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(57) Abstract: The present invention relates to measurement of
the refractive index of a test object with high accuracy. Light
from a light source 10 is split into test light and reference light.
The refractive index of a test object 80 is measured by interfero-
metry in which the test light that has passed through the test ob-
ject 80 and the reference light are interfered with each other. A
first phase difference is measured at a first temperature, a second
phase difference is measured at a second temperature different
from the first temperature, and the refractive index of the test ob-
ject 80 is calculated using the first phase difference, the second
phase difference, and the temperature coetficient of the refract-
ive index of the test object 80.
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DESCRIPTION

METHOD AND APPARATUS FOR MEASURING REFRACTIVE INDEX
AND METHOD FOR MANUFACTURING OPTICAL ELEMENT

Technical Field

[0001] The present invention relates to a method and
apparatus for measuring a refractive index, and in
particular, the present invention is useful in measuring the
refractive index of an optical element manufactured by
molding.

Background Art

[0002] The refractive indices of molded lenses change
depending on molding conditions. The refractive indices of
molded lenses are generally measured by a minimum deviation
method or a V-block method after the lenses are processed
into prism shapes. This processing work takes much time,
effort, and cost. Furthermore, the refractive indices of
molded lenses change due to release of stress when it is
processed. Thus, a technique for measuring the refractive
indices of molded lenses nondestructively is required.
[0003] NPL 1 proposes a method for calculating the
refractive index by fitting an interference signal in a
spectral domain with a function of wavelength.

[0004] The method disclosed in NPL 1 requires that the
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thickness of a test object is known. Furthermore, since the
interference signal is too complicated a function to be
directly fit, the accuracy of measurement of the refractive
index tends to decrease.

Citation List

Non Patent Literature

[0005] NPL 1 H. Delbarre, C. Przygodzki, M. Tassou, D.
Boucher, "High-pfecision index measurement in anisotropic
crystals using white-light spectral interferometry" Applied
Physics B, 2000, vol.70, pp.45-51.

Summary of Invention

[0006] A method for measuring the refractive index of a
test object according to a first aspect of the present
invention splits light from a light source into test light
and reference light, introduces the test light into the test
object, and measures interference light in which the test
light that has passed through the test object and the
reference light interfere with each other. The method
includes a first measurement step of measuring a first phase
difference that is a phase difference between the test light
and the reference light when the test object is at a first
temperature; a second measurement step of measuring a second
phase difference that is a phase difference between the test
light and the reference light when the test object is at a

second temperature different from the first temperature; and
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a calculation step of calculating the refractive.index of
the test object by using the first phase difference, the
second phase difference, and a known temperature coefficient
of the refractive index of the test object.

[0007] A method for manufacturing an optical element
according to a second aspect of the present invention
includes the steps of molding an optical element and
evaluating the molded optical element by measuring the
refractive index of the optical element by using the above
method for measuring a refractive index according to the
first aspect of the present invention.

[0008] An apparatus for measuring a refractive index
according to a third aspect of the present invention
includes a light source; an interfefence optical system
configured to split light from the light source into test
light and reference light, introduce the test light into a
test object, and interfere the test light that has passed
through the test object and the reference light with each
other; a detection unit configured to detect the
interference light of the test light and the reference
light; a calculation unit configured to calculate the
refractive index of the test object by using an interference
signal output from the detection unit; and a temperature
control unit configured to control the temperature of the

test object. The calculation unit calculates the refractive
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index of the test object using a first phase difference that
is a phase difference between the test light and the
reference light when the test object is at a first
temperature, a second phase difference that is a phase
difference between the test light and the reference light
when the test object is at a second temperature different
from the first temperature, and a known temperature
coefficient of the refractive index of the test object.
[0009] Further features of the present invention will
become apparent from the following description of exemplary
embodiments with reference to the attached drawings.

. Brief Description of Drawings

[0010] Fig. 1 is a block diagram of a refractive-index
measuring apparatus according to a first embodiment of the
present invention.

[0011] Fig. 2 is a flowchart showing a procedure for
calculating the refractive index of a test object with the
refractive-index measuring apparatus according to the first
embodiment of the present invention.

[0012] Figs. 3A and 3B are diagrams showing interference
signals obtained by a detector of the refractive-index
measuring apparatus according to the first embodiment of the
present invention.

[0013] Fig. 4 is a block diagram of a refractive-index

measuring apparatus according to a second embodiment of the
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present invention.

[0014] Fig. 5 is a block diagram of a refractive-index
measuring apparatus according to a third embodiment of the
present invention.

[0015] Fig. 6 is a diagram showing a method for
manufacturing an optical element according to a fourth
embodiment of the present invention.

Description of Embodiments

[0016] Embodiments of the present invention will be
described hereinbelow with reference to the accompanying
drawings.

First Embodiment

[0017] Fig. 1 is a block diagram of a refractive-index
measuring apparatus according to a first embodiment of the
present invention. The refractive-index measuring apparatus
of this embodiment is a Mach-Zehnder interferometer. 1In
this embodiment, the test object is a lens having negative
refracting power (the reciprocal of a focal length). The
refractive index and thickness of the test object are
unknown. Since the refractive-index measuring apparatus is
a device for measuring the refractive index of a test object,
the test object may be a lens, a flat plate, or any other
refracting optical element.

[0018] The refractive-index measuring apparatus includes a

light source 10, an interference optical system, a tank 60
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capable of containing a medium 70 and a test object 80, a
detector 90, and a computer 100 and measures the refractive
index of the test object 80. The tank 60 includes a
temperature regulating mechanism (temperature control unit)
for regulating the temperature of the test object 80 via the
medium 70.

[oo19] The light source 10 is a light source having a wide
wavelength band (for example, a supercontinuum light socurce).
The interference optical system splits light coming from the
light source 10 into light passing through the test object
80 (test light) and light that does not pass through the
test object 80 (reference light), superposes the test light
and the reference light to interfere with each other, and
guides the interference light to the detector 90. The
interference optical system includes beam splitters 20 and
21 and mirrors 30, 31, 40, 41, 50, and 51.

{0020] An example of the beam splitters 20 and 21 is a
cube beam splitter. The beam splitter 20 allows part of
light coming from the light source 10 to pass through an
interface (joining surface) 20a and reflects the remaining
light from the interface. The light that has passed through
the interface 20a is the reference light, and the light
reflected from the interface 20a is the test light. The
beam splitter 21 reflects part of the reference light from

an interface 2la and allows part of the test light to pass
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through. This causes the test light and the reference light
to interfere with each other to form interference light, and
the interference light exits toward the detector 90.

[0021] The tank 60 contains the medium 70 (for example,
water or oil) and the test object 80. The optical path
length of the test light and the optical path length of the
reference light in the tank 60 may coincide with each other
in a state in which the test object 80 is not arranged in
the tank 60. Accordingly, the side of the tank 60 (for
example, glass) may have a uniform thickness and refractive
index, and two opposing sides may be parallel to each other.
The tank 60 includes a temperature regulating mechanism
(temperature control unit) and can increase‘or decrease the
temperature of the medium 70 and control the temperature
distribution of the medium 70. As the temperature of the
medium 70 changes, the temperature of the test object 80
also changes. The temperature of the test object 80 is
equal to that of the medium 70. The medium 70 may be air.
[0022] The refractive index of the medium 70 is calculated
by a medium-refractive-index calculation unit (not shown).
The medium-refractive-index calculation unit includes, for
example, a temperature measuring unit that measures the
temperature of the medium 70 and a computer that converts
the measured temperature to a medium refractive index.

Alternatively, the medium-refractive-index calculation unit
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may include a glass prism (reference test object) whose
refractive index and shape are known, a wavefront measuring
sensor (wavefront measuring unit) that measures the
transmitted wavefront of the glass prism arranged in the
medium 70, and a computer that calculates the refractive
index of the medium 70 from the transmitted wavefront and
the refractive index and shape of the glass prism.

[0023] An example of the mirrors 40 and 41 is a prism
mirror. An example of the mirrors 50 and 51 is a corner
cube reflector. The mirror 51 has a driving mechanism in
the direction of an arrow in Fig. 1. The driving mechanism
for the mirror 51 includes a stage having a large driving
range and a piezoelectric device having a high driving
resolution. The driving amount of the mirror 51 is measured
by a length measuring device (not shown) (for example, a
laser length measuring device or an encoder). The driving
of the mirror 51 is controlled by the computer 100. The
difference in optical path length between the test light and
the reference light can be adjusted by the driving mechanism
of the mirror 51.

‘[0024] An example of the detector 90 is a spectrometer
that disperses the interference light coming from the beam
splitter 21 and detects the intensity of the interference
light as a function of the waveléngth (frequency) .

[0025] The computer 100 functions both as a calculation
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unit for calculating the refractive index of the test object
80 from an interference signal output from the detector 90
and a control unit that controls the amount of driving of
the mirror 51 and the temperature of the medium 70 and
includes a CPU. Alternatively, the calculation unit that
calculates the refractive index of the test object 80 from
an interference signal output from the detector 90 and the
control unit that controls the driving amount of the mirror
51 and the temperature of the medium 70 may be different |
computers.

[0026] The interference optical system is adjusted so that
the optical path lengths of the reference light and the test
light are equal in a state in which the test object 80 is
not arranged in the tank 60. A method for adjustment is as
follows.

[0027] In the refractive-index measuring apparatus in Fig.
1, the interference signal of the reference light and the
test light‘is acquired in a state in which the test object
80 is not arranged on the test light path. The phase
difference ¢o(A) between the reference'light and the test
light and the interference intensity Ip(A) are expressed by
Math. 1.

[Math. 1]

4D =" (-A,)
I,(A)=1,(1+ycosg, (1))
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where A is a wavelength in air, Ay is a difference in dptical
path length between the reference light and the test light,
Io is the sum of the intensities of the reference light and
the test light, and y is visibility. In Math. 1, if A¢ is
not zero, the interference intensity Ip(A) serves as an
oscillating function. Accordingly, to make the optical path
lengths of the test light and the reference light equal, the
mirror 51 may be driven to a position where the interference
signal does not serve as an oscillating functionﬁ At that
time, Ao becomes zero.

[0028] Although the above embodiment has been described as
applied to a case where the interference optical system is
controlled so that the optical path lengths of the test
light and the reference light become equal (Ayp = 0), the
optical path lengths of the test light and the reference
light may not necessarily be equal provided that the amount
of shift of the mirror 51 from Ay = 0 can be found. The
amount of driving of the mirror 51 from the position where
the optical path lengths of the test light and the reference
light (Ag = 0) are equal can be measured by a length
measuring device (for example, a laser length measuring
device or an encoder).

[0029] Interference signals in a spectral domain measured
by the detector 90 in Fig. 1 when the test object 80 is

arranged on the test light path are shown in Figs. 3A and 3B.
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Figs. 3A and 3B show interference signals measured whén the
test object 80 have different temperatures. Fig. 3A shows
an interference signal when the test object 80 has a first
temperature, and Fig. 3B shows an interference signal when
the test object 80 has a second temperature. The phase
difference ¢(A) between the test light and the reference
light at a reference temperature Tp; is expressed by Math. 2.

[Math. 2]
#2) =2 [ 2y == ) -

where, n®¥!€()) is the phase refractive index of the test
object 80 at a reference temperature Ty, n™*"™ (L) is the
phase refractive index of the medium 70 at the reference
temperature Typ, and L is the geometric thickness of the test
object 80 at the referenée temperature Tg.

[0030] The refractive index includes a phase refractive
index Np(A) for a phase velocity vp(A), which is the
traveling speed of light on an equiphasé wave surface and a
group refractive index Ng(A) for the traveling velocity of
light energy (traveling velocity of wave packets) vg(A),
which can be converted to each other using Math. 13,
described later.

[0031] Since the refractive index changes with temperature,
it is necessary to specify a temperature at which the

refractive index is to be calculated. In this embodiment,
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the temperature at which the refractive index is to be
calculated is defined as the reference temperature Ty, and a
refractive index n®*™'®(A) at the reference temperature Ty is
calculated.

fo032] The sign Ap in Figs. 3A and 3B denotes a wavelength
at which the phase difference ¢(A) takes an extreme value.
Since the period of the interference signal is long at a
wavelength in the vicinity of Ay, the interference signal can
easily be measured. In contrast, at wavelengths remote from
Ao, the period of the interference signal is short, thus
causing the possibility of too dense interference pattern to
resolve. If A is out of the measurement range, Ay may be
adjusted by driving the mirror 51.

[0033] Fig. 2 is a flowchart showing a procedure for
calculating the phase refractive index of the test object 80,
in which "S" is an abbreviation of step.

[0034] First, the temperature of the test object 80 is
adjusted to a first temperature T; (S10). The temperature of
the test object 80 is adjusted by adjusting the temperature
of the medium 70. Next, a first phase difference ¢, (A) is
measured at the first temperature T, (first measurement step
520) .

[0035] The first phase difference ¢;(A) at the first
temperature T; can be measured by a phase shift method

described below. An interference signal is obtained while
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An

interference intensity Ix(A) when the phase shift amount (=

driving amount x 2mn/A) of the mirror 51 is &x (k

M-1) is expressed by Math. 3.

[Math. 3]

0o, 1, ...,

I, () =L+ ycos{g,(1) -6, )] = a, + a, cos 5, +a,sind,

(@, =1,, a, = I,y cosg, (1), a, =1,ysing (1))

[0036] The first phase difference ¢;(A)

at the first

temperature T; 1s calculated by Math. 4 using the phase

shift amount 9y and the interference intensity Ix(A). To

increase the calculation accuracy of the phase difference

¢1 (L), the phase shift amount 8 is set to the smallest

possible value,
the largest possible wvalue.
¢1(A) is wrapped modulo 2m.

connecting the phase jump of 2=

(unwrapping) .

and the number of driving steps M is set to
The calculated phase difference
This requires the operation of

The phase

difference obtained by the phase shift method includes any

integer multiple of 2=

[Math. 4]
[
M
%o M-t
a, |=| D cosd,
=0
a, M-t
D sind,
| k=0

M-1
Y cosd,
k=0

M-1
> cos” &,
k=0
M-1
Ycos 8, sin 5,

k=0

M T7r
z:mnéi
k=0

M-t

Y c0s 3, sin &,
k=0

M-1
Y sin? 5,
k=0

(an unknown offset term).

M-1
2L
k=0

M-

> 1, cos 5,

k=0

M-1

Y. I, snd,

k=0
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[0037] Next, the temperature of the test object 80 is
adjusted to a second temperature T, (S30). A second phase
difference ¢,(A) is measured at the second temperéture T,
(second measurement step S40). The second phase difference
02 (A) is measured by the phase shift method, as for the first
phase difference ¢;(A).

[0038] ‘Lastly, the refractive index of the test object 80
is calculated using the first phase difference ¢;(A), the
second phase difference ¢,(A), and a temperature coefficient
dn(A) /dT of the refractive index (calculation step S50). A
method for calculation is as follows.

[0039] If the first phase difference ¢;(A) and the second
phase difference ¢;(A) are fitted with Math. 5, integers m;
and my, and functions of a dispersion formula, Ay, By (k = 1,
2, ..., 6) are given. In other words, the phase refractive
index n;%®P®(A) at the first temperature Ty (first refractive
index), and the phase refractive index n,**P!®(A) at the
second temperature T,(A) (second refractive index) are
calculated. Here, a Cauchy's dispersion formula is used as
a function of the phase refractive index; alternatively,
another refractive-index dispersion formula (for example,
Sellmeier's formula) may be used.

[Math. 5]
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h(h) = %[(n:“'*(,t) —np O+ all, ~T,))- Ao |+ 27m,

AP (R) = A, + A B2+ A A7+ AJT + AL + AN

é,(1) = 23’5 (= (4) - n7=s= ()L + (T, - T, )) - A |+ 27m,

nE™e(1) = /B, + B,A* + B,A* + BA* + BA®* +BA*

where the phase refractive index n;™®"™(A) of the medium 70
at the first temperature T; and the phase refractive index
" Ay of the medium 70 at the second temperature T, are
known amounts measured by a medium—refréctive—index

measuring unit, and o is the coefficient of linear expansion
of the test object 80, which is a known amount. Unknown
offset terms for the first phase difference and the second
phase difference are expressed as 2mm; and 2mm,, respectively.
Since the thickness L of the test object 80 is unknown, an
assumed value of thickness is used in Math. 5. For example,

a designed thickness of the test object 80 may be used as

the assumed value of thickness. Although Math. 5 assumes
that the optical path length difference Ag at the first
temperature T; and the optical path length difference Ay at
the second temperature T, are equal, they may differ.

[0040]) If the assumed value of thickness has an error AL
(thickness error) from the true value L, the phase

refractive indices n;®*®(A) and n,**®!® (L) obtained by

fitting with Math. 5 have refractive index errors An;(A) and

An, (A) due to the thickness error AL, respectively. The
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refractive index errors An;(A) and An,(A) are expressed by
Math. 6.

[(Math. 6]
e medium AL
An, (2) = (™ () — == ()~
AL
L

[{0041] If the assumed value of thickness has a thickness

An, (A) = (5™ (1) — nroiom (1))

error AL, the difference between the phase refractive
indices n;®**™* (L) and n,**™!°(A) is expressed by Math. 7,
where dn(A)/dT is a known amount.

{Math. 7]

e (1) = (1) = L1, ~ 1, ) (A () - Ay ()

[0042] The first term at the right side of Math. 7 is a
difference in refractive index corresponding to the
difference between the first temperature T; and the second
temperature T,. If the assumed value of thickness does not
have the thickness error AL, the difference between the
phase refractive indices n;**™'° (L) and n,***'¢ (L) is equal to
the first term of the right side of Math. 7. Thus, an
assumed value of thickness may be selected for operation so
that the difference between the phase refractive indices

n %™ (X)) and n,5**¢ (L) is equal to the difference iﬁ

refractive index corresponding to the difference between the
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first temperature T; and the second temperature T;. The
selected assumed value of thickness is the thickness of the
test object 80, and the calculated phase refractive indices
n, %% (X)) and n,**P'*(A) are the phase refractive indices of
the test object 80. The phase refractive index n®*™!€ (L) of
the test object 80 at the reference temperature Tg is
calculated by temperature conversion of the refractive index
using Math. 8.

[0043] Thus, the refractive index of the test object 80 is

calculated (calculation step S$50).

(Math. 8]

. dn(A dn(A
e (2) = e () - L) (7, - 7,) = e ) - L, 1)
[0044] To select an assumed value of thickness for

calculation so that the difference between the phase
refractive indices n;%*®'®(A) and n,**®!®(A) and a difference
in refractive index corresponding to the difference between
the first temperature T; and the second temperature T, are
equal, the following first to third steps may be repeated in
the calculation step S50. In the first step, the first
refractive index n;°*®'®(A) is obtained by fitting the first
phase difference ¢;(A) with a refractive-index dispersion
formula using the assumed value of thickness of the test
object 80. In the second step, the second refractive index

n,%1e () is obtained by fitting the second phase difference
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¢>(A) with a refractive-index dispersion formula using the
assumed value of thickness of the test object 80. In the
third step, the difference between the first and second
refractive indices obtained in the first and second steps,
respectively, aﬁd the refractive index difference obtained
by applying the difference between the first temperature T
and the second temperature T; to the temperature coefficient
of the refractive index of the test object 80 are compared.
By repeating the first to third steps until the differencé
and the refractive index difference become equal while
changing the assumed value of thickness of the test object
80, the influence of the thickness error AL of the test
object 80 can be eliminated.

[0045] The unknown amounts, 27mm; and 2nm2,‘can be removed
by differentiating the first phase difference ¢;(A) and the
second phase difference ¢,(A) with respect to the wavelength.
The differential of the first phase difference, d¢;(A)/dA and
the differential of the second phase difference,; dé,(A)/di

are expressed by Math. 9.

[Math. 9]

d A le

) 2 oy -nm Ol alt, 1),
d Zf le

¢;}(1 )z_if[( e (1) — (,1))L(1+a(T ~T,))- A]

where ng°*°(A) is the group refractive index of the test
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object 80 at the first temperature Ti, ng**™®!(A) is the
group refractive index of the test object 80 at the second
temperature T, ngm“u“Wl) is the group refractive index of
the medium 70 at the first temperature T;, and ngfmm“m(l) is
the group refractive index of the medium 70 at the secpnd
temperature T,. The group refractive indices ng;**®'®(A) and
ng;**™1°(A) have the relationship expressed by Math. 10 with
the group refractive index ng®*™®'°(A) of the test object 80 at
the reference température To. dng(k)/dT is a temperature
coefficient of the group refractive index and is expressed
as Mafh. 11 using the temperature coefficient dn(A)/dT of
the refractive index.

[Math. 10]
dn, (1)

n O (A) = () (Tl—To)=n::'“P‘°(A)—d—':j,T”—)(Tz -T,)

[Math. 11]
dn,(3) _dn(2) _, d (dn(d)
dr  dr ~di\ dr

[0046] Eliminating the thickness L of the test object 80
from Math. 9 gives the group refractive index of the test
object 80 expressed by Math. 12.

[Math. 12]
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27 dA dr

2 d, medium dn (4
(£ 2D, 0, [z 2D, -]t

/ {(_ L XON A,,)[M(Tl _To)]_(_ ;_” W) | A.,)[na(rz i To)]}

27 dA di

(1) = {(— X dpA) | A.,Ingl sy PB g, )][1 valt,-T,)

[0047] A method for calculating the phase refractive index
of the test object 80 from the group refractive index is as
follows.

[0048] The phase refractive index Ng(A) and the group
refractive index Ng(A) have the relationship as in Math. 13,
where C is an integration constant.

[Math. 13]

dN,(4)
N, (A) =N, (2)-A—22

di
N, (1)
N,()=Ci-4f —t—di

[0045] As can be found from Math. 13, there is only one

way for calculating the group refractive index Ng(A) from the
phase refractive index Ny(A), whereas calculation of the

phase refractive index Ng(A) from the group refractive index
Ng(A) has an arbitrary property of the integration constant C.
The phase refractive index Ny (A) cannot be calculated from
information only on the group refractive index Ng(A).

{0050] Thus, calculation of the phase refractive index

n®¥™e(}) from the group refractive index ng**™®!*(A) of the
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test object 80 needs assumption of the integration constant
C. For example, assume that the integration constant CS&™le
of the test object 80 is equal to the integration constant
C913%s of 3 base material of the test object 80. The
integration constant C%%°° of the base material can be
calculated using the value of the phase refractive index of
the base material, provided by a glass manufacturer. Using
the integration constant C%°%° and Math. 13 allows
calculation of the phase refractive index n%®!®(A) from the
group refractive index ng®*®'°(A) of the test object 80.
[0051] Instead of calculation of the integration constant
C, a method of using the difference or the ratio between the
phase refractive index and the group refractive index can be
applied. The method for calculating a phase refractive
index using the difference and the method using the ratio
are expréssed by Math. 14, where Np(A) is the phase
refractive index of the base material, and Ng{(A) is the group
refractive index of the base material.
[Math. 14]
n“™e(1)=N_(1)— N, (1) +n™ (4)
N D -N, (D)
N (D)-1

A (1) = e (A) + (= (1) 1)

[0052] In this embodiment, although the test object 80 is
arranged in the medium 70, such as oil, (a medium having a

higher refractive index than that of air), the medium 70 may
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be air. However, arranging the test object 80 in the medium
70 has advantages.

[0053] One of the advantages is that the decrease in the
refractive index difference between the test object 80 and
the medium 70 can decrease the influence of refraction by
the lens. Another advantage is that the increase in the
difference between the first phase difference and thé second
phase difference increases the calculation accuracy of the
refractive index. The denominator at the right side of Math.
12 is an amount related to the difference between the first
phase difference and the second phase difference. The
increase in the denominator increases the accuracy of
calculation of the refractive index. 1In general, the
refractive index of a solid increases as the temperature
increases, and the refractive index of liquid decreases as
the temperature increases. Accordingly, arranging the test
object 80 in a medium, such as oil, increases the difference
between the first phase difference and the second phase
difference.

[0054] The difference between the first phase difference
and the second phase difference increases as the difference
between the first temperature T; and the second temperature
T, increases, thus increasing the accuracy of calculation of
the refractive index. Thus, the difference between the

first temperature T; and the second temperature T, may be as
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large as possible.

[0055] Since the temperature distribution of the medium 70
causes the refractive index distribution of the medium 70,
the calculated refractive index of the test object 80 causes
an error. Thus, the temperature distribution of the medium
70 may be controlled by a temperature regulating mechanism
(temperature control unit) so as not to generate temperature
distribution in the medium 70. Since an error due to the
refractive index distribution of the medium 70 can be
corrected if the amount of the refractive index distribution
is found, a wavefront measﬁring device (wavefront measuring
unit) for measuring the refractive index distribution of the
medium 70 may be provided.

[0056] It is assumed that the temperature coefficient
dn(A) /dT (dng(A)/dT) of the refractive index and the
coefficient of linear expansion a are known; for example,
the value of the base material that glass manufacturer
provides can be used. Strictly, although the temperature
coefficient dn(A)/dT of the refractive index and the
coefficient of linear expansion a of the test object 80
differ from the values of the base material, there is no
problem even if they are equal to the values of the base
material. This is because a slight change in the refractive
index of the glass material hardly changes the temperature

coefficient of the refractive index and the coefficient of
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linear expansion, and the refractive indices n®*™!°(A) and
ng®*™*® (L) calculated using Math. 7 and Math. 12 are
insensitive to changes in the temperature coefficient of the
refractive index and the coefficient of linear expansion.
Accordingly, a set of the temperature coefficient of the
refractive index of a glass material close in refractive
index to the test object 80 may be known. Since the
influence of the coefficient of linear expansion on the
refractive index is small, expansion of the test object 80
does not need to be taken into consideration (in other words,
the coefficient of linear expansion may be zero).

{0057] Although this embodiment measures the phase
difference using a combination of a mechanical phase shift
using the mirror 51 and the spectral detection using the
detector 90, heterodyne interferometry may be used. For the
heterodyne interferometry, the heterodyne interferometer
emits pseudo-monochromatic light with a monochromator
arranged directly after a light source, causes a frequency
difference between the test light and the reference light
with an acousto-optic device, and measures the interference
signal with a detector, such as a‘photodiode. The phase
difference is calculated at each wavelength while the
wavelength is swept with the monochromator.

[0058] This embodiment uses a supercontinuum light source

as the light source 10 having a wide wavelength band.
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Alternatively, a superluminescent diode (SLD), a halogen
lamp, or a short pulse laser may be used. In sweeping the
wavelength, a wavelength-swept light source may be used
instead of a combination of the broadband light source and
the monochromator.

[0059] Although this embodiment has the configuration of a
Mach-Zehnder interferometer, a Michelson interferometer may
be used. Although this embodiment calculates the refractive
index and the phase difference as functions of wavelength,
they may be calculated as functions of frequency.

[0060] Since this embodiment performs fitting on the phase
difference, which is a simple function obtained from an
interference signal, the fitting accuracy is high.
Furthermore, using Maths. 9 to 14 allows the refractive
index to be calculated without performing fitting.
Furthermore, this embodiment can calculate the refractive
index of the test object 80 with high accuracy without
measuring a correct thickness of the test object 80 by
measuring the interference light under two kinds of
temperature condition to remove the thickness error
component of the test object 80 or eliminate the thickness
of the test object 80. In other words, the refractive-index
measuring apparatus of this embodiment can measure the
refractive index with high accuracy even if the thickness of

the test object 80 is unknown.
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Second Embodiment

[0061] Fig. 4 is a block diagram of a refractive-index
measuring apparatus according to a second embodiment of the
present invention. This embodiment further includes an
interferometer that measures the refractive index of the
medium 70 in addition to the refractive-index measuring
apparatus of the first embodiment. The test object 80 is a
lens having positive refracting power. The same
configuration as that of the first embodiment will be
described using the same reference signs.

[0062] Light emitted from the light source 10 is split
into transmitted light and reflected light by a beam
splitter 22. The transmitted light travels to an
interference optical system for measuring the refractive
index of the test object 80, and the reflected light is
guided to an interference optical systém for measuring the
refractive index of the medium 70. The reflected light is
further split into transmitted light (medium reference
light) and reflected light (medium test light) by a beam
splitter 23.

[0063] The medium test light reflected by the beam
splitter 23 is reflected by mirrors 42 and 52, thereafter
passes through the side of the tank 60 and the medium 70,
and is then reflected by a mirror 33 to reach a beam

splitter 24. The medium reference light that has passed
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through the beam splitter 23 is reflected by mirrors 32, 43,
and 53 and thereafter passes through a compensating plate 61
to reach the beam splitter 24. The medium reference light
and the medium test light that have reached the beam
splitter 24 interfere with each other to form interference
light. The interference light is detected by a detector 91,
such as a spectrometer. The interference signal detected by
the detector 91 is sent to the computer 100.

[0064] The compensating plate 61 takes charge of
compensating the influence of refractive index dispersion
due to the side of the tank 60. The compensating plate 61
is made of the same material and has the same thickness as
those of the side of the tank 60 (the thickness of the side
of the tank 60 x 2). The compensating plate 61 has the
effect of making the optical path length difference between
the medium test light and the medium reference light at
individual wavelengths equal when air is included in the
tank 60.

[0065] The mirror 53 can be driven by the same driving
mechanism as that for the mirror 51 and can be driven in the
direction of an arrow in Fig. 4. The driving of the mirror
53 is controlled by the computer 100.

[0066] A procedure for calculating the phase refractive
index of the test object 80 in this embodiment is as follows.

[0067] First, the temperature of the test object 80 is
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adjusted to a first temperature (S10). ‘A first phase
difference is measured at the first temperature (first
measurement step S20). When the first phase difference is
measured, the phase difference mn;(A) between the medium
reference light and the medium test light at the first
temperature is measured by the interferometer that measures
the refractive index of the medium 70. The phase difference
N1 (A) between the medium reference light and the medium test
light at the first temperature and the differential thereof
dni (A) /dA are expressed by Math. 15.

[Math. 15]

(@) == == (2 - 1)p=" - a]

d771 (4) 27 [{ . medium tank
i P [( My (A)— l)L ]

L' is the distance between two opposing sides of the

where
tank 60 (optical path length of the medium test light in the
medium 70), A is the optical path difference between the
medium reference light and the medium test light, which is a
known amount. The phase refractive index n,"**"™(A) of the
medium 70 can be calculated by performing fitting on the
relational expression for mi;(A) in Math. 15 as in the method
for calculating the phase refractive index n;%®®'¢(A) of the

test object 80. The group refractive index ng™®“™(A) of the

medium 70 can be obtained by deforming dni(A)/dA in Math. 15.
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[0068] Next, the temperature of the test object 80 is
adjusted to a second temperature (S30). A second phase
difference is measured at the second temperature (second
measurement step S40). When the second phase difference is
measured, the phase difference between the medium reference
light and the medium test light at the second temperature is
also measured by the interferometer that measures the
refractive index of the medium 70. The refractive index of
the medium 70 at the second temperature is calculated from
the phase difference between the medium reference light and
the medium test light at the second temperature. Lastly,
the refractive index of the test object_80 is calculated
using the first phase difference, the second phase
difference, and the temperature coefficient of the
refractive index (calculation step S50).

Third Embodiment

[0069] Fig. 5 is a block diagram of a refractive-index
measuring apparatus according to a third embodiment. In
this embodiment, the transmitted wavefronts of the test
object 80 and a glass prism (reference test object) 130 are
measured by a two-dimensional sensor (wavefront measuring
unit). The glass prism 130 whose refractive index and shape
are known is arranged on the test light beam to measure the
refractive index of the medium 70. The same configuration

as those of the first and second embodiments will be
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described using the same reference signs.

[0070] Light emitted from the light source 10 is split
into pseudo-monochromatic light by a monochromator 95 and
enters a pinhole 110. The wavelength of the pseudo-
monochromatic light to be introduced into the pinhole 110 is
controlled by the computer 100. The light that has passed
through the pinhole 110 into diverging light is collimated
by a collimator lens 120. The collimated light is split
into transmitted light (reference light) and reflected light
(test light) by a beam splitter 25.

[0071] The reference light that has passed through the
beam splitter 25 passes through the medium 70 in the tank 60
and is then reflected by the mirror 31 to reach a beam
splitter 26. The mirror 31 has a driving mechanism in the
direction of an arrow in Fig. 5 and is controlled by the
computer 100.

[0072] The test light reflected by the beam splitter 25 is
reflected by the mirror 30 and enters the tank 60 that
contains the medium 70, the test object 80, and the glass
prism 130. Part of the test light passes through the medium
70 and the test object 80. Part of the test light passes
through the medium 70 and the glass prism 130. The
remaining of the test light passes through only the medium
70. Each light that has passed through the tank 60 |

interferes with the reference light in the beam splitter 26
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to form interference light. The interference light is
detected by a detector 92 (for example, a CCD or CMOS

sensor) via an image-forming lens 121. The interference
signal detected by the detector 92 is sent to the computer
100.

[0073] The detector 92 is arranged at a conjugate position
with respect to the test object 80 and the glass prism 130.
If the phase refractive indices of the test object 80 and
the medium 70 differ, the light that has passed through the
test object 80 is diverged or converged. If the diverging
light (converging light) intersects the light that has
passed through other than the test object 80, the stray
light may be cut by an aperture or the like arranged behind |
the test object 80 (on the detector 92 side). The glass
prism 130 may have a phase refractive index substantially
equal to the phase refractive index of the medium 70 so as
to prevent the interference pattern formed by the light that
has passed through the glass prism 130 and the reference
light from becoming excessively dense. The optical path
lengths of the test light and the reference light are
adjusted to be equal, with the test iject 80 and the glass
prism 130 not arranged on the test light path.

[0074] A procedure for calculating the phase refractive
index of the test object 80 of this embodiment is as follows.

[0075] First, the temperature of the test object 80 is
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adjusted to a first temperature (S10). The first phase
difference and the refractive index of the medium 70 are
measured at the first temperature by wavelength sweeping
using the monochromator 95 and a phase shift method using
the driving mechanism for the mirror 31 (first measurement
step S20). Next, the temperature of the test object 80 is
adjusted to a second temperature (S30). The second phase
difference and the refractive index of the medium 70 are
measured at the second temperature (second measurement step
S40). Lastly, the refractive index of thé test object 80 is
calculated using the first phase difference, the second
phase difference, and the temperature coefficient of the
refractive index (calculation step S50).

Fourth Embodiment

[0076] The results of measurement using the apparatuses
and methods described in the first to third embodiments may
be fed back to a method for manufacturing an optical element,
such as a lens.

[0077] Fig. 6 shows an example of an optical-element
manufacturing process using molding.

[0078] The optical element is manufactured through an
optical-element designing step, a mold designing step, and
an optical-element molding step using the mold. The form
accuracy of the molded optical element is evaluated. If the

accuracy is low, the mold is corrected, and molding is
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performed again. If the form accuracy is high, the optical
performance of the optical element is evaluated.
Incorporating the refractive-index measuring method of the
present invention into the optical-performance evaluation
step allows high-accuracy mass production of molded optical
elements.

[0079] If the optical performance is low, an optical
element whose optical surface is corrected is redesigned.
[0080] The above embodiments are merely representative
examples, and various modifications and changes can be made
on the embodiments in implementing the present invention.
[0081] While the present invention has been described with
reference to exemplary embodiments, it is to be understood
that the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.
[0082] This application claims the benefit of Japanese
Patent Application No. 2013-136169, filed June 28, 2013,
which is hereby incorporated by reference herein in its

entirety.
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CLAIMS

[1] A method for measuring the refractive index of a test
object by splitting light from a light source into test
light and reference light, by introducing the test light
into the test object, and by measuring interference light in
which the test light that has passed through the test object
and the reference light interfere with each other, the
method comprising:

a first measurement step of measuring a first phase
difference that is a phase difference between the test light
and the reference light when the test object is at a fifst
temperature;

a second measurement step of measuring a second phase
difference that is a phase difference between the test light
and the reference light when the test object is at a second
temperature different from the first temperatﬁre; and

a calculation step of calculating the refractive index
of the test object by using the first phase difference, the
second phase difference, and a known temperature coefficient
of the refractive index of the test object.

[2] The method for calculating a refractive index according
to Claim 1, wherein the calculation step includes:

a first step of obtaining a first refractive index by

fitting the first phase difference with a refractive-index
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dispersion formula using an assumed value of thickness of
the test object;

a second step of obtaining a second<refractive index by
fitting the second phase difference with a refractive-index
dispersion formula using the assumed value of thickness; and

a third step of comparing a difference between the
first and second refractive indices obtained in the first
and second steps and a refractive index difference obtained
by applying the difference between the first temperature and
the second temperature to the temperature coefficient of the
refractive index of the test object,

wherein the first to third steps are repeated until the
difference and the refractive index difference become equal,
with the assumed value of thickness varied.

[3] The method for calculating a refractive index according
to Claim 1, wherein in the calculation step,

the refractive index of the test object is calculated
by calculating the differential of the first phase
difference and the differential of the second phase
difference and performing an operation for eliminating the
thickness of the test object by using the differential of -
the first phase difference and the differential of the
second phase difference.

[4] The method for calculating a refractive index according

to one of Claims 1 to 3, wherein the interference light is
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measured in a state in which the test object is arranged in
a medium having a refractive index higher than the
refractive index of air.

[5] The method for calculating a refractive index according
to Claim 4, wherein the refractive index of the medium is
calculated by measuring the temperature of the medium and
converting the measured temperature of the medium to the
refractive index of the medium.

[6] The method for calculating a refractive index according
to Claim 4, wherein a reference test object whose refractive
index and shape are known is arranged in the medium, the
transmitted wavefront of the reference test object is
measured by introducing light into the reference test object,
and the refractive index of the medium is calculated by
using the refractive index and the shape of the reference
test object and the transmitted wavefront of the reference
test object.

[7] The method for calculating a refractive index according
to Claim 4, wherein the light from the light source is split
into medium test light and medium reference light, the
medium test light is introduced into the medium,
interference light in which the medium test light that has
passed through the medium and the medium reference light are
interfered with each other is measured, and the refractive

index of the medium is calculated by using a phase
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difference between the medium reference light and the medium
test light.
[8] The method for calculating a refractive index according
to one of Claims 4 to 7, further comprising the step of
measuring the refractive index distribution of the medium.
[9] The method for calculating a refractive index according
to one of Claims 4 to 8, further comprising the step of
controlling the temperature distribution of the medium.
[10] A method for manufacturing an optical element,
comprising the steps of:

molding an optical element; and

evaluating the molded optical element by measuring the
refractive index of the optical element by using the method
for measuring a refractive index according to one of Claims
1 to 9.
[11] An apparatus for measuring a refractive index, the
apparatus comprising:

a light source;

an interference optical system configured to split
light from the light source into test light and reference
light, introduce the test light into a test object, and
interfere the test light that has passed through the test
object and the reference light with each other;

a detection unit configured to detect the interference

light of the test light and the reference light;
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a calculation unit configured to calculate the
refractive index of the test object by using an interference
signal output from the detection unit; and

a temperature control unit configured to control the
temperature of the test object,

wherein the calculation unit calculates the refractive
index of the test object using a first phase-difference that
is a phase difference between the test light and the
reference light when the test object is at a first
temperature, a second phase difference that is a phase
difference betweeﬁ the test light and the reference light
when the test object is at a second temperature different
from the first temperature, and a known temperature
coefficient of the refractive index of the test object.

[12] The apparatus for measuring a refractive index
according to Claim 11, wherein

the calculation unit performs:

a first step of obtaining a first refractive index
by fitting the first phase difference with a refractive-
index dispersion formula using an assumed value of thickness
of the test object;

a second step of obtaining a second refractive
index by fitting the second phase difference with a
refractive-index dispérsibn formula using the assumed value

of thickness; and
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a third step of comparing a difference between the
first and second refractive indices obtained in the first
and second steps and a refractive index difference obtained
by applying the difference between the first temperature and
the second temperature to the temperature coefficient of the
refractive index of the test object,

and repeats the first to third steps until the
difference and the refractive index difference become equal,
with the assumed value of thickness varied.
[13] The apparatus for measuring a refractive index
according to Claim 11, wherein the calculation unit
calculates the refractive index of the test object by
calculating the differential of the first phase difference
and the differential of the second phase difference and by
performing an operation for eliminating tﬁe thickness of the
test object by using the differential of the first phase
difference and the differential bf the second phase
difference.
[14] The apparatus for‘measuring a refractive index
according to one of Claims 11 to 13, wherein the
interference light is measured in a state in which the test
object is arranged in a medium having a refractive index
higher than the réfractive index of air.
[15] The apparatus for measuring a refractive index

according to Claim 14, further comprising a temperature
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measuring unit configured to measure the temperature of the
medium,

wherein the calculation unit calculates the refractive
index of the medium by converting the temperature of the
medium measured by the temperature measuring unit to the
refractive index of the medium.
[16] The apparatus for measuring a refractive index
according to Claim 14, further comprising:

a reference test object whose refractive index and
shape are known; and

a wavefront measuring unit configured to measure the
transmitted wavefront of light introduced into the reference
test object arranged in the medium,

wherein the calculation unit calculates the refractive
index of the medium by using the refractive index and the
shape of the reference test object and the transmitted
wavefront of the reference test object.
[17] The apparatus for measuring a réfractive index
according to Claim 14, further comprising:

an interference optical system configured to split the
light from the light source into medium test light and
medium reference light, introduce the medium test light into
the medium, and interfere the medium test light that has
passed through the medium with the medium reference light;

a detection unit configured to detect the interference
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light of the medium test light and the medium reference
light; and

| a calculation unit configured to calculate the
refractive index of the medium by using the phase difference
between the medium reference light and the medium test light.
[18] The apparatus for measuring a refractive index
according to one of Claims 11 to 17, further comprising a
wavefront measuring unit configured to measure the
refractive index distribution of the medium.
[19] The apparatus for measuring a refractive index
according to one of Claims 11 to 18, further comprising a
temperature control unit configured to control the

temperature distribution of the medium.
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