave device.

[16] The swept light source apparatus according to Claim 1,
wherein the selecting device includes a light-blocking

member having an aperture through which light is transmitted.
[17] An: optical-coherence-tomography system comprising:

a light source unit including the swept light source
apparatus according to Claim 1;

a sample—measﬁring unit configured to apply light from
the light source unit to a sample and to transmit reflected
light from the sample;

a reference unit configured to apply the light from the
light source unit to a reference mirror and to transmit
reflected light from the reference mirror;

an interference unit configured to cause the reflected
light transmitted from the sample-measuring unit and the
reflected light transmitted from the reference unit to
interfere with each other;

a photodetector configured to detect interfering light
from the interference unit; and

‘an image processing unit configured to obtain a cross-
sectional image of the sample on the basis of the

interfering light detected by the photodetector.
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