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Description
[Technical Field]
5

[0001] The present invention relates to a measurement device and an irradiation device. Priority is claimed on Japanese
Patent Application No. 2017-154392, filed on August 9, 2017, the content of which is incorporated herein by reference.
[Background Art]
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[0002] Conventionally, a fluorescence microscope equipped with a confocal optical system (hereinafter referred to as
a confocal fluorescence microscope) is known as an optical microscope capable of performing fluorescence imaging
(for example, see Patent Document 1).
[0003] In a normal optical microscope, a predetermined range of a sample is uniformly irradiated with light. On the
other hand, in a confocal optical system, irradiation light emitted from a point light source is focused at one point on the
sample by an objective lens. As the irradiation light, laser light having excellent monochromaticity and straightness is
used. Also, in the confocal optical system, the pinhole is disposed at a position conjugate to the focal position of the
objective lens and therefore only the fluorescence at a position where the sample is focused passes through the pinhole
and is detected.
[0004] In this manner, in the confocal optical system, the irradiation light is first focused at one point on the sample
and the fluorescence from a focal position of the sample passes through the pinhole, whereas the fluorescence from a
position other than the focal position is cut out by the pinhole. Accordingly, in the confocal optical system, as compared
with a normal optical microscope, the contrast is improved without being affected by stray light from a horizontal side
adjacent to a focal point and from a front side and a rear side with respect to a focal plane. As a result, because only
information of the focal position of the irradiation light is detected, three-dimensional spatial resolution is provided.
[0005] For example, confocal fluorescence microscopes capable of forming clear three-dimensional images as described above are used in many fields including a biotechnology field for the analysis of biological functions using
fluorescent proteins and the like. Also, the importance of confocal fluorescence microscopy is expected to increase in
the future because of high resolution and quantitative properties.
[0006] On the other hand, the confocal fluorescence microscope can only obtain point information of the focal position.
Thus, in the confocal fluorescence microscope, it is necessary to relatively scan a focal position of the irradiation light
emitted from the point light source inside the sample so that two-dimensional information within a sample surface is
imaged. For example, a galvano mirror is known as a scanning device capable of scanning the focal position of irradiation
light relatively with respect to a sample as described above. However, even if these scanning devices are used, a process
of scanning a wide range at a high speed takes time.
[0007] As technology for coping with the above-described situation, a measurement device for causing a discrete
spectrum emitted by a point light source to be two-dimensionally dispersed with respect to a measurement sample for
each spectrum and acquiring mode-resolved spectra corresponding to measurement points of the measurement sample
at one time is disclosed in, for example, Patent Document 2. This measurement device obtains information of a sample
by associating position information of a spectrum incident on the sample with a frequency of the spectrum. Thus, an
image can be formed without scanning the two-dimensional information within the sample surface.
[Citation List]
[Patent Literature]
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[0008]

50

[Patent Document 1]
Japanese Unexamined Patent Application, First Publication No. 2012-103379
[Patent Document 2]
PCT International Publication No. WO2017/002535
[Summary of Invention]
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[Technical Problem]
[0009] The measurement device described in Patent Document 2 can simultaneously measure two-dimensional information without scanning. Thus, phenomena occurring in cells and the like can be simultaneously observed in real
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time in a biotechnology field of vital function analysis or the like. Also, even when the measurement region is enlarged,
information of the sample can be measured in a short time when the above-described measurement device is used. On
the other hand, because this measurement device forms an image using transmitted laser light or reflected laser light,
it is not possible to acquire a fluorescence image.
[0010] The present invention has been made to solve the above-described problems, and an objective of the present
invention is to provide a measurement device capable of acquiring a fluorescence image of a sample at a high speed.
Also, another objective of the present invention is to provide an irradiation device for irradiating a sample with light under
predetermined conditions and enabling measurement using the measurement device.
[Solution to Problem]
[0011] According to a first aspect, there is provided a measurement device including a plurality of light sources configured to each emit spectral light including two or more spectra distributed at mutually different frequencies, wherein
adjacent frequency intervals that are frequency intervals of adjacent spectra of the spectral light are mutually different,
a dispersing part configured to disperse a plurality of spectral lights emitted from the plurality of light sources in mutually
different directions according to each spectrum, a focusing part configured to focus the spectra specific to the light
sources dispersed by the dispersing part at a plurality of different focal points on a sample and cause a plurality of focal
points according to one light source to overlap a plurality of focal points according to another light source, a spatial
filtering part configured to focus fluorescence beats including information of the sample on which light is focused by the
focusing part and which emits light by interference light beats in each of a plurality of overlapping portions where the
focal points on the sample overlap at positions conjugate to the overlapping portions and perform spatial filtering on the
fluorescence beats, and a detecting part configured to acquire a signal of modulated fluorescence beats on which the
spatial filtering has been performed by the spatial filtering part and which has been emitted from the plurality of overlapping
portions including the information of the sample.
[0012] In the measurement device of the above-described aspect, each of the plurality of light sources may be an
optical frequency comb light source configured to emit optical frequency comb spectra in which adjacent frequency
intervals which are intervals of frequencies of the spectra adjacent on a frequency axis are equal to each other as the
spectral light.
[0013] In the measurement device of the above-described aspect, the dispersing part may have a configuration including a dispersing element configured to perform wavelength dispersion on incident light and in which wavelength
dispersion on the spectral light emitted from the light source is performed by the dispersing element in a direction differing
according to each spectrum.
[0014] In the measurement device of the above-described aspect, the plurality of light sources may include at least a
first light source configured to emit first spectral light in which a frequency interval of the adjacent spectrum is a first
adjacent frequency interval and a second light source configured to emit second spectral light in which a frequency
interval of the adjacent spectrum is a second adjacent frequency interval. In the measurement device of the abovedescribed aspect, a frequency interval between closest adjacent spectra may be less than half of the first adjacent
frequency interval and half of the second adjacent frequency interval when the first spectral light and the second spectral
light are arranged on the same frequency axis.
[0015] The measurement device of the above-described aspect may further include a control part configured to control
a carrier envelope offset frequency or an adjacent frequency interval of spectral light emitted by at least one light source
of the plurality of light sources.
[0016] In the measurement device of the above-described aspect, the spatial filtering part may include a spatial optical
modulator capable of changing a position of light to be transmitted in accordance with the offset frequency and the
adjacent frequency interval of the spectral light controlled by the control part.
[0017] According to a second aspect, there is provided an irradiation device including a plurality of light sources
configured to each emit spectral light including two or more spectra distributed at mutually different frequencies, wherein
adjacent frequency intervals that are frequency intervals of adjacent spectra of the spectral light are mutually different,
a dispersing part configured to disperse a plurality of the spectral lights emitted from the plurality of light sources in
mutually different directions according to each spectrum, and a focusing part configured to focus the spectra specific to
the light sources dispersed by the dispersing part at a plurality of different focal points on a sample and cause a plurality
of focal points according to one light source to overlap a plurality of focal points according to another light source.
[0018] In the irradiation device of the above-described aspect, the plurality of light sources may include at least a first
light source configured to emit first spectral light in which a frequency interval of the adjacent spectrum is a first adjacent
frequency interval and a second light source configured to emit second spectral light in which a frequency interval of the
adjacent spectrum is a second adjacent frequency interval. In the irradiation device of the above-described aspect, a
frequency interval between closest adjacent spectra may be less than half of the first adjacent frequency interval and
half of the second adjacent frequency interval when the first spectral light and the second spectral light are arranged on
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the same frequency axis.
[0019] In the irradiation device of the above-described aspect, the plurality of light sources may simultaneously irradiate
irradiation light to focal points on a sample. In the irradiation device of the above-described aspect, the irradiation light
from the light sources may mutually interfere at the focal points on the sample.
[0020] According to a third aspect, there is provided an irradiation device including a first light source configured to
emit first light having frequency components of a plurality of frequency values which are discrete, a second light source
configured to emit second light having frequency components of a plurality of frequency values which are discrete and
different from the first light, and a dispersing and focusing part configured to disperse the first light and the second light
and focus the first irradiation light and the second irradiation light so that parts of both a first irradiation region of first
irradiation light having a frequency component of a first frequency value according to the first light and a second irradiation
region of second irradiation light having a frequency component of a second frequency value according to the second
light overlap. The first irradiation light and the second irradiation light are simultaneously irradiated so that a difference
between the first frequency value and the second frequency value is less than or equal to a difference between the first
frequency value of the first light and a frequency value adjacent thereto.
[0021] According to a fourth aspect, there is provided a measurement device including a light emitting part configured
to emit a plurality of spectral lights each including two or more spectra distributed at mutually different frequencies,
wherein adjacent frequency intervals that are frequency intervals of adjacent spectra in each of the plurality of the spectral
lights are mutually different, a dispersing part configured to disperse the plurality of the spectral lights emitted from the
light emitting part in mutually different directions according to each spectrum, a focusing part configured to focus the
spectra dispersed by the dispersing part at a plurality of different focal points on a sample and cause a plurality of focal
points based on one of the spectral lights to overlap a plurality of focal points according to another of the spectral lights,
and a detecting part configured to acquire a signal of fluorescence beats including information of the sample on which
light is focused by the focusing part and which emits light by interference light beats in each of a plurality of overlapping
regions where the focusing points on the sample overlap.
[0022] In the measurement device of the above-described aspect, the light emitting part may have a plurality of light
sources configured to each emit two of the spectral lights having the adjacent frequency intervals which are mutually
different.
[0023] The measurement device of the above-described aspect may further include a spatial filtering part configured
to focus fluorescence beats including information of the sample on which light is focused by the focusing part and which
emits light by interference light beats in each of a plurality of overlapping regions where the focal points on the sample
overlap at positions conjugate to the overlapping regions and perform spatial filtering on the fluorescence beats. In the
measurement device of the above-described aspect, the detecting part may acquire a signal of the fluorescence beats
on which the spatial filtering has been performed in the spatial filtering part.
[0024] In the measurement device of the above-described aspect, the detecting part may acquire phase information
of the fluorescence beats.
[0025] According to a fifth aspect, there is provided an irradiation device including a light emitting part configured to
emit spectral light including two or more spectra distributed at mutually different frequencies, wherein adjacent frequency
intervals that are frequency intervals of adjacent spectra of the spectral light are different, a dispersing part configured
to disperse a plurality of the spectral lights emitted from the light emitting part in mutually different directions according
to each spectrum, and a focusing part configured to focus the spectra specific to light sources dispersed by the dispersing
part at a plurality of different focal points on a sample and cause a plurality of focal points according to one light source
to overlap a plurality of focal points according to another light source.
[Advantageous Effects of Invention]

45

[0026] According to the measurement device of the above-described aspect, a fluorescence image of a sample can
be acquired at a high speed.
[Brief Description of Drawings]
50

[0027]

55

Fig. 1 is a schematic diagram of a measurement device according to a first embodiment.
Fig. 2 is a schematic diagram showing discrete spectral light.
Fig. 3 is a diagram showing a first optical frequency comb spectrum of discrete spectral light emitted by a first point
light source and a second optical frequency comb spectrum of discrete spectral light emitted by a second point light
source.
Fig. 4 is a schematic diagram showing a first configuration example of a discrete spectral light source in the meas-
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Fig. 5 is a schematic diagram showing a second configuration example of the discrete spectral light source in the
measurement device according to the first embodiment.
Fig. 6 is a schematic diagram showing a third configuration example of the discrete spectral light source in the
measurement device according to the first embodiment.
Fig. 7 is a schematic diagram showing a fourth configuration example of the discrete spectral light source in the
measurement device according to the first embodiment.
Fig. 8 is a schematic diagram showing a first configuration example of a dispersing part in a case that a VIPA and
a diffraction grating are used in combination as a dispersing element.
Fig. 9 is a diagram schematically showing focal points two-dimensionally spreading over the surface of a sample
by a focusing part.
Fig. 10 is a diagram illustrating a process of generating an interference RF spectrum between the first optical
frequency comb spectrum and the second optical frequency comb spectrum.
Fig. 11 is a diagram showing a relationship between an overlapping region of a sample and a detected fluorescence
beat group spectrum.
Fig. 12 is a diagram schematically showing a positional relationship between an overlapping region of focusing
points on a sample and an aperture part of a pinhole array element.
Fig. 13 is a schematic diagram of a measurement device according to a second embodiment.
Fig. 14 is a schematic diagram of a measurement device according to a third embodiment.
Fig. 15 is a schematic diagram illustrating a method of acquiring information about a fluorescence lifetime from
phase information of an acquired fluorescence beat.
Fig. 16 is a schematic diagram showing a modified example of the measurement device according to the first
embodiment.
[Description of Embodiments]
[0028] Hereinafter, embodiments of measurement devices to which the present invention is applied will be described
with reference to the drawings.

30

(First embodiment)

35

[0029] Fig. 1 is a schematic diagram of a measurement device 10A according to a first embodiment. As shown in Fig.
1, the measurement device 10A includes a light emitting part 11, two point light sources (light sources) 12, a dispersing
part 14, a focusing part 16, a separating part 19, a spatial filtering optical system (spatial filtering part) 18, and a detecting
part 20.
[Light emitting part]

40

[0030] The measurement device 10A shown in Fig. 1 includes a light emitting part 11 having two point light sources
(light sources) 12. Although the number of point light sources 12 is not necessarily limited to two, a case in which the
number of point light sources 12 is two will be described in the first embodiment.
[Point light sources]
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[0031] The two point light sources 12 include a first point light source 12A and a second point light source 12B. The
first point light source 12A and the second point light source 12B include a discrete spectral light source (optical frequency
comb light source) 22 and a focusing lens 24. The discrete spectral light source (first light source) 22a in the first point
light source 12A emits discrete spectral light (spectral light or first spectral light) LA. The discrete spectral light source
(second light source) 22b in the second point light source 12B emits discrete spectral light (spectral light or first spectral
light) LB.
[0032] Fig. 2 is a schematic diagram showing the discrete spectral light LA and LB. In Fig. 2, the number of spectra
is reduced for ease of understanding. As shown in Fig. 2, the discrete spectral light LA and LB includes two or more
spectra MA distributed at mutually different frequencies.
[0033] Such discrete spectral light LA and LB includes a spectrum emitted by an optical frequency comb light source.
Hereinafter, the spectrum of the optical frequency comb light source is referred to as an optical frequency comb spectrum
LX0. The optical frequency comb spectrum LX0 includes, for example, two or more spectra MA distributed at predetermined frequency intervals from each other on the frequency axis. In Fig. 2, the frequency axis is shown as an f-axis.
Hereinafter, the number of spectra MA including a spectrum which does not appear in a measured spectrum (a spectrum

5

EP 3 667 298 A1

5

10

indicated by a one-dot chain line in the upper drawing of Fig. 2) is defined as n. An interval between frequencies of
spectra MA locates adjacent frequency positions on the frequency axis is referred to as an adjacent frequency interval
fr. Looking at frequency characteristics, n spectra MA have a carrier envelope offset frequency f0 and a spectral envelope
NA having a distribution of a predetermined light intensity |E(f)|2 and are distributed on the frequency axis. Hereinafter,
the carrier envelope offset frequency f0 is simply referred to as an offset frequency f0.
[0034] Looking at time characteristics of the optical frequency comb spectrum LX0, a plurality of pulses Φ1, Φ2, ...,
Φm are distributed. A time interval between centers of adjacent pulses Φ1, Φ2, ..., Φm is 1/fr. An optical carrier electric
field CA of the plurality of pulses Φ1, Φ2, ..., Φm has a time distribution obtained by performing an inverse Fourier
transform on a plurality of spectra MA. A pulse envelope WA of the plurality of pulses Φ1, Φ2, ..., Φn has a time distribution
obtained by performing an inverse Fourier transform on the spectral envelope NA.
[0035] If the offset frequency f0 and the order for the spectrum MA having the offset frequency f0 are determined, the
frequency of the spectrum MA in a predetermined order is determined. For example, the frequency vn of an nth spectrum
MA is determined with respect to the spectrum MA having the offset frequency f0 as in the following Eq. (1).
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[0036] In the optical frequency comb spectrum LX0, the adjacent frequency interval fr and the offset frequency f0 are
stabilized on the basis of a frequency standard device, and the frequency of the spectrum MA hardly changes on the
frequency axis and is fixed. The fact that "the frequency of the spectrum MA hardly changes" indicates a state in which
mutually different modes of the plurality of spectra MA are phase-locked and do not change on the frequency axis to
the extent that the frequency of the spectrum MA can be achieved by performing phase-locking to the frequency standard
device.
[0037] The discrete spectral light LA emitted by the first point light source 12A and the discrete spectral light LB emitted
by the second point light source 12B have mutually different offset frequencies f0 and mutually different adjacent frequency
intervals fr. Fig. 3 is a diagram showing a first optical frequency comb spectrum LX1 of the discrete spectral light LA
emitted by the first point light source 12A and a second optical frequency comb spectrum LX2 of the discrete spectral
light LB emitted by the second point light source 12B.
[0038] As shown in Fig. 3, the optical frequency comb spectra LX1 and LX2, i.e., the discrete spectral lights LA and
LB, have n spectra MA1 and MA2 distributed at equal intervals on the frequency axis, respectively. In the first optical
frequency comb spectrum LX1, the frequency interval between the spectra MA1 and MA1 whose frequency positions
are adjacent on the frequency axis is a first adjacent frequency interval fr1. A plurality of first adjacent frequency intervals
fr1 in the first optical frequency comb spectrum LX1 are equal to each other. On the other hand, in the second optical
frequency comb spectrum LX2, the frequency interval between the spectra MA2 and MA2 whose frequency positions
are adjacent on the frequency axis is a second adjacent frequency interval fr2. A plurality of second adjacent frequency
intervals fr2 in the second optical frequency comb spectrum LX2 are equal to each other. The first adjacent frequency
interval fr1 and the second adjacent frequency interval fr2 have a difference of a frequency interval Δfr from each other.
The frequency interval Δfr is represented by Δfr=fr1-fr2.
[0039] As shown in Fig. 3, when the first optical frequency comb spectrum LX1 and the second optical frequency comb
spectrum LX2 are arranged on the same frequency axis, the frequency interval between the spectra MA1 and MA2
closest to each other on the frequency axis is represented by mΔfr+fRF. mΔfr+fRF=vn1-vn2=n13fr1+f01-(n23fr2+f02).
The frequency interval (mΔfr+fRF) is less than half (fr1/2) of the first adjacent frequency interval fr1 and half (fr2/2) of
the second adjacent frequency interval fr2. Here, vn1 means the frequency of an n1th spectrum of the first optical
frequency comb spectrum LX1. f01 means an offset frequency of the first optical frequency comb spectrum LX1. vn2
means the frequency of an n2th spectrum of the second optical frequency comb spectrum LX2. f02 means an offset
frequency of the second optical frequency comb spectrum LX2.
[0040] A focusing lens 24 is arranged in an emission direction of each discrete spectral light source 22 (see Fig. 1).
The focusing lens 24 focuses the discrete spectral light LA and LB emitted from the discrete spectral light source 22 at
a focal position P1. Accordingly, various parameters of the focusing lens 24 are appropriately set in consideration of the
frequency vn of the spectra MA1 and MA2, a position of the focusing lens 24, a distance from the focal position P1, and
the like, and are not limited to specific values.
[0041] Although not shown in Fig. 1, when lenses are used in the optical system of the point light source 12 like the
first point light source 12A and the second point light source 12B shown in Fig. 1, the lens may be replaced with a mirror.
The mirror may have a curvature. By using the mirror instead of the lenses, it is possible to prevent the chromatic
aberration of the lenses from affecting the frequency of each spectrum MA of the optical frequency comb spectrum LX0
emitted from the discrete spectral light source 22.
[0042] On the optical axis X, a pinhole element 26 and a collimating lens 28 are disposed in that order in front of the
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[0043] An aperture of a predetermined size and shape is formed in the pinhole element 26. In a direction along the
optical axis X, the aperture of the pinhole element 26 is located at the focal position P1. A size and shape of the aperture
formed in the pinhole element 26 are appropriately set in consideration of the frequencies of the spectra MA1 and MA2,
desired resolution for acquiring information of the sample S, and the like and the size and shape of the aperture formed
in the pinhole element 26 is not limited to a specific size and shape. The pinhole element 26 is provided to form a spatial
mode of the laser beam in an ideal shape and to give confocal properties. If sufficient confocal properties can be obtained
by the measurement device 10A, the pinhole element 26 may be omitted.
[0044] The collimating lens 28 collimates the discrete spectral light LA and LB diverging from the focal position P1.
Various parameters of the collimating lens 28 are set in consideration of the frequencies of the spectra MA1 and MA2,
the distance between the focal position P1 and the position of the collimating lens 28 and are not limited to specific values.
[0045] The pinhole element 26, the focusing lens 24, and the collimating lens 28 may be replaced with other components
as long as the discrete spectral light LA and LB can be favorably focused at the focal position P1.
[0046] The discrete spectral light LB emitted from the collimating lens 28 is incident on the mirror 29. The discrete
spectral light LB reflected by the mirror 29 is incident on the half mirror 30. The discrete spectral light LA emitted from
the collimating lens 28 and the discrete spectral light LB reflected by the mirror 29 combine at the half mirror 30 and are
incident on the axis J3 of the dispersing element 32 at an angle θ0.
[Discrete spectral light source]
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[0047] As the discrete spectral light source 22, a conventional comb light source capable of emitting the optical frequency comb spectrum LX0 described above can be used.
[0048] Hereinafter, a configuration example of the discrete spectral light source 22 will be described. Detailed descriptions of conventional components in each configuration example will be omitted. The configuration of the discrete spectral
light source 22 is not limited to the following configuration examples.
[0049] Fig. 4 is a schematic diagram of a comb light source 22A which is a first configuration example of the discrete
spectral light source 22. As shown in Fig. 4, the comb light source 22A includes a mode-locked fiber laser 77 and an
amplifier 78.
[0050] The mode-locked fiber laser 77 includes an excitation semiconductor laser 82, an optical fiber 80G having an
optical isolator 87A, an optical coupler 84A, an optical fiber 80A, optical fibers 80B and 80C, and an optical isolator 85A.
The optical fiber 80A includes an optical amplification fiber 86A to which a rare earth element (erbium, ytterbium, or the
like) is doped.
[0051] The amplifier 78 is connected to the mode-locked fiber laser 77 via an optical coupler 84D disposed between
the optical fibers 80B and 80C. The amplifier 78 includes an optical fiber 80D, an optical isolator 85B, an optical fiber
80E, an excitation semiconductor laser 83, an optical fiber 80F having an optical isolator 87B, an optical coupler 84C,
an optical fiber 80H, and an optical isolator 85C. The optical fiber 80D is connected to an output side of the optical
coupler 84D. The optical fiber 80H includes an optical amplification fiber 86B to which a rare earth element (erbium,
ytterbium, or the like) is doped.
[0052] In the mode-locked fiber laser 77 shown in Fig. 4, pulses having high frequency stability oscillate from the
optical isolator 85A toward the optical coupler 84A. Some of the pulses that have oscillated are separated from the
optical coupler 84D to the optical fiber 80D, propagate in the optical fiber 80D, and are amplified by the amplifier 78. On
the other hand, the remaining pulses that have oscillated propagate in the optical fiber 80C and loop inside the modelocked fiber laser 77. According to such an operation principle, the optical frequency comb spectrum LX0 which is a
high-power optical frequency comb is emitted from the optical isolator 85C.
[0053] Fig. 5 is a schematic diagram of a comb light source 22B which is a second configuration example of the discrete
spectral light source 22. As shown in Fig. 5, the comb light source 22B includes an optical modulator 90 and a microwave
oscillator 93. The optical modulator 90 includes mirrors 92A and 92B disposed at a predetermined distance from each
other and an electro-optic crystal 94 arranged between the two mirrors 92A and 92B. For the electro-optic crystal 94,
for example, lithium niobate (LiNbO3) is used.
[0054] In the configuration shown in Fig. 5, single spectral light incident on the optical modulator 90 is externally phasemodulated by the microwave oscillator 93. The electro-optic crystal 94 is disposed within a Fabry-Perot resonator including
the two mirrors 92A and 92B and deep modulation is applied therein. About 1000 or more spectra MA are generated by
applying modulation in the electro-optic crystal 94. The adjacent frequency interval fr of the spectrum MA matches a
modulation frequency of the microwave oscillator 93. Because the optical modulator 90 consists of a passive component,
an optical frequency comb spectrum LX0 including two or more spectra MA that are highly stable on the frequency axis
is generated. A center frequency of the spectral envelope NA is determined on the basis of a center frequency of light
emitted from an input light source (not shown).
[0055] Fig. 6 is a schematic diagram of a comb light source 22C which is a third configuration example of the discrete

7

EP 3 667 298 A1

5

10

15

spectral light source 22. As shown in Fig. 6, the comb light source 22C includes a Mach-Zehnder modulator (MZM) type
ultra-flat optical comb generator (MZ-FCG) 95 of a waveguide type. The MZ-FCG 95 has an input waveguide 96A, two
branch waveguides 96B and 96C, and an output waveguide 96D. A waveguide that can input a high-frequency (RF)
signal is coupled to the branch waveguide 96B. A waveguide that can input a phase modulation signal is coupled to the
branch waveguide 96C.
[0056] In the configuration shown in Fig. 6, when an RF signal is input to the two branch waveguides 96B and 96C
under predetermined conditions, two optical frequency comb spectra are generated from a single spectrum by the branch
waveguides 96B and 96C. At a coupling position of the two branch waveguides 96B and 96C, the imbalance in light
intensities of the two optical frequency comb spectra is mutually compensated for. Accordingly, an optical frequency
comb spectrum LX0 having excellent flatness of the spectral envelope NAis generated and output from the output
waveguide 96D.
[0057] Fig. 7 is a schematic diagram of a comb light source 22D which is a fourth configuration example of the discrete
spectral light source 22. The comb light source 22D is a broadband comb and ultra-short pulse light source including
the MZ-FCG 95 of the comb light source 22C. As shown in Fig. 7, the comb light source 22D includes an excitation
semiconductor laser 98, a polarization controller (PC) 99, an MZM 100, a single mode fiber (SMF) 108, an erbium-doped
fiber amplifier 109, a dispersion-flattened dispersion-decreasing fiber (DF-DDF) 110.
[0058] In the configuration shown in Fig. 7, an optical comb signal generated by the MZ-FCG 95 is input to the SMF
108 which is conventional and is subsequently input to the DF-DDF, so that an optical frequency comb spectrum LX0
extending to about 20 THz is generated.
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[0059] The dispersing part 14 is disposed between the collimating lens 28 and the focusing part 16 in a direction along
the optical axis X. The dispersing part 14 disperses the discrete spectral light LA and LB which incident at an angle θ0
with respect to the axis J3 in mutually different directions for every spectra MA1 and MA2. The dispersing part 14 shown
in Fig. 1 includes a dispersing element 32. In Fig. 1, a case where a diffraction grating is used as the dispersing element
32 is shown.
[0060] The dispersing element 32 is disposed in a position in which the axis J3 orthogonal to the dispersion surface
32a is inclined by an angle θ0 with respect to the optical axis X. The dispersing element 32 one-dimensionally, twodimensionally or three-dimensionally performs wavelength dispersion on the light incident at an angle θ0 at angles θ1,
θ2, ..., θn according to the frequencies of n spectra MA1 and MA2. The dispersing element 32 having such a function
includes, for example, a diffraction grating, a prism, a virtual imaged phased array (VIPA: registered trademark), a
computer generated hologram (CGH), and the like. When a diffraction grating or a prism is used as the dispersing
element 32, dispersed beams after the wavelength dispersion are disposed one-dimensionally, i.e., linearly, as shown
in Fig. 1.
[0061] A pitch of the diffraction grating is set on the basis of a conventional grating equation in consideration of the
angle θ0 at which the spectra MA1 and MA2 are incident, the frequencies of the spectra MA1 and MA2, the desired
resolution for acquiring information of the sample S, and the like, and is not limited to a specific pitch. When a VIPA and
a diffraction grating are used in combination as the dispersing element 32, dispersed beams after the wavelength
dispersion are disposed two-dimensionally, i.e., in a plane. When the CGH is used as the dispersing element 32, the
depth of the focal position can be changed for each spectrum by giving CGH lens characteristics.
[0062] Fig. 8 is a schematic diagram showing a first configuration example of the dispersing part 14 when a VIPA and
a diffraction grating are used in combination as the dispersing element 32. The dispersing part 14A shown in Fig. 8
includes a cylindrical lens 48, a VIPA 50, a spherical lens 52, and a diffraction grating 54 as the dispersing element 32.
The VIPA 50 includes a thin glass plate 50b. A semi-transmissive film (not shown) is formed on one surface of the glass
plate 50b. A reflective film 50r is formed on the other surface. The VIPA 50 has sharp wavelength dispersion characteristics
due to an etalon. When the VIPA 50 is moved, a wavelength dispersion angle changes.
[0063] In the configuration shown in Fig. 8, first, light converged in one direction (a direction indicated by an arrow X
shown in Fig. 8) by the cylindrical lens 48 is further dispersed by the VIPA 50 in a direction indicated by an arrow Y. A
dispersion angle of dispersed light is in a range of an angle α with respect to the optical axis. The angle α is determined
by a frequency of the discrete spectral light LB, a thickness of the VIPA 50, and an angle of incidence of the discrete
spectral light LB on the VIPA 50.
[0064] The light dispersed by the VIPA 50 is deflected by the spherical lens 52 in a direction parallel to the optical axis
for each light and is incident on the diffraction grating 54. Because a longitudinal direction of the diffraction grating 54
is a direction parallel to the direction of the arrow Y, the light reflected from the diffraction grating 54 is diffracted in a
direction orthogonal to the one direction described above (the direction of the arrow X shown in Fig. 8) simultaneously
with the reflection and is dispersed for each frequency. Accordingly, the spectra MA1 and MA2 are two-dimensionally
expanded in the directions of arrows D2 and D3 and the directions orthogonal to the directions of arrows D1, D2 and D3.
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[0065] As shown in Fig. 8, a band d1 in which the two-dimensionally expanded spectra MA1 and MA2 are scattered
in the direction orthogonal to the directions of the arrows D1, D2 and D3 and a pitch d2 of the spectra MA1 and MA2 in
the directions of the arrows D2 and D3 depend upon a free spectrum range (FSR) of the VIPA 50 and a grating pitch of
the diffraction grating 54. A pitch d3 in the direction orthogonal to the directions of the arrows D1, D2, and D3 depends
on the frequency interval of the spectrum of the discrete spectral light LB incident on the VIPA 50. In the first embodiment,
the frequency interval of the spectrum of the discrete spectral light LB is one of the first adjacent frequency interval fr1
and the second adjacent frequency interval fr2.
[focusing part]

10

15

20

25

30

35

40

45

50

55

[0066] As shown in Fig. 1, the focusing part 16 is disposed between the dispersing part 14 and the sample S in a
direction along the optical axis X. The focusing part 16 focuses the spectra MA1 and MA2 on which wavelength dispersion
has been performed by the dispersing part 14 at mutually different positions p1, p2, ..., pn on the sample S.
[0067] The focusing part 16 includes relay lenses 34 and 36 and an objective lens 38. The relay lenses 34 and 36 are
used to transfer a beam emission state of the dispersing element 32 to an entrance pupil (a point P7 shown in Fig. 1)
of the objective lens. The relay lens 34 focuses the plurality of spectra MA1 and MA2 at mutually different positions in
a direction orthogonal to the optical axis X (for example, the direction of the arrow D2 or the direction of the arrow D3
shown in Fig. 1). The relay lens 36 collimates the plurality of spectra MA1 and MA2 diverging after the focusing and
causes the plurality of spectra MA1 and MA2 to commonly pass through the point P7, which is the entrance pupil of the
objective lens, and to be incident on the objective lens 38. The objective lens 38 forms a focal point at a different position
depending on a beam incidence angle to the point P7. The incident angle differs for every spectra MA1 and MA2. The
spectra MA1 and MA2 is focused on the sample S at mutually different positions in the direction of the arrow D2 or D3.
[0068] Also, the configuration of the focusing part 16 is not limited to the above-described configuration as long as the
spectra MA1 and MA2 dispersed by the dispersing part 14 can be focused at mutually different positions p1, p2, ..., pn
on the sample S to form a focal point region (focal point) C.
[0069] Fig. 9 is a diagram schematically showing a plurality of focal point regions C that are two-dimensionally expanded
on the surface of the sample S by the focusing part 16. Each focal point region C exists in a point shape. Fig. 9 shows
an expanded image of the focal point region C when the dispersing part 14A in which the VIPA 50 and the diffraction
grating 54 shown in Fig. 8 are combined is employed. The focal point regions C are two-dimensionally located. The focal
point region C corresponds to each of the positions p1, p2, ..., pn where light is focused on the sample S in Fig. 1.
[0070] The right side of Fig. 9 is an enlarged view of each of the focal point regions C. As shown in Fig. 3, the first
optical frequency comb spectrum LX1 irradiated from the first point light source 12A and the second optical frequency
comb spectrum LX2 irradiated from the second point light source 12B have adjacent frequency intervals which are
mutually different. Thus, as shown on the right side of Fig. 9, the focal positions of the discrete spectral light LA from
the first point light source 12A and the discrete spectral light LB from the second point light source 12B are slightly
different from each other.
[0071] As shown in Fig. 3, when the discrete spectral light LA from the first point light source 12A and the discrete
spectral light LB from the second point light source 12B are arranged on the same frequency axis, a frequency interval
(mΔfr+fRF) between spectra MA1 and MA2 closest to each other on the frequency axis is represented by vn1vn2=(n13fr1+f01)-(n23fr2+f02) and is less than half (fr1/2) of the first adjacent frequency interval fr1 and half (fr2/2) of
the second adjacent frequency interval. Thus, as shown in Fig. 9, when each of the focal point regions C is enlarged,
an image in which the focal point region C1 of the discrete spectral light LA emitted by the first point light source 12A
and the focal point region C2 of the discrete spectral light LB emitted by the second point light source 12B partially
overlap is shown. In other words, in the focal point regions C, the focal point region C1 and the focal point region C2
are shifted from each other while overlapping in an overlapping region In.
[0072] The focusing part 16 focuses the spectra MA1 and MA2 for each point light source 12 dispersed by the dispersing
part 14 in a plurality of different focal point regions C1 and C2 of the sample S, respectively. In each focal point region
C, a plurality of focal point regions C1 based on the first point light source 12A and a plurality of focal point regions C2
based on the second point light source 12B overlap in the overlapping region In.
[0073] In the overlapping region In of the two focal point regions C1 and C2, the discrete spectral light LA and the
discrete spectral light LB interfere each other. As a result, an optical electric field in the overlapping region In is modulated
by a beat frequency according to a frequency difference between the spectrum MA1 of the discrete spectral light LA
and the spectrum MA2 of the discrete spectral light LB. A fluorescence beat is excited and generated by an interference
light beat having a modulation frequency corresponding to the beat frequency of the two spectra MA1 and MA2. A
frequency of the fluorescence beat becomes the same as a beat frequency of interference light. In other words, a
fluorescence beat spectrum having the beat frequencies of the two spectra MA1 and MA2 is generated from the overlapping region In of the two focal point regions C1 and C2. On the other hand, in the focal point region C1 and the focal
point region C2 other than the overlapping region In, fluorescence spectra modulated at correspond frequencies of the
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first adjacent frequency interval fr1 and the second adjacent frequency interval fr2 are generated.
[0074] Fig. 10 is a diagram illustrating a process of generating an interference RF spectrum of the first optical frequency
comb spectrum LX1 and the second optical frequency comb spectrum LX2. As described above, in the first optical
frequency comb spectrum LX1, the frequency interval between the spectra MA1 and MA1 whose frequency positions
are adjacent on the frequency axis is the first adjacent frequency interval fr1. The plurality of first adjacent frequency
intervals fr1 on the frequency axis are equal to each other. On the other hand, in the second optical frequency comb
spectrum LX2, the frequency interval between the spectra MA2 and MA2 whose frequency positions are adjacent on
the frequency axis is the second adjacent frequency interval fr2. The plurality of second adjacent frequency intervals fr2
on the frequency axis are also equal to each other. The first adjacent frequency interval fr1 and the second adjacent
frequency interval fr2 are mutually different.
[0075] Thus, in the interference light, the frequency interval between the spectra MA and MB whose frequency positions
are adjacent on the frequency axis in an electromagnetic wave region becomes mΔfr+fRF The frequency interval (mΔ
fr+fRF) is represented by vn1-vn2=(n13fr1+f01)-(n23fr2+f02). The RF spectrum of the interference light is downscaled
with respect to the first optical frequency comb spectrum LX1 and the second optical frequency comb spectrum LX2. A
fluorescence beat group spectrum FG having a beat frequency with a frequency interval of Δfr is also obtained from the
fluorescence excited and generated by excitation light having such an RF spectrum of the interference light (Fig. 11).
As shown in Fig. 11, a frequency of the fluorescence beat group spectrum FG is downscaled as compared with frequencies
of fluorescence F1 and F2 generated in a non-overlapping region in the focal point regions (focal points) C1 and C2.
The fluorescence beat group spectrum FG has information of each overlapping region In of the sample S. The information
of each overlapping region In corresponds to a measurement point when a two-dimensional image is formed from the
fluorescence beat group spectrum FG.
[0076] The fluorescence beat group spectrum generated from the overlapping region In of the focal point region C1
and the focal point region C2 is distributed in a band of a frequency lower than fr1/2 and fr2/2. On the other hand,
fluorescence from a non-overlapping region which does not overlap the focal point region C2 in the focal point region
C1 is distributed at the first adjacent frequency interval fr1. Fluorescence from a non-overlapping region which does not
overlap the focal point region C1 in the focal point region C2 is distributed at the first adjacent frequency interval fr2.
Accordingly, even if a wavelength of the generated fluorescence in the overlapping region In is the same as a wavelength
of the generated fluorescence in the non-overlapping region, it is possible to extract the fluorescence only in the overlapping region In by using the difference in the RF spectrum. Because frequency multiplexed signals constituting the
fluorescence beat group spectrum correspond one-to-one to a plurality of measurement points within two dimensions
on the sample S, an image can be reconstructed from the fluorescence beat group spectrum.
[0077] In order to obtain a fluorescence beat group spectrum, it is important that a plurality of focal point regions C1
based on the first point light source 12A and a plurality of focal point regions C2 based on the second point light source
12B at least partially overlap each other. That is, it is important that the overlapping region In be formed. The size of the
overlapping region In can be controlled by a focal length (fd) of the objective lens 38, the numerical aperture (NA) of the
objective lens 38, each magnification (β) of the focusing optical system (focusing part 16), an adjacent frequency interval
difference (mΔfr+fRF) between the first optical frequency comb spectrum LX1 and the second optical frequency comb
spectrum LX2, a dispersion characteristic (K [rad/Hz]) of the dispersing element 32, and the like. The adjacent frequency
interval difference (mΔfr+fRF) is vn1-vn2=(n13fr1+f01)-(n23fr2+f02)=δ [Hz].
[0078] A distance between the centers of the focal point regions C1 and C2 is d [m]. When the following relational
expression (2) is satisfied, the two focal point regions C1 and C2 form the overlapping region In.
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[0079] In the expression (2), λ≈c/(f01+Nm·fr1). f01 represents an offset frequency of the first optical frequency comb
spectrum LX1.
[0080] It is preferable that an interval between the adjacent focal point regions C1 be larger than a size twice a spot
size of each focal point region C1 in order to prevent the focal point regions C from overlapping at a plurality of locations.
It is preferable that the interval between the adjacent focal point regions C2 be larger than a size twice a spot size of
each focal point region C2 in order to prevent the focal point regions C from overlapping at a plurality of locations.
[0081] It is only necessary for the sample S to be any object that absorbs irradiated spectra (excitation light) MA1 and
MA2 and emits fluorescence and the sample S is not limited to a specific object or the like. For example, living cells emit
autofluorescence, fluorescence proteins, fluorescence beads, or the like can be used as the sample S.
[0082] The fluorescence generated at each measurement point on the sample S and propagated backward is incident
on the focusing part 16 again. The light is collimated by the objective lens 38 of the focusing part 16 and commonly
passes through the point P7. Subsequently, the light is incident on the relay lens 36 and is focused by the relay lens 36
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at different positions in a direction orthogonal to the optical axis X (i.e., in the direction of the arrow D2 or D3 shown in
Fig. 1). A plurality of light of fluorescence diverging after the focusing are collimated by the relay lens 34 and guided to
the separating part 19. Similar to the fluorescence, reflected and scattered light from each point on the sample S is also
incident on the focusing part 16 and is substantially converged and guided to the separating part 19.
5

[Separating part]
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[0083] The separating part 19 is disposed between the focusing part 16 and the spatial filtering optical system 18 in
a direction along the optical axis X. The separating part 19 reflects only the fluorescence. Thus, the separating part 19
passes the light from the dispersing part 14 to the sample S, reflects the fluorescence emitted by the sample S, and
guides the fluorescence to the spatial filtering optical system 18. The separating part 19 separates the reflected and
scattered light from the sample S and the fluorescence emitted by the sample S.
[0084] For example, a dichroic mirror can be used for the separating part 19. The separating part 19 may be a
combination of a half mirror and a fluorescent filter. The fluorescent filter blocks the reflected and scattered light from
the sample S. After the reflected and scattered light from the sample S and the fluorescence emitted by the sample S
are reflected by the half mirror in a predetermined direction, it is possible to pass only the fluorescence emitted by the
sample S by causing the reflected and scattered light and the fluorescence to pass through the fluorescent filter.
[Spatial filtering optical system]
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[0085] The spatial filtering optical system 18 is disposed between the separating part 19 and the detecting part 20 in
the direction along the optical axis X. The spatial filtering optical system 18 causes light to be focused at a plurality of
positions P3 conjugate to overlapping regions In where the focal point regions C1 and C2 of the spectra MA1 and MA2
on the sample S overlap. In the measurement device 10A, five positions including a focal position P1 of the first point
light source 12A, a focal position P1 of the second point light source 12B, a position where the discrete spectral light LA
and LB are focused between the relay lenses 34 and 36, focal positions p1, p2, ..., pn where light is focused on the
sample S, and a plurality of positions P31 to P3n conjugate to the overlapping regions In are conjugate to each other on
the optical axis S.
[0086] The spatial filtering optical system 18 shown in Fig. 1 includes a focusing lens 40, a pinhole array element 42,
and a collimating lens 44. The focusing lens 40, the pinhole array element 42, and the collimating lens 44 are disposed
in that order in the optical axis X direction.
[0087] The focusing lens 40 focuses the fluorescence emitted from the sample S at the plurality of positions P31 to
P3n conjugate to a plurality of overlapping regions In where the focal point regions C1 and C2 overlap on the sample S.
Hereinafter, the above-described positions P31 to P3n may be simply referred to as the positions P3 conjugate to the
overlapping regions In.
[0088] A plurality of apertures having a predetermined size, shape, and interval is formed in the pinhole array element
42. In the direction along the optical axis X, the apertures formed in the pinhole array element 42 are located at the
plurality of positions P31 to P3n conjugate to the plurality of overlapping regions In where the focal point regions C1 and
C2 where light is focused by the focusing part 16 overlap. Fig. 12 is a diagram schematically showing a positional
relationship between the overlapping region In of the sample S and the aperture formed in the pinhole array element
42. In Fig. 12, an optical system between the sample S and the pinhole array element 42 is omitted for ease of understanding of a corresponding relationship between the position of the sample S and the position of the pinhole array
element 42.
[0089] As shown in Fig. 12, the pinhole array element 42 can pass only the fluorescence emitted in the overlapping
region In. The size, shape, and interval of the aperture formed in the pinhole array element 42 are appropriately set in
consideration of a frequency of the fluorescence spectrum emitted from the sample S, a shape and an interval of the
overlapping region In, focusing performance of the focusing lens 40, and the like. The pinhole array element 42 passes
only the fluorescence spectrum from the overlapping region In where the focal point regions C1 and C2 overlap within
the fluorescence.
[0090] The pinhole array element 42 may be a fixed pinhole array element in which a plurality of apertures are twodimensionally formed at predetermined positions, sizes, and shapes on a substrate made of a metal plate or the like.
When the fixed pinhole array element is used, it is preferable to connect a configuration capable of three-dimensionally
finely adjusting the position of the aperture formed in the fixed pinhole array element to the pinhole array element 42.
Instead of various parameters of the pinhole array element 42, various parameters of the discrete spectral light (for
example, the first adjacent frequency interval fr1, the second adjacent frequency interval fr2, and the offset frequencies
f01 and f02) may be adjusted in the light source.
[0091] In order to provide high flexibility in adjusting the pinhole array element 42, a spatial light modulator capable
of modulating the amplitude, phase, or polarization spatially and temporally may be used as the pinhole array element
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42. Because the spatial light modulator can arbitrarily change the shape, position, and size of the aperture, only desired
information from the sample S can be passed to the detecting part 20 by adjusting the shape, position, and size of the
aperture in accordance with the change even when the condition of light emitted from the first point light source 12A or
the second point light source 12B changes.
[0092] Adjustment of the pinhole array element 42 can be performed as follows. For example, before the actual
observation of the sample S is started, a glass plate on which a fluorescent material is entirely coated is disposed instead
of the sample S. The detecting part 20 detects a large number of point images formed by projecting the fluorescence
generated from the glass plate onto the spatial light modulator. By making a section near the detected point image
transparent, a spatial filter corresponding to the pinhole array element 42 can be implemented. For example, a twodimensional focus distribution of two of the discrete spectral light LA and LB may be independently acquired in advance
and an overlapping portion may be determined based on an overlapping state of the distribution.
[0093] A liquid crystal image display element having high-definition such as SXGA or XGA can be used for the spatial
light modulator. A pixel onto which the fluorescent spot is projected can be determined by detecting a photocurrent
generated in a TFT corresponding to the pixel. Through such a detection process, good spatial filter characteristics can
be secured even if the optical axis is deviated due to environmental changes or the like.
[0094] The collimating lens 44 focuses the fluorescence spectra diverging from a plurality of positions P31 to P3n
conjugate to the overlapping regions In. Accordingly, various parameters of the collimating lens 44 are appropriately set
in consideration of a frequency of the fluorescence spectrum, distances between the plurality of positions P31 to P3n
conjugate to the overlapping regions In and a position of the collimating lens 44, and are not limited to specific values.
A focusing lens may be used as the collimating lens 44.
[Detecting part]
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[0095] The detecting part 20 is disposed on a rearmost part of the measurement device 10A in an X direction along
the optical axis. The detecting part 20 acquires information of the sample S from at least a modulated signal based on
a fluorescence spectrum including information of the sample S. In the first embodiment, the detecting part 20 acquires
the information of the sample S from the modulated signal based on the fluorescence spectrum that is spatially filtered
by the spatial filtering optical system 18 and includes the information of the sample S.
[0096] A conventional detector can be used as the detecting part 20. A fluorescence spectrum (a fluorescence beat)
having a beat frequency in an overlapping region In where the focal point regions C1 and C2 overlap near the focal point
is incident on the detecting part 20. The fluorescence spectrum at the beat frequency is obtained through the following
steps. For example, a process of directly measuring a fluorescence spectrum in an RF spectrum analyzer and converting
the fluorescence spectrum into a frequency scale of an original light region may be performed. Alternatively, a process
of acquiring a temporal change in a fluorescence beat signal by a digitizer and performing a Fourier transform on the
temporal change may be performed. In the step of performing the Fourier transform, as shown in Fig. 11, a fluorescence
beat group spectrum FG, i.e., a frequency multiplexed signal corresponding to each pixel, is obtained. In the detecting
part 20, the fluorescence having what degree of intensity has been emitted from what position in the sample S can be
reconstructed from the frequency multiplexed signal for the detected fluorescence spectrum and a fluorescence image
of the sample S can be observed.
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[Measurement using measurement device 10A]
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[0097] Next, the principle of measurement using the measurement device 10A shown in Fig. 1 will be described.
[0098] The discrete spectral light LA and LB emitted from the discrete spectral light sources 22a and 22b of the two
point light sources 12 is focused at the focal position P1 and passes through the aperture formed in the pinhole element
26. The discrete spectral light LA and LB diverging from the focal position P1 is collimated by the collimating lens 28
and is incident on the dispersing element 32 of the dispersing part 14.
[0099] Two or more (here, n) spectra MA1 and MA2 of the discrete spectral light LA and LB which forms a common
angle θ0 with respect to the axis J3 and is incident on the dispersing element 32 are simultaneously dispersed at angles
θ1, θ2, ..., θn according to frequencies thereof for every spectra MA1 and MA2. That is, every spectra MA1 and
MA2disperse simultaneously in mutually different directions.
[0100] Subsequently, the n spectra MA1 and MA2 dispersed at different angles θ1, θ2, .., θn for each spectrum are
incident on the focusing part 16. The n spectra MA1 and MA2 that have been incident thereon are focused for each
spectrum by the relay lens 34 and collimated toward the point P7 by the relay lens 36. The n spectra MA1 and MA2
passing through the point P7 are simultaneously focused by the objective lens 38 at mutually different positions p1, p2,
..., pn on the sample S.
[0101] The n spectra MA1 and MA2 are simultaneously focused in the focal point regions C at mutually different
positions p1, p2, ..., pn on the sample S. In each focal point region C, fluorescence emission by the spectrum MA1 and
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fluorescence emission by the spectrum MA2 occur. The fluorescence generated from each focal point region C has
information at each point on the sample S. In the sample S, n overlapping regions In where the focal point region C1 of
the spectrum MA1 and the focal point region C2 of the spectrum MA2 overlap each other are formed. In the n overlapping
regions In, a fluorescence beat occurs due to interference light between the spectrum MA1 and the spectrum MA2.
[0102] Each fluorescence and each the reflected and scattered light from the focal point region C of the sample are
collimated by the objective lens 38 of the focusing part 16 and pass through the point P7 in common. These lights are
incident on the relay lens 36 and is focused by the relay lens 36 at different positions in a direction orthogonal to the
optical axis X (i.e., the direction of the arrow D2 or D3 shown in Fig. 1). The light diverging after the focusing is collimated
by the relay lens 34 and deflected toward the separating part 19.
[0103] The reflected and scattered light from the mutually different positions p1, p2, ..., pn and the fluorescence
generated at the mutually different positions p1, p2, ..., pn are incident on the separating part 19. The separating part
19 separates the fluorescence from other light. That is, the separating part 19 removes components other than the
fluorescence from the light incident on the separating part 19. The components other than the fluorescence mean a part
of the excitation light reflected by the sample S. When the separating part 19 does not have wavelength selectivity, a
beam splitter and a fluorescent filter may be used.
[0104] The fluorescence from the overlapping region In of each focal point region C is incident on the spatial filtering
optical system 18 by the separating part 19. The fluorescence incident on the spatial filtering optical system 18 is focused
by the focusing lens 40 at the plurality of positions P31 to P3n conjugate to the overlapping regions In of the focal point
regions C. Further, the fluorescence passes through apertures in the pinhole array element 42 in which a plurality of
apertures is formed. The aperture is formed in the pinhole array element 42 in corresponding position with an overlapping
region In where the focal point region C1 of the spectrum MA1 and the focal point region C2 of the spectrum MA2 overlap
each other. Thus, the pinhole array element 42 cuts out components in other than the focal point of the fluorescence in
the overlapping region In. The components in other than the focal point of the fluorescence in the overlapping region In
are components from outside the focal point of the overlapping region In and components of the non-overlapping regions
C1 and C2 in the right diagram of Fig. 9, and are, for example, a component generated from an inner part of the sample
in a depth direction and the like.
[0105] As shown in Fig. 11, the fluorescence from the overlapping region In is generated by an excitation light beat
modulated in a beat frequency group corresponding to a frequency difference between the spectrum MA1 and the
spectrum MA2 and has a modulation frequency (a beat frequency) differing according to each overlapping region In.
That is, the pinhole array element 42 passes only a fluorescence spectrum of a predetermined beat frequency to which
information at each point on the sample S is added. The n fluorescence spectra passing through the apertures of the
pinhole array element 42 are collimated by the collimating lens 44 and are incident on the detecting part 20.
[0106] In the detecting part 20, n mode-resolved spectra corresponding to image pixels of the sample S can be acquired
from fluorescence beat group signals including information of the image pixels of the sample S and modulated at different
beat frequencies. Fluorescence modulated at the beat frequency is directly measured by, for example, an RF spectrum
analyzer and converted to a frequency scale of the original optical region. The fluorescence modulated at the beat
frequency may be obtained by acquiring a temporal change in a detected signal in a digitizer. By performing a Fourier
transform on the acquired fluorescence, a mode-resolved spectrum (a fluorescence beat group spectrum FG) based on
the fluorescence modulated at the beat frequency is obtained as shown in Fig. 11. Each spectrum of the n mode-resolved
spectra corresponds to one overlapping region In in the focal point region C of the sample S and corresponds to one
measurement point when a two-dimensional image is imaged from the fluorescence beat group spectrum FG.
[Effects of measurement device 10A]
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[0107] Next, effects of the measurement device 10A according to the first embodiment will be described.
[0108] As shown in Fig. 9, the measurement device 10A according to the first embodiment can simultaneously focus
the discrete spectral light LA and LB on mutually different focal points C on the sample S in one irradiation operation
(i.e., one shot). Thereby, without scanning the laser beam, two or more of the n spectra MA1 and MA2 included in the
discrete spectral light LA and LB can be simultaneously multi-dimensionally converted and mapped on a multi-dimensional
plane.
[0109] Because the discrete spectral light LA and the discrete spectral light LB are independent of each other, the
information of the sample S can be acquired as fluorescence emission simultaneously and in parallel at the focal positions
p1, p2, ..., pn of the n spectra MA1 and MA2 unlike a case in which continuous spectral light is used. Accordingly, if the
focal point regions C of the spectra MA1 and MA2 are adjusted to a range of a measurement target of the sample S,
information of the sample S in the measurement range can be obtained non-mechanically at a high speed.
[0110] According to the measurement device 10A of the first embodiment, the separating part 19 and the pinhole array
element 42 can cut each component of a part of the excitation light reflected by the sample S and the fluorescence
emission and detect only fluorescence having an optical beat spectrum from a position near the focal point of the
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overlapping region In which is a measurement target in the detecting part 20. The optical beat spectrum is caused due
to the interference light between two light of the discrete spectral light LA and LB. The optical beat spectrum is downscaled
from an optical frequency band (several hundred terahertz band) to the RF band (several kHz to several MHz band).
That is, according to the measurement device 10A of the first embodiment, high-accuracy and high-speed measurement
can be performed using a conventional RF measurement device.
[0111] The optical beat spectrum includes information of only the overlapping region In where the focal point region
C1 of the spectrum MA1 and the focal point C2 of the spectrum MA2 overlap each other. By appropriately adjusting and
shaping a profile of a beam spot in the focal point region C1, the region occupied by the overlapping region In is made
narrower than the region occupied by each of the focal point regions C1 and C2 and information of a smaller region can
be obtained from the optical beat spectrum.
[0112] Each of the first adjacent frequency interval fr1 of the n spectra MA1 of the discrete spectral light LA emitted
by the first point light source 12A of the measurement device 10A of the first embodiment and the second adjacent
frequency intervals fr2 of the n spectra MA2 of the discrete spectral light LB emitted by the second point light source
12B is constant on the frequency. Thus, the n spectra MA1 and MA2 are focused at mutually different positions on the
sample S with a constant interval therebetween. Accordingly, information within the measurement range of the sample
S can be acquired at equally spaced intervals.
[0113] When the first discrete spectral light LX1 emitted from the first point light source 12A and the second discrete
spectral light LX2 emitted from the second point light source 12B are arranged on the same frequency axis, a frequency
interval (mΔfr+fRF) between the spectra MA1 and MA2 closest to each other on the frequency axis is represented by
vn1-vn2=(n13fr1+f01)-(n23fr2+f02). The frequency interval (mΔfr+fRF) is less than half (fr1/2) of the first adjacent
frequency interval fr1 and half (fr2/2) of the second adjacent frequency interval. Thus, the first discrete spectral light LX1
and the second discrete spectral light LX2 interfere in the overlapping region In where the focal point region C1 and the
focal point region C2 overlap each other. The interference light in the overlapping region In is modulated at a frequency
corresponding to the frequency interval (mΔfr+fRF) between the closest spectra MA1 and MA2 on the frequency axis.
Thereby, it is possible to obtain a fluorescence beat having a modulation frequency differing according to each of the
overlapping regions In. That is, in the measurement device 10A according to the first embodiment, the fluorescence
image can be directly reconstructed using the fluorescence beat group signal whose frequency interval has been downscaled.
[0114] In the measurement device 10A bringing the above-described effects, the high-speed performance and the
high-resolution characteristics are significantly improved as compared with the conventional confocal fluorescence microscope and clear information of high contrast can be acquired with one shot of the discrete spectral light LA and LB.
Thus, for example, it is possible to directly observe the movement of a molecule inside a living cell. As a result, it is
conceivable that new knowledge related to the biotechnology field such as vital function analysis will be able to be acquired.
(Second embodiment)
[0115] Fig. 13 is a schematic diagram of a measurement device 10B according to a second embodiment. The measurement device 10B of the second embodiment is different from the measurement device 10A of the first embodiment
in which fluorescence propagating backward is measured in that fluorescence propagating forward from a sample S is
measured. Components of the measurement device 10B of the second embodiment shown in Fig. 13 that are the same
as those of the measurement device 10A of the first embodiment shown in Fig. 1 are denoted by the same reference
signs and description thereof will be omitted.
[Configuration of measurement device 10B]
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[0116] As shown in Fig. 13, the measurement device 10B includes two point light sources 12, a dispersing part 14, a
first focusing part 15, a second focusing part 17, a reflecting part 21, and a spatial filtering optical system 18, and a
detecting part 20.
[0117] In the measurement device 10B, the second focusing part 17 is provided between the sample S and a reflecting
part 21 in a direction along an optical axis X. The second focusing part 17 has a symmetric relation with the first focusing
part 15 with respect to the sample S and the first focusing part 15 is configured to be folded with respect to the sample S.
[0118] The second focusing part 17 includes an objective lens 39 and relay lenses 35 and 37. The relay lenses 35
and 37 transfer a beam emission state of an entrance pupil (a point P5) of the objective lens to the reflecting part 21.
The objective lens 39 and the relay lenses 35 and 37 correspond to the objective lens 38 and the relay lenses 34 and
36, respectively. The objective lens 39 collimates the spectra propagating forward from the mutually different positions
p1, p2, ..., pn, causes the spectra to pass through the point P5 in common, and causes the spectra to be incident on
the relay lens 37. Hereinafter, spectra propagating forward from the positions p1, p2, ..., pn are referred to as transmitted
spectra. The relay lens 37 focuses a plurality of transmitted spectra passing through the point P5 at different positions
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in a direction orthogonal to the optical axis X (i.e., in a direction of an arrow D2 or D3 shown in Fig. 13). The relay lens
35 collimates a plurality of transmitted spectra diverging after the focusing. The configuration of the second focusing
part 17 is not limited to the above-described configuration.
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[Measurement using measurement device 10B]
[0119] Next, the principle of measurement using the measurement device 10B shown in Fig. 13 will be described.
Because the principle until the sample S is irradiated with discrete spectral light LA and LB emitted from the two point
light sources 12 is similar to the principle of measurement using the measurement device 10A, the description of the
principle until the sample S is irradiated with the discrete spectral light LA and LB will be omitted.
[0120] Information of the sample S at the positions p1, p2, ..., pn is added to the n spectra MA1 and MA2 simultaneously
focused at mutually different positions p1, p2, ..., pn on the sample S. In this manner, n focal points C are simultaneously
formed on the sample S in a single operation of irradiating the discrete spectral light LA and LB. The overlapping region
In is formed in each of the focal point regions C. In the overlapping region In, the discrete spectral light LA and LB
interfere and fluorescence modulated at the same frequency as interference light is generated. The information of the
sample S is independently added to the fluorescence beat generated in each overlapping region In.
[0121] The discrete spectral light LA and LB and the fluorescence generated by the sample S propagate forward from
mutually different positions p1, p2, ..., pn and are incident on the second focusing part 17. The discrete spectral light
beams LA and LB and the fluorescence from the n positions are respectively corrected for aberration or collimated by
the objective lens 39 of the second focusing part 17 and pass through the point P5 in common. The fluorescence passing
through the point P5 is incident on the relay lens 37 and is focused by the relay lens 37 at different positions in a direction
orthogonal to the optical axis X (i.e., the direction of the arrow D2 or D3 shown in Fig. 1). The plurality of transmission
spectra diverging after the focusing and the fluorescence from n positions are collimated by the relay lens 35 and deflected
toward the reflecting part 21.
[0122] Fluorescence from the mutually different positions p1, p2, ..., pn is reflected at a desired angle by the reflecting
part 21.
[0123] n lights of fluorescence including the information of the sample S are incident on the spatial filtering optical
system 18. The principle after the light is incident on the spatial filtering optical system 18 is similar to the principle of
measurement using the measurement device 10A. Also, the fluorescence passing through the relay lens 37 may be
directly incident on the spatial filtering optical system 18 without providing the relay lens 35 and the reflecting part 21.
[0124] Predetermined fluorescence from the pinhole array element 42 is fluorescence of n light beat spectra generated
at the focal points of the overlapping region In and is incident on the detecting part 20. Thus, the detecting part 20
acquires n mode-resolved spectra corresponding to the fluorescence image pixels of the sample S from the optical beat
spectrum including the information of the sample S.

35

[Effects of measurement device 10B]
[0125] According to the measurement device 10B according to the second embodiment, the effects similar to those
of the measurement device 10A of the first embodiment can be obtained.
40

(Third embodiment)

45

[0126] Fig. 14 is a schematic diagram of a measurement device 10C according to the third embodiment. The measurement device 10C according to the third embodiment is different from the measurement device 10A according to the
first embodiment in that the measurement device 10C has a control part 60 configured to control the offset frequency
f02 or the adjacent frequency interval fr2 of discrete spectral light LB emitted by a second point light source 12B. Also,
components that are the same as those of the measurement device 10A of the first embodiment shown in Fig. 1 among
components of the measurement device 10C of the third embodiment shown in Fig. 14 are denoted by the same reference
signs and description thereof will be omitted.

50

[Configuration of measurement device 10C]

55

[0127] As shown in Fig. 14, the measurement device 10C according to the third embodiment has a control part 60.
The control part 60 controls the offset frequency f02 or the adjacent frequency interval fr2 of the discrete spectral light
LB emitted by the second point light source 12B. Although the control part 60 is provided in the second point light source
12B in the configuration shown in Fig. 14, the control part 60 may be provided in the first point light source 12A or may
be provided in both point light sources 12.
[0128] The control part 60 controls the offset frequency f02 or the adjacent frequency interval fr2 of the discrete spectral
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light LB. For example, the control part 60 controls intervals between pulses Φ1, Φ2, ..., Φm of the discrete spectral light
LB (see Fig. 2). When the control part 60 changes the offset frequency f02 or the adjacent frequency interval fr2 of the
discrete spectral light LB, a degree of overlapping and an area of the overlapping region In in Fig. 9 change. When the
offset frequency f02 or the adjacent frequency interval fr of each of the two point light sources 12 is changed by the
control part 60, a position of a focusing point region C where light is focused on the sample S changes.
[0129] It is preferable that the spatial filtering optical system 18 in the measurement device 10C according to the third
embodiment include a spatial light modulator capable of changing a position of transmitted light. When the position of
the focal point region C changes, desired information is possible to be cut by spatial filtering in the fixed pinhole array
element 42. If the spatial light modulator can arbitrarily change the position of transmitted light, an optical beat spectrum
having a predetermined beat frequency to which information at each point on the sample S is added can be passed
toward the detecting part 20.
[Effects of measurement device 10C]

15

20

25

30

35

[0130] When the control part 60 changes the offset frequency f02 or the adjacent frequency interval fr2 of the discrete
spectral light LB and changes a degree of overlapping of the overlapping region In in an example shown in Fig. 9, a
range in which the optical beat spectrum is obtained from the sample S changes. The measurement device 10C acquires
information of the sample S obtained from the optical beat spectrum. Thus, the range in which the optical beat spectrum
is obtained has a great influence on the resolution of the measurement device 10C. In other words, the resolution of the
measurement device 10C can be changed by changing the degree of overlapping of the overlapping region In.
[0131] The optical beat spectrum is obtained from the overlapping part In of the focal point regions C1 and C2 of the
two point light sources 12. In other words, information of a portion on the sample S other than the overlapping region In
cannot be measured. When the position of the focal point region C where light is focused on the sample S has been
changed by the control part 60, the position of the focal point region C can be shifted as necessary to obtain information
of a portion that has not been measured. The control part 60 can control the position of the focal point region C where
light is focused on the sample S and obtain two images from information of two sets of information before the position
of the focal point region C is shifted and information acquired at a position where the focal point region C has been
shifted by about 1/4 of an interval between the focal point regions C. After the two images are obtained, an image with
increased resolution can be obtained if these images are calculated based on a general image processing algorithm.
[0132] In the measurement devices according to the above-described first to third embodiments, phase information
of the fluorescence beat may be acquired. When the phase information of the fluorescence beat is acquired, information
of a fluorescence lifetime other than an intensity of fluorescence can be extracted.
[0133] As shown in Fig. 15, the interference light beat and the fluorescence beat have the same RF spectrum. In Fig.
15, the frequency axis is shown as a Freq. axis. A time waveforms of a spectral components of the frequency f of both
the interference light beat and the fluorescence beat have a period of 1/f. However, the fluorescence beat is shifted by
a phase θ depending on a fluorescence generation process. A relationship between a delay of the phase θ and a
fluorescence lifetime τ is represented by the following Eq. (3).
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[0134] The interference light beat and the fluorescence beat can be measured simultaneously and a fluorescence
lifetime image can be obtained from a phase difference distribution between the interference light beat and the fluorescence beat. When the fluorescence lifetime image is used, it is possible to perform highly sensitive detection of environmental changes around fluorescent molecules within cells, changes in a reaction speed of fluorescent molecules,
and the like. Oxygen imaging and ion imaging of fluorescence and phosphorescence, imaging of interaction between
proteins by fluorescence resonance energy transfer (FRET), and fluorescence correlation spectroscopy (FCS) become
possible.
[0135] Although the preferred embodiments of the present invention have been described above in detail, the present
invention is not limited to specific embodiments. That is, the above-described embodiments are only some of a large
number of embodiments of the present invention. As long as the objectives, problem solving, or effects of the present
invention can be achieved, it is obvious that various modifications and changes are possible in the measurement device
and the irradiation device of the present invention even if they are not described in the above-described embodiments.
In particular, a plurality of configurations or functions described in the above-described embodiments may be combined
and can be changed (added or deleted).
[0136] Although the problem solving or objectives of the present invention have been generally described in "Technical
Problem" in the present specification, the problem solving or objectives of the present invention is not limited to description
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details thereof. Needless to say, the problem solving or objectives described in the embodiments are valid for each
invention. Also, the effects described in the embodiments are a reversal of the problem solving or the objective. Thus,
even if the problem solving or the objectives are not directly described in the above-described embodiments, the existence
thereof should be understood.
[0137] Also, although the inventions for achieving the problem solving or the objectives have been described in the
measurement devices in the first to third embodiments among the above-described embodiments, a degree of achievement of the problem solving or the objectives is not necessarily 100%. The problem solving or the objectives of the
present invention change in accordance with a combination of the configurations of the present invention. Needless to
say, for example, even if the degree of achievement is 10%, the invention should not be denied as not achieving the
objectives thereof.
[0138] For example, even if only a "leaf spring" is described as a certain configuration in the embodiment, for example,
a "helical spring" can be assumed to be a "spring" within the scope of common technical knowledge. Thus, if a "spring"
other than a "leaf spring" can achieve the objective of the present invention, it can be considered that the "spring" is
described as a configuration of the present invention.
[0139] In each of the above embodiments, the first point light source 12A and the second point light source 12B have
the focusing lens 24 individually. The pinhole element 26 and the collimating lens 28 are individually disposed in that
order on the front side on the optical axis X with respect to the focusing lenses 24 of the first point light source 12A and
the second point light source 12B. However, the focusing lenses 24 of the first point light source 12A and the second
point light source 12B, and the pinhole elements 26 and the collimating lenses 28 corresponding to the first point light
source 12A and the second point light source 12B may be shared.
[0140] For example, Fig. 16 shows a schematic diagram of a measurement device 10A’ including a third point light
source (a first point light source or a second point light source) 12C in which the focusing lens 24, the pinhole element
26, and the collimating lens 28 are shared on the optical axis X of the discrete spectral light source 22a or 22b in the
measurement device 10A of the first embodiment. In the measurement device 10A’, the half mirror 23 is disposed
between the discrete spectral light source 22b and the focusing lens 24 on the optical axis X of the discrete spectral
light LB emitted from the discrete spectral light source 22b. The discrete spectral light source 22a is disposed at a position
where the discrete spectral light source 22b is folded with respect to a reflection surface of the half mirror 23. The discrete
spectral light LA emitted from the discrete spectral light source 22a and the discrete spectral light LB emitted from the
discrete spectral light source 22b are combined by the half mirror 23 and pass through the focusing lens 24, the pinhole
element 26, and the collimating lens 28 that are shared.
[0141] In the measurement device 10A, there are five positions conjugate to each other as described above. In the
measurement device 10A’, four positions including one focusing position P1, a position where the discrete spectral light
LA and LB are focused between the relay lenses 34 and 36, positions p1, p2, ..., pn where the light is focused on the
sample S, and a plurality of positions P31 to P3n conjugate to the overlapping regions In are conjugate to each other on
the optical axis S. By sharing the focusing lens 24, the pinhole element 26, and the collimating lens 28 on the optical
axis X of the discrete spectral light source 22a or 22b, the measurement device 10A’ has four positions conjugate to
each other. In the measurement device 10A’, the alignment of the focal points of the discrete spectral light sources 22a
and 22b, which is performed by the measurement device 10A, is not required, and confocal characteristics are improved
and handling is facilitated. Also, according to the measurement device 10A’, the number of components of the light
emitting part 11 can be reduced, and the size of the entire device can be reduced.
[0142] In the above-described embodiments, the light emitting part 11 includes the first point light source 12A and the
second point light source 12B. However, it is only necessary for the light emitting part 11 to emit the discrete spectral
light LA and LB having different adjacent frequency intervals toward the dispersing part 14, and the two light sources
need not necessarily be provided. For example, the light emitting part 11 may include only one optical frequency comb
source having a configuration of a loop-type resonator or another configuration. Within the configuration of the loop-type
resonator, the laser light is amplified while the laser light is propagating clockwise and counterclockwise. In the configuration of the loop-type resonator, light having two mutually different wavelengths may be amplified while the light is
propagating. Within the configuration of loop-type resonator, two polarized light orthogonal to each other may be amplified
while the polarized light is propagating. When an intensity of the laser light becomes greater than a predetermined
intensity, discrete spectral light LA and LB is emitted from the configuration resonator. The discrete spectral light LA and
LB emitted from the optical frequency comb source can propagate in the same direction and can be incident on the
dispersing part 14. By configuring the light emitting part 11 in a single optical frequency comb source as described above,
the size and cost of the light emitting part 11 can be reduced.
[0143] In each of the above-described embodiments, the measurement device includes the spatial filtering optical
system 18 and therefore it is possible to acquire information about the sample S at any position with high resolution in
the direction along the optical axis X, i.e., in the thickness direction of the sample S, when the sample S has a thickness
as in a cell or the like. However, when it is only necessary to obtain information of only a position where a reagent is
added to the sample S in the direction along the optical axis X or when phase information of a fluorescence beat is
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acquired, the spatial filtering optical system 18 can be omitted.
[0144] In view of the fact that the measurement device can be changed as described above, it is only necessary for
the measurement device of the present invention to include at least the light emitting part 11, the dispersing part 14, the
focusing part 16 or the first focusing part 15, and the detecting part 20. The light emitting part 11 emits a plurality of
spectral light including two or more spectra distributed at mutually different frequencies. Adjacent frequency intervals
are different in each of the plurality of spectral lights. It is only necessary for the light emitting part 11 to emit a plurality
of spectral lights and the light emitting part 11 need not necessarily be a light source. The light emitting part 11 may be
a splitting part associated with another measurement device in a configuration in which a plurality of spectral light are
split from another measurement device and emitted to the measurement device of the present invention. The detecting
part 20 acquires a signal of a fluorescence beat that emits light due to the interference light beat in each of the plurality
of overlapping regions In and includes information of the sample S.
[Reference Signs List]
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[0145]
10A, 10A’, 10B, 10C;
11;
14;
15;
16;
17;
19;
18;
20;
12;
32;
LA, LB;
p1, p2, ...,
P3
S

Measurement device
Light emitting part
Dispersing part
First focusing part
Focusing part
Second focusing part
Separating part
Spatial filtering optical system (spatial filtering part)
Detecting part
Point light source (light source)
Dispersing element
Discrete spectral light
pn Different positions on sample and focusing positions on sample
Conjugate position
Sample

Claims
35

1.

A measurement device comprising:
a plurality of light sources configured to each emit spectral light including two or more spectra distributed at
mutually different frequencies, wherein adjacent frequency intervals that are frequency intervals of adjacent
spectra of the spectral light are mutually different;
a dispersing part configured to disperse a plurality of spectral lights emitted from the plurality of light sources
in mutually different directions according to each spectrum;
a focusing part configured to focus the spectra specific to the light sources dispersed by the dispersing part at
a plurality of different focal points on a sample and cause a plurality of focal points based on one light source
to overlap a plurality of focal points based on another light source;
a spatial filtering part configured to focus fluorescence beats including information of the sample on which light
is focused by the focusing part and which emits light by interference light beats in each of a plurality of overlapping
portions where the focal points on the sample overlap at positions conjugate to the overlapping portions and
perform spatial filtering on the fluorescence beats; and
a detecting part configured to acquire a signal of the fluorescence beats on which the spatial filtering has been
performed by the spatial filtering part and which has been emitted from the plurality of overlapping portions
including the information of the sample.
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2.

The measurement device according to claim 1, wherein each of the plurality of light sources is an optical frequency
comb light source configured to emit spectra in which adjacent frequency intervals which are intervals of frequencies
of the spectra adjacent on a frequency axis are equal to each other as the spectral light.

3.

The measurement device according to claim 1 or 2,
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wherein the dispersing part includes a dispersing element configured to perform wavelength dispersion on incident
light, and
wherein the dispersing part performs wavelength dispersion on the spectral light emitted from the light source by
the dispersing element in a direction differing according to each spectrum.
5

4.

The measurement device according to any one of claims 1 to 3,
wherein the plurality of light sources include at least a first light source configured to emit first spectral light in which
a frequency interval of the adjacent spectrum is a first adjacent frequency interval and a second light source configured
to emit second spectral light in which a frequency interval of the adjacent spectrum is a second adjacent frequency
interval, and
wherein a frequency interval between closest adjacent spectra is less than half of the first adjacent frequency interval
and half of the second adjacent frequency interval when the first spectral light and the second spectral light are
arranged on the same frequency axis.

5.

The measurement device according to any one of claims 1 to 4, further comprising a control part configured to
control a carrier envelope offset frequency or an adjacent frequency interval of spectral light emitted by at least one
light source of the plurality of light sources.

6.

The measurement device according to claim 5, wherein the spatial filtering part comprises a spatial optical modulator
capable of changing a position or a shape of light to be transmitted in accordance with the offset frequency and the
adjacent frequency interval of the spectral light controlled by the control part.

7.

An irradiation device comprising:
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a plurality of light sources configured to each emit spectral light including two or more spectra distributed at
mutually different frequencies, wherein adjacent frequency intervals that are frequency intervals of adjacent
spectra of the spectral light are mutually different;
a dispersing part configured to disperse a plurality of the spectral lights emitted from the plurality of light sources
in mutually different directions according to each spectrum; and
a focusing part configured to focus the spectra specific to the light sources dispersed by the dispersing part at
a plurality of different focal points on a sample and cause a plurality of focal points according to one light source
to overlap a plurality of focal points according to another light source.
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8.

The irradiation device according to claim 7,
wherein the plurality of light sources include at least a first light source configured to emit first spectral light in which
a frequency interval of the adjacent spectrum is a first adjacent frequency interval and a second light source configured
to emit second spectral light in which a frequency interval of the adjacent spectrum is a second adjacent frequency
interval, and
wherein a frequency interval between closest adjacent spectra is less than half of the first adjacent frequency interval
and half of the second adjacent frequency interval when the first spectral light and the second spectral light are
arranged on the same frequency axis.

9.

The irradiation device according to claim 7 or 8,
wherein the plurality of light sources simultaneously irradiate irradiation light to focal points on a sample, and
wherein the irradiation light from the light sources mutually interferes at the focal points on the sample.
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10. An irradiation device comprising:
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a first light source configured to emit first light having frequency components of a plurality of frequency values
which are discrete;
a second light source configured to emit second light having frequency components of a plurality of frequency
values which are discrete and different from the first light; and
a dispersing and focusing part configured to disperse the first light and the second light and focus the first
irradiation light and the second irradiation light so that parts of both a first irradiation region of first irradiation
light having a frequency component of a first frequency value according to the first light and a second irradiation
region of second irradiation light having a frequency component of a second frequency value according to the
second light overlap,
wherein the first irradiation light and the second irradiation light are simultaneously irradiated so that a difference
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between the first frequency value and the second frequency value is less than or equal to a difference between
the first frequency value of the first light and a frequency value adjacent thereto.
11. A measurement device comprising:
5

10

15

a light emitting part configured to emit a plurality of spectral lights each including two or more spectra distributed
at mutually different frequencies, wherein adjacent frequency intervals that are frequency intervals of adjacent
spectra in each of the plurality of the spectral lights are mutually different;
a dispersing part configured to disperse the plurality of the spectral lights emitted from the light emitting part in
mutually different directions according to each spectrum;
a focusing part configured to focus the spectra dispersed by the dispersing part at a plurality of different focal
points on a sample and cause a plurality of focal points based on one of the spectral lights to overlap a plurality
of focal points based on another of the spectral lights; and
a detecting part configured to acquire a signal of fluorescence beats including information of the sample on
which light is focused by the focusing part and which emits light by interference light beats in each of a plurality
of overlapping regions where the focal points on the sample overlap.
12. The measurement device according to claim 11, wherein the light emitting part has a plurality of light sources
configured to each emit two of the spectral lights having the adjacent frequency intervals which are mutually different.
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13. The measurement device according to claim 11, further comprising a spatial filtering part configured to focus
fluorescence beats including information of the sample on which light is focused by the focusing part and which
emits light by interference light beats in each of a plurality of overlapping regions where the focal points on the
sample overlap at positions conjugate to the overlapping regions and perform spatial filtering on the fluorescence
beats,
wherein the detecting part acquires a signal of the fluorescence beats on which the spatial filtering has been performed
in the spatial filtering part.
14. The measurement device according to claim 1 or 11, wherein the detecting part acquires phase information of the
fluorescence beats.
15. An irradiation device comprising:
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a light emitting part configured to emit spectral light including two or more spectra distributed at mutually different
frequencies, wherein adjacent frequency intervals that are frequency intervals of adjacent spectra of the spectral
light are mutually different;
a dispersing part configured to disperse a plurality of spectral lights emitted from the light emitting part in mutually
different directions according to each spectrum; and
a focusing part configured to focus the spectra specific to light sources dispersed by the dispersing part at a
plurality of different focal points on a sample and cause a plurality of focal points based on one light source to
overlap a plurality of focal points based on another light source.

45

50

55

20

EP 3 667 298 A1

21

EP 3 667 298 A1

22

EP 3 667 298 A1

23

EP 3 667 298 A1

24

EP 3 667 298 A1

25

EP 3 667 298 A1

26

EP 3 667 298 A1

27

EP 3 667 298 A1

28

EP 3 667 298 A1

29

EP 3 667 298 A1

30

EP 3 667 298 A1

31

EP 3 667 298 A1

32

EP 3 667 298 A1

33

EP 3 667 298 A1

34

EP 3 667 298 A1

35

EP 3 667 298 A1

5

10

15

20

25

30

35

40

45

50

55

36

EP 3 667 298 A1
REFERENCES CITED IN THE DESCRIPTION
This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description
•
•

JP 2017154392 A [0001]
JP 2012103379 A [0008]

•

37

WO 2017002535 A [0008]

