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APPARATUS
Technical Field

This invention relates to quantitative phase measurement apparatuses.
Background Art

Atomic force microscopes and scanning electron microscopes are previously known
as apparatuses that can measure spatial features of a microscopic three-dimensional
object, such as a cell, with nanometer accuracy. However, with the use of an atomic
force microscope or a scanning electron microscope, it is often necessary prior to mea-
surement to subject a cell to a troublesome pretreatment, and the cell will suffer ir-
reparable damage during measurement. Therefore, studies have been conducted on a
variety of apparatuses that can measure spatial features of a microscopic three-
dimensional object, such as a cell, without damaging the sample.

For example, Patent Literature 1 proposes a quantitative phase microscope that can
measure a sample, such as a cell, without damaging it.

Fig. 8 shows a schematic block diagram of a quantitative phase microscope 100
described in Patent Literature 1. As shown in Fig. 8, the quantitative phase microscope
100 includes an objective lens 102, a total reflection mirror 103, a transmissive po-
larization splitting element 104, a condensing lens 105, a spatial filter 106, a half-wave
plate 107, and a complex lens 108, which are arranged in this order between a mea-
surement sample S and an image pickup device 101.

In the quantitative phase microscope 100, light H101 to be measured having passed
through the measurement sample S is converted into parallel light H102 by the
objective lens 102. The light H102 is reflected toward the transmissive polarization
splitting element 104 by the total reflection mirror 103.

The light H102 is split, in the transmissive polarization splitting element 104, into a
beam H103a traveling straight ahead and through the element 104 and a beam H103b
refracted to the beam H103a. These beams H103a and H103b are linearly polarized
beams whose polarization directions are orthogonal to each other.

Next, the linearly polarized beams H103a and H103b are converted into converging
beams H104 (H104a and H104b), respectively, by the condensing lens 105 and
focused on an aperture 106a and a pinhole 106b, respectively, of the spatial filter 106.

The converging beam H104a passing through the aperture 106a is emitted as an
object beam H105 holding the same phase information as the light H101 to be

measured.
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On the other hand, the converging beam H104b passing through the pinhole 106b is
converted into a reference beam H106 devoid of the same phase information as the
light H101 to be measured and having only information of a uniform phase different
from the phase of the light H101 to be measured. The reference beam H106 is
polarized to have the same polarization direction as the object beam H105 by the half-

wave plate 107 disposed behind the spatial filter 106.
The object beam H105 and the reference beam H106 are superposed at the complex

lens 108 to form interference fringes. The image pickup device 101 takes an image of
these interference fringes. The phase information of the light to be measured is

quantified from the taken image of interference fringes.
Citation List

Patent Literature

PTL 1: JP-A-2008-292939

Summary of Invention

Technical Problem

The quantitative phase microscope 100 can measure the thickness or the like of a
sample, such as a cell, without damaging it. However, the quantitative phase mi-
croscope 100 presents the problem of difficulty in size reduction.

The present invention has a principal object of providing a small-sized quantitative
phase measurement apparatus.
Solution to Problem

A quantitative phase measurement apparatus according to the present invention
includes a converging optical system, a reflective polarization splitting element, a
spatial filter, an interference fringe imaging optical system, an operation part, and a
beam splitter. The converging optical system converts light to be measured produced
by applying light to a measurement sample and containing phase information on the
measurement sample into converging light. The reflective polarization splitting
element is disposed at a focusing position of the converging light. The reflective po-
larization splitting element splits the converging light into two polarized beams having
different polarization directions and reflects the two polarized beams to form a first
polarized beam serving as a first-order diffracted beam toward the converging optical
system and a second polarized beam serving as a zero-order diffracted beam toward
the converging optical system. The spatial filter is disposed at a focusing position of
the first and second polarized beams focused by the converging optical system. The
spatial filter produces from one of the first and second polarized beams a reference
beam devoid of a phase delay and a scatter component both derived from the mea-

surement sample and produces from the other of the first and second polarized beams
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an object beam containing the phase delay and the scatter component both derived
from the measurement sample. The interference fringe image formation optical system
forms an image of interference fringes by forming a real image of the object beam and
simultaneously projecting the reference beam on the same plane as the real image of
the object beam. The operation part calculates an in-plane phase distribution of the
measurement sample from the image of interference fringes. The beam splitter is
disposed between the converging optical system and the spatial filter. The beam
splitter performs reflection of at least a portion of the light to be measured toward the
converging optical system and transmission of at least respective portions of the first
and second polarized beams toward the spatial filter or performs transmission of at
least a portion of the light to be measured toward the converging optical system and re-
flection of at least respective portions of the first and second polarized beams toward

the spatial filter.
The spatial filter may have an aperture and a pinhole. In this case, the aperture is

preferably configured to let in the second polarized beam and block out the first-order
diffracted beam and high-order diffracted beams to produce the object beam containing
the phase information on the measurement sample. The pinhole is preferably
configured to let in the first polarized beam and block out the scatter component
derived from the measurement sample and contained in the first polarized beam to
produce the reference beam devoid of the phase information on the measurement
sample.

The reflective polarization splitting element suitably used is a reflective plane
diffraction grating, but a similar optical element having the effect of splitting light into
a plurality of beams of different optical axes may be used.

The beam splitter may be composed of a half mirror or a polarization splitting

element.
Advantageous Effects of Invention

The present invention can provide a small-sized quantitative phase measurement
apparatus.
Brief Description of Drawings
[fig.1]Fig. 1 is a schematic block diagram of a quantitative phase measurement
apparatus of a first embodiment.
[fig.2]Fig. 2 is a schematic plan view of a spatial filter.
[fig.3]Fig. 3 is a schematic plan view of an image of interference fringes.
[fig.4]Fig. 4 is a schematic block diagram of a quantitative phase measurement
apparatus of a reference example.

[fig.5]Figs. SA and 5B are schematic diagrams for illustrating processing of Fourier
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spectra of interference fringes.

[fig.6]Fig. 6 is a schematic block diagram of a quantitative phase measurement
apparatus of a second embodiment.

[fig.7]Fig. 7 is a schematic block diagram of a quantitative phase measurement
apparatus of a third embodiment.

[fig.8]Fig. 8 is a schematic block diagram of a quantitative phase microscope 100
described in Patent Literature 1.

Description of Embodiments

Hereinafter, a description will be given of exemplified preferred embodiments of the
present invention. However, the following embodiments are simply illustrative. The
present invention is not limited at all to the following embodiments.

Throughout the drawings to which the embodiments and the like refer, elements
having substantially the same functions will be referred to by the same reference signs.
The drawings to which the embodiments and the like refer are schematically illustrated
and, therefore, the dimensional ratios and the like of objects illustrated in the drawings
may be different from those of the actual objects. Different drawings may have
different dimensional ratios and the like of the objects. Dimensional ratios and the like
of specific objects should be determined in consideration of the following descriptions.

(First Embodiment)

Fig. 1 is a schematic block diagram of a quantitative phase measurement apparatus 1
of a first embodiment. The quantitative phase measurement apparatus 1 is an apparatus
that can measure the thickness or other spatial features of a light-transmissive mi-
croscopic measurement sample, such as a cell, in a noncontact and optical manner. The
quantitative phase measurement apparatus 1 can perform real-time analysis of, for
example, biological cell samples in a living condition without the need for pre-
treatment. Therefore, the quantitative phase measurement apparatus 1 is effectively
used in fields of, for example, drug discovery, healthcare, national security, food
industry, pollen allergy, prevention of pandemic infection, bioterrorism surveillance,
and detection of bacterial contamination.

The quantitative phase measurement apparatus 1 includes a light source 10, a
collimator 11, a measurement sample mount 12, an objective lens 13, a stop 14, a beam
splitter 15, a converging optical system 16, a reflective polarization splitting element
17, a spatial filter 18, an interference fringe image formation optical system 19, and an
image pickup element 20. The collimator 11, the measurement sample mount 12, the
objective lens 13, the stop 14, the beam splitter 15, the converging optical system 16,
the reflective polarization splitting element 17, the spatial filter 18, and the interference

fringe formation optical system 19 are arranged on an optical path between the light
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source 10 and the image pickup element 20 and in this order from the light source 10
toward the image pickup element 20. In the following description, the relative
positions of elements and the like are the relative positions on the optical path from the
light source 10 to the image pickup element 20. In the optical path from the light
source 10 to the image pickup element 20, the side thereof closer to the light source 10
is referred to as the "upstream" side and the side thereof closer to the image pickup
element 20 is referred to as the "downstream" side.

The light source 10 emits light for use in quantitative phase measurement to the mea-
surement sample S placed on the measurement sample mount 12. The light source 10
may be one emitting only specific polarized light or one emitting unpolarized light.

The collimator 11 is disposed between the light source 10 and the measurement
sample S. The collimator 11 converts diverging light L1 emitted from the light source
10 into parallel light L2. If the light source 10 emits parallel light, the collimator 11 is
not necessarily provided.

An unshown aperture is formed in the measurement sample mount 12. The mea-
surement sample S is placed on at least a portion of the aperture. Normally, the mea-
surement sample S is placed so that the entire aperture is covered with the mea-
surement sample S. Therefore, the light L1 to be measured having passed through the
measurement sample S travels downstream through the measurement sample mount
12.

The light L3 to be measured contains phase information on the measurement sample
S. In other words, the light L3 to be measured is light changed in phase as a result of
the parallel light L2 having passed through the measurement sample S. More
specifically, the light L3 to be measured is light changed in phase from the parallel
light L2 to a degree corresponding to the refractive index and thickness of the mea-
surement sample S.

Downstream of the measurement sample mount 12, the objective lens 13 having a
focal distance of f, the stop 14, and the beam splitter 15 are arranged. Downstream of
the beam splitter 15, the converging optical system 16 and the reflective polarization
splitting element 17 are arranged. The measurement sample mount 12, the objective
lens 13, the stop 14, and the beam splitter 15 are arranged in line. The beam splitter 15,
the converging optical system 16, and the reflective polarization splitting element 17
are arranged in line. The optical path from the measurement sample mount 12 through
the objective lens 13 and the stop 14 to the beam splitter 15 is inclined to the optical
path from the beam splitter 15 through the converging optical system 16 to the re-
flective polarization splitting element 17. More specifically, the optical path from the
measurement sample mount 12 through the objective lens 13 and the stop 14 to the

beam splitter 15 is orthogonal to the optical path from the beam splitter 15 through the
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converging optical system 16 to the reflective polarization splitting element 17.

At least a portion of the light L3 to be measured having passed through the objective
lens 13 and the stop 14 is reflected by the beam splitter 15 and guided toward the
converging optical system 16 and the reflective polarization splitting element 17. In
this manner, the traveling direction of at least a portion of the light L3 to be measured
is changed by the beam splitter 15. More specifically, the traveling direction of at least
a portion of the light L3 to be measured is deflected 90 degree by the beam splitter 15.
Therefore, the beam splitter 15 constitutes a dioptric system. The beam splitter 15 may
be one reflecting substantially the total light L3 to be measured.

The light L3 to be measured reflected by the beam splitter 15 is converted into
converging light L4 by the converging optical system 16. In this embodiment, the
converging optical system 16 is composed of a convex lens having a focal distance of f
I

The reflective polarization splitting element 17 is disposed at a focusing position of
the converging light L4. In other words, the reflective polarization splitting element 17
is disposed at the focal distance f; of the convex lens from the principal plane of the
convex lens constituting the converging optical system 16.

The reflective polarization splitting element 17 splits the converging light L4 into
two polarized beams having different polarization directions and reflects the two
polarized beams to form a first polarized beam L5 serving as a first-order diffracted
beam toward the converging optical system 16 and a second polarized beam L6
serving as a zero-order diffracted beam toward the converging optical system 16.
Specifically, the reflective polarization splitting element 17 splits the converging light
L4 into a linearly polarized beam constituting the first polarized beam L5 serving as a
polarized component and a linearly polarized beam constituting the second polarized
beam L6 serving as another polarized component, and reflects these beams in different
directions. The first polarized beam L5 and the second polarized beam L6 are
preferably 90 degree different in polarization direction. For example, if the converging
light L4 contains a P-polarized component and an S-polarized component, the first
polarized beam L5 can be a P-polarized reflected beam and the second polarized beam
L6 can be an S-polarized reflected beam.

In Fig. 1, the first polarized beam LS5 is indicated by the dash-and-dot line and the
second polarized beam L6 is indicated by the broken line. The second polarized beam
L6 is superposed on the light L3 to be measured and the converging light L4 between
the reflective polarization splitting element 17 and the beam splitter 15.

The focusing position can be controlled by moving the reflective polarization
splitting element 17 on the optical path or changing the rotational position of the re-

flective polarization splitting element 17.
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The reflective polarization splitting element 17 can be composed of a reflective plane
diffraction grating, for example. A preferred example of the reflective plane diffraction
grating used is a blazed holographic plane diffraction grating. The reason for this is
that it can provide high diffraction efficiency and is less likely to produce stray light.
However, the reflective polarization splitting element 17 is not required to have a high
degree of polarization split. Therefore, it is not limited to the reflective plane
diffraction grating and can be replaced by any similar optical element having the effect
of splitting light into a plurality of beams of different optical axes.

A transmissive spatial optical phase modulator may be additionally disposed between
the reflective polarization splitting element 17 and the converging optical system 16.
The transmissive spatial optical phase modulator can variously and dynamically
modulate the amplitude and phase of spatially distributed light flux.

The first polarized beam L5 and second polarized beam L6 produced in the reflective
polarization splitting element 7 individually enter the converging optical system 16
again and are converted into their respective converging beams.

The spatial filter 18 is disposed at the focusing position of the first and second
polarized beams L5 and L6 having been converted into converging beams in the
converging optical system 16. Specifically, the spatial filter 18 is disposed at the focal
distance f1 of the convex lens from the principal plane of the convex lens constituting
the converging optical system 16, opposite to the reflective polarization splitting
element 17. The beam splitter 15 is located between the spatial filter 18 and the
converging optical system 16. At least respective portions of the first and second
polarized beams L5 and L6 pass through the beam splitter 15 and enter the spatial filter
18.

No particular limitation is placed on the type of beam splitter 15 so long as it reflects
at least a portion of the light L.3 to be measured and transmits at least respective
portions of the first and second polarized beams L5 and L6. The beam splitter 15 can
be composed of a half mirror or a polarization splitting element, for example. An
example of the half mirror that can be used is a mirror deposited with metal. When a
polarization splitting element is used as the beam splitter 15, an additional quarter
wave plate may be provided between the beam splitter 15 and the converging optical
system 16.

The spatial filter 18 produces, from one and the other of the first and second
polarized beams L5 and L6, an object beam containing a phase delay and a scatter
component derived from the measurement sample and a reference beams devoid of the
phase delay and the scatter component derived from the measurement sample, re-
spectively. Specifically, in this embodiment, the spatial filter 18 produces an object

beam L6-1 and a reference beam L5-1 from the second polarized beam L6 and the first
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polarized beam LS5, respectively.

More specifically, in this embodiment, the spatial filter 18 is composed of a sheet
member in which as shown in Fig. 2, an aperture 18a and a pinhole 18b are formed.
The aperture 18a is positioned at a focal position of the second polarized beam L6. The
aperture 18a is formed in a shape size that can block out a first-order or high-order
diffracted beam but transmit the polarized beam L6 which is a zero-order diffracted
beam. The second polarized beam L6 passes through the aperture 18a with phase in-
formation on the measurement sample S contained therein. Therefore, the beam having
passed through the aperture 18a constitutes the object beam L6-1 containing phase in-
formation on the measurement sample S.

On the other hand, the pinhole 18b is positioned at a focal position of the first
polarized beam L5 which is a first-order diffracted beam. The pinhole 18b is formed in
a shape size that can block out a component of the first polarized beam L5 derived
from scatter light due to the measurement sample S. Therefore, when having passed
through the pinhole 18b, the first polarized beam L5 constitutes a reference beam L5-1
devoid of the phase information on the measurement sample S and having only in-
formation of a different uniform phase.

Here, the diameter d, of the aperture 18a is obtained from the following Equation (1):

where D represents the aperture diameter of the stop 14. Ahead of or behind the
aperture 18a, an additional optical element may be placed, such as a neutral density
filter, a stop, or a half-wave plate.

The diameter d, of the pinhole 18b should preferably satisfy the relation shown in the
following Equation (2):

d;=1.22 (lambda) f,/ D ......... (2)

where (lambda) represents the wavelength of the light L3 to be measured.

The interference fringe image formation optical system 19 is disposed downstream of
the spatial filter 18. The interference fringe image formation optical system 19 forms a
real image of the object beam L6-1 and simultaneously projects the reference beam
L5-1 on the same plane as the real image. Thus, owing to a phase difference between
the object beam and the reference beam, an image G of interference fringes as shown
in Fig. 3 is formed on the imaging surface of the image pickup element 20.

An operation part 21 connected to the image pickup element 20 calculates the in-
plane phase distribution of the measurement sample S from the image G of in-
terference fringes and calculates, based on the in-plane phase distribution, the
thickness or the like of the measurement sample S.

Specifically, if the thickness of the measurement sample S is represented by t, the re-

fractive index of the measurement sample S at the wavelength of the light L3 to be
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measured ((lambda), i.e., the wavelength of light emitted from the light source 10) is
represented by n., and the refractive index of the medium at the wavelength ((lambda))
of the light L3 to be measured is represented by n,, the phase difference (delta)(phi) is
represented by the following Equation (3):

(delta)(phi) =(2(pi)/(lambda))(n.ny) t ......... (3)

A distortion due to this phase difference (delta)(phi) is formed in the image G of in-
terference fringes.

The phase difference of the measurement sample S is calculated from the image G of
interference fringes in the following manner. The period d, of the interference fringes
in the image G of interference fringes when no measurement sample S exists
(hereinafter, referred to as the "carrier period of the interference fringes") is obtained
from the following Equation (4):

dy= (lambda) f,/d; ......... 4)

where

(lambda) represents the wavelength of light emitted from the light source 10,

f> represents the focal distance of the convex lens constituting the interference fringe
image formation optical system, and

d, represents the center distance between the aperture 18a and the pinhole 18b.

The pixel pitch of the image pickup element 20 is preferably one third or less of the
carrier period d, of the interference fringes. Furthermore, in order to measure changes
in thickness of the measurement sample S with submicron accuracy using a solid-state
laser diode ((lambda)=638 nm) as the light source 10, the bit depth of the image pickup
element 20 is preferably 10 bits or more.

The luminance value g(x,y) at a position (x,y) of the image G of interference fringes
is represented by the following Equation (5):

g(X,y) = a(x,y)+b(X,y)cos[2(pi) poX+(phi)(X,y)]. ceeeeee (5)

In Equation (5),

a(x,y) represents the background component due to the spatial light intensity dis-
tribution produced by variations in light intensity of the light source and unevenness of
the optical systems,

b(X,y) represents the intensity factor due to the spatial light intensity distribution
produced by variations in light intensity of the light source and unevenness of the
optical systems, and

cos[2(p1)pox+(phi)(X,y)] represents idealized interference fringes,

where

po represents the spatial frequency of the interference fringes, i.e., the reciprocal of
the carrier period d, of the interference fringes, and

(phi)(x,y) represents the phase difference corresponding to the thickness of the phase
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g(x,y)=a(x,y)+c(X,y)exp[2(pi)ipox+(phi)(X,y) [+ (X,y)exp[-2(pi)ipoX+(phi)(X,y)].

Now, c(x,y)=(1/2)b(x,y)exp[i(phi)(x,y)], and c*(X,y) means the conjugate complex of
c(X,y).

So, application of a Fourier transformation to Equation (6) leads to

G(p.y)=AP,y)+C(p-po.y)+C (p+po.Y),

so that Fourier spectra as shown in Fig. 5A can be obtained.

Next, C(p-po.y), which is a spectral component, is moved to the origin as shown as
C(p,y) in Fig.5B, and an inverse Fourier transformation is applied, so that c(x,y) can be
obtained. In addition, this operation enables the unnecessary component a(x,y) to be
eliminated.

Next, the real part (Re) and imaginary part (Im) of c(x,y) is represented by:

Relc(x,y)|=(1/2)b(x,y)cos[ (phi)(x,y)]; and

Im[e(x,y)|=(1/2)b(x,y)sin[(phi)(x,y)], respectively.

Using these equations, the phase delay (phi)(xX,y) at each point can be derived from

(phi)(x,y)=tan(Im[c(x,y)/Re[c(x,)]) -

Here, the division of Im[c(x,y)]/Re[c(X,y)] enables the unnecessary component b(x,y)
to be eliminated. The spatial frequency of the interference fringes is desirably 1/8
cycles per pixel.

The range of (phi)(x,y) is formed of values from -(pi) to +(pi). The phase difference
(delta)(phi)(x,y) due to an effect of the thickness of the target sample is determined by
obtaining the phase delay (phi), in a region of the image in which the target sample
does not exist by estimation from the frequency distribution of (phi)(X,y) and sub-
tracting (phi), from the phase delay (phi)(x,y) at each point. Then, the thickness of the
target sample can be determined from the relation between the phase difference
(delta)(phi)(x,y) and Equation (3). However, if the thickness of the target sample is so
large that the phase difference is above 2(pi), (delta)(phi)(x,y) will fall within the range
of 0 to 2(pi), so that the calculation results on thickness will be discontinuous in the
plane. Therefore, in this case, the condition of continuity to neighboring points is
previously satisfied by compensating for the phase difference (delta)(phi)(x,y) in units
of 2(pi). In this manner, also when the phase difference is above 2(pi), the thickness of
the target sample can be determined at each point in the plane.

The quantitative phase measurement apparatus 1 of this embodiment can perform
non-invasive measurements in which are not used any fluorescent dye, any reflection
enhancer impairing cell properties, such as gold particles, and any mechanical probe

causing structural damage to cells. Therefore, using the quantitative phase mea-
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surement apparatus 1, the thickness or other spatial features of a measurement sample
S, such as a cell, can be measured without damage to the measurement sample S. In
addition, using the quantitative phase measurement apparatus 1, the behavior of living
cells can be visualized. Hence, the quantitative phase measurement apparatus 1 is
useful for observation of dynamic morphology alteration of cells.

Furthermore, in the quantitative phase measurement apparatus 1, the object beam
L6-1 and the reference beam L5-1 pass through substantially the same environment.
Therefore, the object beam and reference beam are subject to substantially the same
effects from disturbances, such as vibrations and air currents, and these effects can be
cancelled upon formation of the image G of interference fringes. Hence, the quan-
titative phase measurement apparatus 1 is less likely to cause a reduction in mea-
surement accuracy due to disturbances.

Moreover, by controlling the polarization direction of laser light applied to the mea-
surement sample S, the optical intensity ratio between the object beam L6-1 and the
reference beam L5-1 can be controlled. Therefore, an image of interference fringes
having a high contrast can be produced.

Fig. 4 is a schematic block diagram of a quantitative phase measurement apparatus
200 of a reference example. The quantitative phase measurement apparatus 200 is
different, from the quantitative phase measurement apparatus 1 in which is used a re-
flective polarization splitting element 17, in that a transmissive polarization splitting
element 201 is used like the quantitative phase measurement microscope 100 described
in Patent Literature 1. Furthermore, the quantitative phase measurement apparatus 200
is different, also from the quantitative phase measurement apparatus 100, in that while
the quantitative phase measurement apparatus 100 described in Patent Literature 1
does not form a real image of an object beam on the image pickup element, the quan-
titative phase measurement apparatus 200 forms a real image of an object beam on the
image pickup element like the quantitative phase measurement apparatus 1.

Throughout the description of the quantitative phase measurement apparatus 200,
elements having substantially the same functions as elements described in relation to
the quantitative phase measurement apparatus 1 will be referred to by the same
reference signs.

In the quantitative phase measurement apparatus 200 in which the transmissive po-
larization splitting element 201 is used, a condensing lens 202 has to be additionally
provided between the transmissive polarization splitting element 201 and the spatial
filter 18. Therefore, if the focal distance of the condensing lens 202 is represented by f,
, the distance between the principal plane of the converging optical system 16 and the
imaging surface of the image pickup element 20 will be represented by f;+2{5+21f,.

In contrast, in the quantitative phase measurement apparatus 1 according to this em-
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bodiment, the distance between the principal plane of the converging optical system 16
and the imaging surface of the image pickup element 20 is represented by 2f;+2f,.
Here, generally, it can be supposed that f;=f,=f;. Therefore, supposing f,=f,=f:=f, the
distance between the principal plane of the converging optical system 16 and the
imaging surface of the image pickup element 20 in the quantitative phase measurement
apparatus 200 of the reference example will be 5f. On the other hand, the distance
between the principal plane of the converging optical system 16 and the imaging
surface of the image pickup element 20 in the quantitative phase measurement
apparatus 1 of this embodiment will be 4f. In addition, the number of components of
the quantitative phase measurement apparatus 1 is smaller than that of the quantitative
phase measurement apparatus 200 by the number corresponding to the condensing lens
202. For these reasons, the use of the reflective polarization splitting element 17, as in
the quantitative phase measurement apparatus 1, can reduce the optical path length. In
addition, the entire structure can be compactized also in view of the relative position of
the polarization splitting element to the objective lens. Thus, it can be seen that the
quantitative phase measurement apparatus 1 can be reduced in weight and size.

Moreover, with the use of the reflective polarization splitting element 17, the light
intensity loss can be reduced as compared with the use of the transmissive polarization
splitting element. Therefore, the measurement accuracy of the quantitative phase mea-
surement apparatus 1 can be increased.

In place of light passing through the measurement sample S, light reflected by the
measurement sample S may be used.

Each optical system may be composed of a single lens or a plurality of lenses.

Other preferred embodiments of the present invention will be described below.
Throughout the description below, elements having functions substantially common to
those of elements of the first embodiment will be referred to by the same reference
signs and further explanation thereof will be accordingly omitted.

(Second Embodiment)

Fig. 6 is a schematic block diagram of a quantitative phase measurement apparatus 2
of a second embodiment.

Described in the quantitative phase measurement apparatus 1 of the first embodiment
is an example in which the beam splitter 15 reflects at least a portion of the light L3 to
be measured toward the converging optical system 16 and transmits at least respective
portions of the first and second polarized beams L4 and L5 toward the spatial filter 18.
Unlike this, in the quantitative phase measurement apparatus 2 of the second em-
bodiment, the beam splitter 15 transmits at least a portion of the light L3 to be
measured toward the converging optical system 16 and reflects at least respective

portions of the first and second polarized beams L4 and L5 toward the spatial filter 18.
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Also in such a case, substantially the same effects as described in the first embodiment

can be achieved.
[0074] (Third Embodiment)

Fig. 7 is a schematic block diagram of a quantitative phase measurement apparatus 3
of a third embodiment.

In the quantitative phase measurement apparatus 3, the beam splitter 15 reflects a
portion of the light L3 to be measured toward the reflective polarization splitting
element 17 and transmits another portion of the light L3 to be measured. The light
having passed through the beam splitter 15 is imaged on the imaging surface of an
image pickup element 30 by an imaging optical system 31. Therefore, in the quan-
titative phase measurement apparatus 3, it is also possible to visually observe the

image of the measurement sample S.

[0075] (delta) =A
(lambda)= A
(pi) =T
(phi)  =¢

Reference Signs List
[0076]  1-3...Quantitative phase measurement apparatus
10...Light source
11...Collimator
12...Measurement sample mount
13...Objective lens
15...Beam splitter
16...Converging optical system
17...Reflective polarization splitting element
18...Spatial filter
18a...Aperture
18b...Pinhole
19...Interference fringe image formation optical system
20...Image pickup element
21...Operation part
30...Image pickup element

31...Imaging optical system
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Claims

A quantitative phase measurement apparatus comprising:

a converging optical system for converting light to be measured
produced by applying light to a measurement sample and containing
phase information on the measurement sample into converging light;

a reflective polarization splitting element, disposed at a focusing
position of the converging light, for splitting the converging beam into
two polarized beams having different polarization directions and re-
flecting the two polarized beams to form a first polarized beam serving
as a first-order diffracted beam toward the converging optical system
and a second polarized beam serving as a zero-order diffracted beam
toward the converging optical system;

a spatial filter, disposed at a focusing position of the first and second
polarized beams focused by the converging optical system, for
producing from one of the first and second polarized beams a reference
beam devoid of a phase delay and a scatter component both derived
from the measurement sample and producing from the other of the first
and second polarized beams an object beam containing the phase delay
and the scatter component both derived from the measurement sample;
an interference fringe image formation optical system for forming an
image of interference fringes by forming a real image of the object
beam and simultaneously projecting the reference beam on the same
plane as the real image of the object beam;

an operation part for calculating an in-plane phase distribution of the
measurement sample from the image of interference fringes; and

a beam splitter, disposed between the converging optical system and
the spatial filter, for performing reflection of at least a portion of the
light to be measured toward the converging optical system and
transmission of at least respective portions of the first and second
polarized beams toward the spatial filter or performing transmission of
at least a portion of the light to be measured toward the converging
optical system and reflection of at least respective portions of the first
and second polarized beams toward the spatial filter.

The quantitative phase measurement apparatus according to claim 1,
wherein

the spatial filter has an aperture and a pinhole,

the aperture is configured to let in the second polarized beam and block
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out the first-order diffracted beam and high-order diffracted beams to
produce the object beam containing the phase information on the mea-
surement sample, and

the pinhole is configured to let in the first polarized beam and block out
the scatter component derived from the measurement sample and
contained in the first polarized beam to produce the reference beam
devoid of the phase information on the measurement sample.

The quantitative phase measurement apparatus according to claim 1 or
2, wherein the reflective polarization splitting element is composed of a
reflective plane diffraction grating.

The quantitative phase measurement apparatus according to any one of
claims 1 to 3, wherein the beam splitter is composed of a half mirror or

a polarization splitting element.



