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.'DESCRIPTION OF THE RELATED ARTS

”-.'_'optlcal dens:Lty measuring ap

. TITLE OF THE INVENTION

OPTICAL DENSITY MEASURING APP /K

BACKGROUND OF ‘THE. INVENTION

FIELD _F.THE INVENTION

The present invention -"generally relates to an

-optlcal dens1ty measuring apparatus for securlng homogenelty

of 1nfrared measurlng light which: has a pair of cells being

a re-ference-_ -cell and a sample ce_lf-l in an infrared optical

- jlereof and which finds an optical density of a
h a basis .of a ratio bet-_viéjen a pair of intensities

nfra-r_ed measuring lights passing through the pair of

cells : ;and particularly relates to the optical density

therefor w1th a double-beam optical

e-lllmator lens, splits the parallel measuring llght

'-'..'1nto two _' spllt parallel pencils . of light, and makes the

nc:Ll of light and the sei""':ond pencil of light pass

through the reference cell and the mple cell, respectively.

A varlety of types of- tiga_l density measuring

,.-_japparatu'ses have conventlona-lly bee P o_v'i,ded. The types of

is'es are dgenerally
d by thelr optlcal paths”' gr__i;encils of measuring

th two types a type with 'a single-beam optical
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liqht of the méésuring light that

- that an optical identicalness i

time of measuring the referenc

system and a type with a doubl a__fl,n-_-{_;opt-_ical system. The
former type, namely, the type' with the ;ingle-beam optical
system, which has been conventiq__ ly ﬁobularized for a long
time, has a cohnstruction in whiéh a cell is positioned in
one pencil of 1light travelling;_—_:-lfi:_;o_m.a light source to an
optical receiver. With the con's_tfrj_______éﬁ.:ion, the cell is filled

up preparatorily with pure water as ‘a reference liquid, and

the quantity of transmitted llgh of the measuring light
that passes through the pure watgi:l.__;ﬁ}._s. detected beforehand by

the optical receiver. Then, aft-é" | eplacing the pure water

inside the cell with a sample, thé: quantity of transmitted

sses through the sample

is detected, and the density-'.o_'f the :sample is found or

calculated from .Ithe ratio betl:we_e'ri:;_.__ e qﬁantities of both of
the transmitted measuring lights.

This _ﬁ'YPe of optical d ity measuring apparatus
with the single-beam optical s em, which employs the
single optical path or pencil lJ.ighi_;_, has an advantage
ma ntained orl assured at
- énd at time of the
sample cell, except for the dens the sample .inside the
cgll. | | |

However, a blank calib (.%ero-—c,alibratidn) of
the optical dénsity measuring a‘p‘ﬁar tus belonging to this

type has. to be pefi'édically_ execii ec in. order to guarantee
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cell (refer |

-dlfflcult to

the 1dent1c n thereof for a l*“g term, and a user has to

take a trouble to replace the sample w1th pure water for the

callbratlon a result, thlS leads to a problem of

reductlon 1 'm_asurement eff1c1ency of measurlng the optical

replacement - ‘of “:the sample wth ?hé pure water is
this leads to'::.'an'other problem of high
re, in case thaﬁ-even a little amount of
nside the cell when replacing the sample

ter at time of executing the blank

reliability of the blank calibration

there has beeﬂ:Suggested_an apparatus

- the single—beéé"optical system which

1556). This
the position,
cylinder spaee
a referencei
apparatus ha

water for 1
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"the cells, aﬁdf

with high aqﬁ_ Ecy for a longufﬁgriod. Therefore, the
apparatus has-h@t_yet been put intéipractical use.
On the other hand, theféﬁﬁaratus of the type with

the double-beam: opti _ ”fllntgnded for solving the

aforementionec “_:With. the single-beam

optical system,gﬁhereby obviatingﬁﬁhe need to carry out the
blank calibraﬁibn;employing the pure water.

The ype with the double—beam optical system

includes a typei.of apparatus in which a measurement 1light

emitted from.fé ight 'source is directly split into two
optical paths' ‘pencils of ligh? from the béginning, in
which a referé# :éell and a samplg?pell are positioned in
the first penc: ﬁ.light and the -second pencil of light,
respectively, i ich identical sé@bles are put in both of
which the lights Ehiat have passed through
the cells'arei Tgived by an optiééi detector or optical

receiver (refet to Japanése Laid—OpghfPatent Publication No.

3-223654). .. apparatus hasﬁién advantage that it

necessitates no . water for blank. calibration, and an .

advantage that ‘bof stationary (or fixed)

h of the cells ar

and are provide ith no movable portion..

rectly splits the

measuring lightfﬁpqﬁitﬁp light source’into the two partial

lights (i.e. tw“3§engils of light)even though the light

source is 'idﬁp icai Therefors ﬁthe homogeneity or
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''schematically shown in Figs. 1 and

identicalness of the two divergeqfoptical paths, or pencils
of 1light, is not guaranteed _ét all. Therefore, a
calibration curve must be prepared and made every time the.

light source is aged, or every-time the light source itself

is changed. As is well known, the preparation and making of

the calibration. curve is a trou#lésome work requiring many
hours and much burden.

Thefefore, assuring 'f‘the homogeneity, or
identicalness, of the optical pathé( or pencils of light, to
be used for the measurement of béfh of the reference cell
and the sample cell is absolﬁﬁély necessary for the
improvement of the accuracy of ﬁhe'@éasurement thereof.

As another conventional apparatus of the type with
the double-beam optical system,;fﬁhich seems to somewhat
solve the aforementioned problém,lfﬁgre can be enumerated an

apparatus disclosed in Japanese_L&ié?Open Patent Publication

No. 5-332933.' The essential p;' of this apparatus is

This apparatus has an épti al system including an

infrared light source “0”7, .a shut er’ 8" for taking part of

light out from the light source * a mask “M” having two
apertures “M1” and “M2”, a collimator. lens “L2”, a reference

terference filter (not

cell “Cl1”, a sample cell “C2%, aﬁg‘
shown), a focuéing.lens (not showri nd an optical receiver

or optical detector (not shown). his optical system, an
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Figs. 1 and 2,

infrared;heaeuring light emitteq rom the light source “07

pass 1imitediy through a'region. ;an:opening "81” of the

shutter wg# focated ahead. In tl figures, the opening “S1”
is located 1n an upper position.
In the flgures, the 1n rared_measuring light that

has passed through the opening W further passes through

‘the first aperture “M1” of theunmsk “M” the travelling

pencil of the 1nfrared measurlng llght is transformed 1nto a

parallel penc1l of llght by the colllmator lens “L2,” and

then the parallel pencil of _lﬁght passes through the

_reference'cel;?C1.

.On'ﬁ"e other hand, wheu%the opening “S1” of the

shutter “s” ves to a lower p tion (not shown), the

infrared measuring light emitted-frpm_the light source “0”

passes through'the second aperture‘iﬁg" of the mask “M”, the .

travelling +pencil of the infrarhd measuring light is

transformed- to a parallel peTlil of 1light by the

collimator_len WL2, and then thei arallel pencil of light

{a detailed description

passes through;‘the sample cell “C;

about subsequéht processing of the: ‘transmitted measuring

light is omitted below).
In the optical system'of he apparatus shown in

the two Spllt para 1l pencils of 1light,

which are derl#ed from one penc11”of_11ght emitted forward

from the.l;g_ source “0,” are us s a light that passes
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through thé rence cell “Cléiﬁand a light that passes
through thessample cell “C2”, reSbéctively, by employing at

least - an i

ntical optical component. Therefore, the

homogeneity, - denticalnéss, ofﬂboth of the split parallel

pencils of lig £ is presumed to be;guaranteed considerably.
However, if a measuremehﬁ with ultrahigh-accuracy
is desired,.t,én this apparatus cﬁﬁhot realize a sufficient
homogeneity idneticalness of;;the two éplit parallel

pencils of i_ ht: employed therein;?;The.reason for this will

be described3ﬁ w with reference ﬁg:Figs. 1 and 2.
It ‘may be generally :éénsidered that, if an

identical 1i source is used, idéntical fluctuations arise

n the two paralléi;-pencils of light with
respect_to“a étuation in lightié@issioQ intensity of the
light sourée.
has a  speci' |
diameter of
of theiacCﬁr
optical systéﬁ

the fact that- he optical information of the intensity, and
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'symmgtrical relatively to the

arranged on the basis of a mere

Fig. 1, the center of the filaﬁ ~™01” having a specified

area, and the boint of cente Qf symmetry of the two
apertures “M1” and “M2,” are bot! ocated on an optical axis
“p.” In this construction, an iﬁff;red. measuring light
emitted from the point of the.centér “02” of the filament

“01” is limited by the mask ape Lures “M1” and “M2,” and

then the two split measuring lighﬁgjare made to pass through
the collimator lens “L2” so'thaﬁjthe two split ﬁeasuring
lights are tfansformed into twoiéplit parallel pencils of
light ™“B1” and “B2” symmetricai;irelatively to along the
optical‘axis “P.” That is, in aiéeitain measurement space
of the cell “C,” the pencils of';ight “Bi” and “B2” can be
regarded as lights with an identiéﬁi'éuality.

On the other hand, thgiinfrared measuring light
émitted from an end “03” of the fii%ment “0l” is transformed

into two split parallel pencils ofﬁﬁight'“nl” and “D2” in a

similar manner, as shown in Figs and 2. As is apparent

from the figures, the pencils of ght “D1” and “D2” are not
:;ﬂél axis “P”, and are
unbalanced. That is, if a pair of<apertures on the mask are
'  § conception that only
the symmetry bf fhe aperturgs rel :é to the opticél axis
ié essential, then the two Penc f iight “D1¥ and “D27
may -pass thfoﬁgh. asymmetfida as (i.e. areas not

symmetrical relétive to  the op axis “P”) of the
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measufing spgqe in which the Eéélls “C1” and “C2” are
positioned. w

Agﬁurther problem mayiérise by a positional shift
of the filaméhf “01” when the light source “0” itself is
replaced byt;ﬁpther one. Fig. 2 §hpws a state in which the
position of the filament “O1” is shifted from the state of
Fig. 1. Fig..2 illustrates a Sitgétion where an end “04” of
the filament;ﬁci” is positioned oﬁithe center of the optical
axis “P”. 1In this caée, the other end “03” of the filament
“o1” is largély displaced from ﬁhe center of the optical
axis “P.” 'Thérefore, the penci@gfof light “D1” and “D2”
that have beén limited by the-maék apertures “M1” and “M2”
are more largé;y displaced or shigﬁéd from the optical axis
“P” in the méasuring'space. )

Under an extreme situat@dn, it is possible that
the pencil ofilight "D2" that passésithrough the sémple cell
“C2” may inc;pge_almost noﬁe of thé?optical information upon

the end “03” of the filament “0l.”

Con§§§uently, under such: a situation, the two
pencils of ¥ight have optical information with utterly

different qué%ities when the 1 - source is replaced.

Therefore, tﬁéi relation between:tthe density and the

absorbance mqééured or calibrat on the basis of the
optical inforﬁétion prior to the ‘re 1aéement'of the 1light

source becomes “ﬁu$able, which in ¢ requires a remake (or
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recantrﬁct“bn 5@f=the calibratioﬁ;curve with respect to the
replaced neﬁ}l éhﬁ source. '

er problem is a pééitional nonuniformity of
eptical peéé' Hgipn characteristics of an interference
filter which’ . employed in thi? type of spectroscopic
apparatus.-:: ESpectroscopic fiIEer to selectively allow a

specified wavelength to pass the fllter, the interference

filter is 51@ Z:convenlent and thus widely used. However,

its _spectroscopiee-spectrunl characteristics are not always

uniform dep d;qg on each interference filter. This

nonuniformity thereof is in connection with the problem

mehufacturing process of a multilayer

concerning

depositioﬁ effl .and even the:*spectroscopic spectrum
charaétefietf ﬁf a plurality ef interference filters
manufecturedi gh an identical menufacturing procese have

variations i _peak wavelehgth*end half width thereof.

Further, . st_ . speaking, eveq; in one filter, the

spectroscopit

‘penetration Spectrumsfare not necessarily the

depend

same,

hat part of thefiilter the light passes.

sihgle in the

However, in’
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case that th'= encil of light is sﬁlit iﬁto parts and that a

difference .$pectroscopic spéﬁtrum between both the
opfical pat': s caused, a fatal error arises in the
measurement re

Therefore, it is an important technical object how
the positioni onuniformity of the spectroscopic spectrum
is allowed té;gé;uniformly included in both of the pencils
of light. N -
SUMMARY OF THE iﬁvENTION

Accordingly, it is an object of the present

invention to vide an optical density measuring apparatus.

in which the - _Qéeneity or identipalness of the measuring
50 that the optipal information upon the
light source ﬁiformly included in the measuring space

about the opti axis, even if a fluctuation occurs in. the

1 density.meagu;ipg apparatus in which the

homogeneity o énticalness of .

secured even
spectroscopic of the interference

ic filter, so that the

In accomplishing these aéﬁ other objects of the
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sample cell, in order to measure

12

present invention, there is prc ded an optical density

measuring apparatus comprising: a llght source for emitting

an infrared ray as a measuring ra ‘an interference filter
for selecting a predetermined vi‘g\__j‘é;elength of the measuring

ray that passes through the int_el;_:fe‘rence filter; a first

.lens for focusing the measuring .réy emitted from the light

source on the interference fllter, a collimator lens for
transforming the predetermined wafelength of the\measuring
ray sel_‘ecjted by the interference.__gi"filte"r into a parallel
measuring ray; an optical mask for splitting the parallel

measuring ray into a first split pgf]_—:‘allel measuring ray and

" a second split parallel measuring'-,_-_'ray: an optical shutter

for selectively passing one of the first split parallel
measurlng ray and the second Spllt parallel measurlng ray; a
reference means which is prov1ded :in a light pass of the

first spllttlng parallel measurlng ray, a sample cell which

‘is provided in a light pass of the second split parallel

measuring ray; an optical .detecto or optical ‘receiver for

detectimj the o_ne of the first sp parallel measuring ray
whicn has passed through the refe ence means and the second
split parellel 'measuring ‘ray wh1 as passed through the'
| ; ioptical density of a
sample in the sample' cell;.. and a:'second lens for focusing-
the one of the '_f:ir__s_t split"z;:'afé:i;il" asuring ray which has

passed th;:q.ugh"the_ reference-'me_- and the second split
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light passing th;qﬁgh-the réfergn

- 43

parallel meaéux?ﬁg ray which haé;iassed through the sample
cell on the Oﬁtiéél detector. |

Infiﬁﬁé construction,' the optical mask, . for
example, can b?i?_plate—shaped mggk,with a pair ofTapertures

for forming tﬁe first split paré;”él measuring ray and the

second split-ﬁaxallel nmasuringgpéy in which the pair of
apertures are juxtaposed' symméﬁfically relative to an
optical axis.,: |

In _ﬁhe construction, .fhe measuring ray (or
measuring light) emitted frqm thgTiight source is incident
upon the colliﬁ%éor lens after the:image of the light source
is "formed on éthﬁ' interference fiiter as a spectroscopic
filter by me@#?fﬁof the first léns; the light is made
parallel by the icollimator lens;. the parallel 1light is
divided or spliﬁ-into the first spiit_parallel measuring ray
and the secbnd}ép;it parallel meaéﬁ%ing ray by means of the

optical mask; oﬁé*bf the first spif :parallel measuring ray

and the'secondQSp;it parallel mea ug"ng ray is selected by
the optical shqﬁtér: the one thereofi.selected by the optical
shutter is allowed to pass through either one of the

reference meanéﬁéﬂd'the sample ce: and the density of the

- sample is measu;éd and calculated basis of an amount of

means, and an amount of

uction, the optical
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information upon the light source "ﬁamely the predetermined

wavélength, selected by the int érenqe fi;ter, of the ray
of light that is emitted from each luminous point of the
light source is uniformly includs in:the first and second

split parallel measuring rays '} in a pair of split
parallel pencils of light).

That is, the infofméti§§ upon fluctuation of the
luminous point of the lith ISéE?ce, and the positional
nonuniformity éf the optical pené;gation characteristics of
the interference filter, are uniig%mly'énd equally included.
in both'of the pencils of light. féé a result, regarding the
positional change of the light source which  has
conventionally been unable to be éé;rected, by correcting or
modifying the egquation of operatiﬁn'by means of one-point
calibration based on the sample mé§§urement, a high-accuracy
measﬁrement can be achieved, thusfﬁénecessary to remake the

calibration curve every time the }] 1pt,source is replaced by

another light source.

Also,. according to ' .ithe construction, the
spectroscbpic Spectra of boﬁﬂ the pencils of 1light
coincide _with each other}_ | .'pe, the fluctuation

factors such as.the variation: quantity of light emitted

from the light source, otherjtha e optical density, is

completely cancelled in the réfe; f:optical path and. the

measurement opti¢él path (i.e..éam optical path).
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In the above construction, the reference means can

include a reference cell. In this construction, it is

possible to .provide the reference cell and the sample cell

as independent, separate cells, similar to the conventional

cells, in which pure water is put_in the reference cell and

in the sample cel;, or in which a sample is
put in both tpe;reference cell and the sample cell.

the optical density measuring

apparatus cqﬁﬁiises a single cell housing by which the

reference mef: , and the sample cell are constituted, in

which the cell housing has a first chlamber and a second

chamber that trate to each othér inside, in which a cell
length of th irst chamber is shorﬁer'than a cell length of
the second ¢ aﬁber, and in whichfa reference cell of the

reference means:’corresponds to the first chamber while the

sample cell‘_ sponds to the secb@d_chamber.

In Hislconstruction, -ﬁﬁessample is concurrently'

~or simultaneously introduced intg_:the first and second

chambers with¢ 'demarcation. Thé quantity of light that

passes through: the reference cell the quantity of light

ugh the sample cel differ on a basis of

difference in their cell lengths.
ﬁ of the cell, the one
o chambers intoc the

single cell ~divided by the:

reference cell and the ample cell ?hely, they are not the
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mutually independent cells. And, the two cells have a
positional relation in which the two paraxial split pencils
of light penetrate or pass through the cells, and in which
both the cells are close infinitely to each other. Also,
the sample is concurrently put into the two chambers, and
the sample is concurrently discharged from the two chambers.
This guarantees that the density of the sample in each of
the chambers is identical.

Also, in the construction, the cell is made of a
single member as described above. The measuring rays, or
the two split parallel pencils of light (i.e. two split
parallel measuring rays or lights), travelling from the
light source to the optical receiver, pass through the
identical optical members. Therefore, the light absorption
characteristics of the optical substances other than the
density of the sample inside the reference cell chamber and
the sample cell chamber, are substantially identical in the
detected light that passes through the reference cell and in
the detected 1light that passes through the sample cell,
consequently allowing a higher accuracy of measurement to be
realized.

As a method to vary the length of one cell, it is
simple and convenient to provide an optical refraction
adjustment block, such as a block made of glass, in a cell

housing having an identical thickness or length. Namely, an
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optical refraction index adjustment block that has a
refractive index equal to or approximate to that of the
sample and has a light absorption characteristic different
from that of the sample, can be mounted (for eXxample,
inserted) in a first portion of the cell through which the
aforementioned first splitting parallel pencil of 1light
passes, and the cell length of the first portion thereof is
made shorter than the other second portion of the cell by
the thickness (i.e. by the length) of the optical refraction
index adjustment block.

In other words, the reference means and the sample
cell can be constituted by mounting an optical refraction
adjustment block partially inside a cell housing with a same
length, in which a first chamber formed inside the cell
housing has a cell 1length that is shorter due to
intervention of the optical refraction adjustment block than
a cell length, generally equal to the same length of the
cell housing, of a second chamber formed inside the cell
housing, and in which the optical refraction adjustment
block has an index of refraction that is similar to an index
of refraction of the sample and the optical refraction
adjustment block has a light absorption characteristic that
is different from a light absorption characteristic of the
sample, and wherein a reference cell of the reference means

corresponds to the first chamber while the sample cell
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corresponds to the second chamber.

According to this construction, the two pencils of
light penetrating or passing through the first portion and
the second portion of the cell (i.e. the light penetrating
the reference cell and the light penetrating the sample
cell), undergo substantially the same refraction and reach
the optical receiver via the second lens.

Therefore, amplification of the displacement (i.e.
shift or swerve) of the focusing point (i.e. image-forming
point) on the receiver due to aberration of the lens system
is effectively prevented, thus improving the accuracy of
measurement.

In the construction, the reference means may be a
block made of glass.

Alternatively, the reference means may be an
atmosphere of air itself.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other objects and features of the
present invention will become clear from the following
description taken in conjunction with a preferred embodiment
thereof and modifications to the embodiment with reference
to the accompanying drawings, in which:

Fig. 1 is an explanatory view of an essential part
of a double-beam optical system of a conventional optical

density measuring apparatus;
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Fig. 2 is an explanatory view similar to Fig. 1;

Fig. 3 is an explanatory view of an esgential part
of an optical system of an optical density measuring
apparatus according to a preferred embodiment of the present
invention;

Fig. 4 is an explanatory view showing an operation
of the optical system shown in Fig. 3, where a shutter and a
focusing lens shown in Fig. 3 are omitted;

Fig. 5 1s an explanatory view similar to Fig. 4,
where the shutter and the focusing lens shown in Fig. 3 are
omitted;

Fig. 6 is an explanatory view showing solid angles
of pencils, or beams, of light emitted from a light source;

Fig. 7 is an explanatdry view similar to Fig. 6;

Fig. 8 is a front view of an optical mask and the
shutter which are employed in the optical system shown in
Fig. 3;

Fig. 9 is a side view showing a cell, according to
a first modification, which can be alternatively employed in
the optical system shown in Fig. 3;

Fig. 10 is a front view of the cell of Fig. 9;

Fig. 11 is a plan view of the cell of Fig. 9;

Fig. 12 is a view showing an essential part of a
cell, according to a second modification, which can be

alrernatively employed in the optical system shown in Fig.
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3; and

Fig. 13 is a view showing an essential part of a
cell, according to a third modification, which can be
alternatively employed in the optical system shown in Fig. 3.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

Before a description of the preferred embodiment
and modifications thereto proceeds, it is to be noted that
like or corresponding parts are designated by like reference
numerals throughout the accompanying drawings.

First, referring to Figs. 3 through 8, the
description is made below upon an optical density measuring
apparatus according to the preferred embodiment of the
present invention.

Fig. 3 1is an explanatory view showing an optical
system of the optical density measuring apparatus of the
preferred embodiment of the present invention. Referring to
Fig. 3, a reference numeral “0” denotes an infrared light
source. A measuring light emitted from the light source “0”
travels through a measuring area to an infrared light sensor
or an optical receiver “R.” Optical lenses “L1,” “L2” and
“L3” are arranged in this order with a line connecting the
light source “0” to a center of the optical receiver “R”
being as an optical axis, and other optical members are
arranged along the optical axis. The measuring light

emitted from the light source “0” reaches a focusing lens



10

15

20

25

21

“L1,” and is then focused on an optical filter (interference
filter) “F” by the 1lens “L17, This filter “F” 1is
constituted by a rotation plate “F2” with a specified number
of interference filters “F1.”

This interferenée filter “F1” selects only a
specified wavelength which is passed through and/or absorbed
by a component of the sample to be measured. The rotation
plate “F2” has a predetermined number ©of interference
filters “F1” each of which has a particular light absorption
characteristic which is selected for each of predetermined
plural kinds of samples to be measured. The rotation plate
“F2” can rotate about an axis of rotation “F3.” The
rotation plate “F2” is adjustably rotated about the axis
“F3” of rotation so that the light, emitted from the light
source “0” and passed through the focusing lens “L1,” 1is
focussed on a selected interference filter “F1” of the
filter “F.”

The infrared measuring light that has penetrated
or passed through the interference filter ™“F1” diffuses
again and it reaches the collimator 1lens “L2.” The
collimator lens “L2” is positioned ahead of the filter “r”
at a location at which the collimator lens “L2” is away from
the selected interference filter “F1” with a distance
corresponding to a focal length “f” of the collimator lens

“LZ2.” With the arrangement, a pencil of light incident on
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the collimator lens “L2” is sent forward as a parallel light.

Just ahead of the collimator lens “L2” is arranged
an optical mask “"M.” A front view of the mask “M” is shown
in Fig. 8. The mask “M” 1is provided with a pair of
apertures “M1” (which is a “first apertufe”) and “M2” (which
is a “second aperture”) so that a distance in diametrical
direction between a center (which is coincident with the
aforementioned optical axis) of the mask “M” and one “M1” of
the apertures “M1” and “M2” 1is equal to a distance in
diametrical direction between the center of the mask “M” and
the other “M2” of the apertures “M1” and “M2.” The first
aperture “M1” is an aperture (i.e. diaphragm) for forming a
reference pencil of 1light; on the other hand, the second
aperture “M2” is an aperture (i.e. diaphragm) for forming a
sample pencil of light. That is, the parallel light that is
formed by the collimator lens “L2” and that corresponds to
the lens diameter, is split into a pair of small split
parallel pencils of light by the pair of apertures “M1” and
“M2.7 In Fig. 8, the mask “M,” the first and second
apertures “M1” and “M2,” are shown by chain 1lines,
respectively.

Just ahead of the mask “M” is arranged a shutter
“s.” A front view of this shutter “S” is also shown in Fig.
8. This shutter “S” has a first_opening “S1” and a second

opening “S2” which are located oppositely and asymmetrically
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relative to a center “S3” of rotation thereof in its
diametrical direction. Fig. 8 shows a state in which the
first aperture “M1” of the mask “M” and the first opening
“S1” of the shutter “S” are aligned with each other, and the
second aperture “M2” of the ﬁask “M” is screened (or closed
or blocked) by the shutter “S”.

Meanwhile, when the second opening "“S2” of the
shutter “S” is aligned with the second aperture “M2” of the
mask “M”, the pencil of light passing through the second
aperture “M2” is sent forward, and the first aperture “M1”
is screened by the shutter “S.”

A cell ™“C” 1is arranged in a measuring area
provided ahead of the shutter “S5.” This cell "C" is
constituted by integrating the reference cell “C1” with the -
sample cell “C2” into one cell housing. The reference cell
“Cl” is arranged on one side of a center thereof (aligned
with the optical axis), while the sample cell “C2” is
arranged on the other side thereof. A chamber constituting
the cell ™“Cl1” and a chamber constituting the cell ™C2,”
communicate with each other, and the same sample (liquid) is
introduced into both of the chambers.

As shown in Fig. 3, the reference cell “Cl1” has a
cell length of “bl,” while the sample cell “C2” has a cell
length of “b2.” The cell length of the latter is made

sufficiently greater than that of the former. The reference
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pencil of light that has passed through the first aperture
“M1” of the mask “M” passes through the reference cell “Cl1,”
while the sample pencil of light that has passed through the
second aperture “M2” of the mask “M"” passes through the
sample cell “C2.”

The aforementioned focusing lens “L3” is arranged
ahead of the cell “C,” and the aforementioned optical
receiver “R” is arranged ahead of the focusing lens “L3” at
a location at which the receiver “R” 1is away from the
focusing lens “L3” with a distance corresponding to a focal
length “f” of the focusing lens “L3.” With the arrangement,
the reference pencil of light and the sample pencil of light,
which are parallel 1lights, are focused on the optical
receiver “R.”

In comparison with the prior art 1llustrated in
Figs. 1 and 2, the apparatus of the preferred embodiment has
a significant feature that the measuring light is split into
the reference pencil of light and the sample pencil of light,
only after the light emitted from the light source “0” is
transformed into the parallel light by the collimator lens
“L2.” It is to be noted that, according to the preferred
embodiment of the present invention, the measuring light is
not split into the reference pencil of light and the sample
pencil of 1light, before the light emitted from the light

source “0” 1is transformed into the parallel light by the
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collimator lens “L2.” The effect and function in accordance
with the construction of the preferred embodiment will be
described below in detail with reference to Figs. 4 through
7.

Before starting the explanation thereof, a
description is made upon a relation between the measurement
light and the density, the relation being derived from the
Lambert-Beer's Law. The relation is expressed by the
following equations (1), (2) and (3):

Ib

Il x exp{-a x bl x ¢} x exp{(-an x bn) x ¥ ... (1)

and

Is I2 x exp{-a X b2 x ¢) X eXxp(-an x bn) x ¥y ...(2)
where

I, I1, I2: guantity of light emitted from light source,

Ib: quantity of light received by the optical receiver
after passing through the reference cell,

Is: quantity of light received by the optical receiver
after passing through the sample cell,

a: light absorption coefficient,

b: cell length (cell thickness),

c: density,

an: light absorpfion coefficient of substance other
than component to be measured in the measuring optical

system (for example, 1light absorption coefficients of

materials forming the cell, the filter and the lens, and
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light absorption coefficient of dirt adhering upon them),
bn: thickness of substance other than component to be
measured in the measuring optical system, and
y: fluctuation in detected intensity (fluctuation in
sensitivity of the optical receiver, and/or fluctuation in
quantity of light).
Based upon the above equations (1) and (2), the
density “c” can be obtained by the following equation (3):
c = ~-In ((Is/Ib) x (I1/I2))/(a x (b2 - bl)) c.. (3)
Figs. 6 and 7 show fluctuations in solid angle of
the pencils of light that are emitted from luminous points
of the 1light source and that are made incident on the
apertures “M1” and “M2” of the mask “M”; i.e., the figures
show the fluctuations in luminous flux of 1light or the
fluctuations in a unit ray of light. That is, Figs. 6 and 7

show a state in which one end “03” of the filament “0l” is

- located on the optical axis. Fig. 6 illustrates the solid

angles of the pencils of light emitted from the end “03” of
the filament “01”, while Fig. 7 illustrates the solid angles
of the pencils of light emitted from an end “04” of the
filament “01”. By the way, Figs. 6 and 7 do not show the
focusing lens “L1,” the interference filter “F1” and the
collimator lens “L2” in comparison with Figs. 3 through 5.

As shown in Fig. 6, the solid angle “B1” of the

pencil of light “E1” (i.e. pencil of light being incident on
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the aperture “M1”) and the solid angle “f2” of the pencil of
light “E2” (i.e. pencil of 1light being incident on the
aperture “M2”), both of which are emitted from the luminous
point “03” locating on the optical axis, are equal to each
other.

On the other hand, as shown in Fig. 7, the solid
angle “B1” of the pencil of light “E3” which is emitted from
the luminous point “04” locating away from the optical axis,
and the solid angle “B2” of the pencil of light “E4” which
is emitted from the same luminous point “04” locating away
from the optical axis, are, of course, different from each
other.

A filament of light source can be considered as an
aggregate of such plural luminous points which locate at
different ©positions as described above. Therefore,
accurately considering the arrangement shown in Fig. 3, the
reference pencil of light and the sample pencil of light do
not exactly coincide with each other in terms of 1light
intensity etc. This means that the above “Il1” and “I2” do
not always coincide with each other.

According to the present embodiment, the
measurement light emitted from the light source “0” having a
specified area is first focused on the interference filter
“F1” of the optical filter “F”, and the diffused light from

the body of the interference filter “F1” is transformed into
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the parallel light by the collimétor lens “L2.” Thereafter,
the parallel light is split into the two split parallel
pencils of light: the reference pencil of light and the
sample pencil of light. Namely, the light emitted from each
luminous point of the 1light source passes through an
identical point of the interference filter “F1” and reaches
the measurement space.

This will be described in more detail with
reference to Figs. 4 and 5, which corresponds to Figs. 1 and
2. Although Figs. 3 and 4 do not show the focusing lens
“L1l,” the optical filter “F” and the shutter “S8”, it is
possible to consider that the illustrated 1light source
filament “0l” is actually superimposed or overlapped on the
interference filter “F1”.

In Fig. 4, the center “02” of the filament “01”
having a specified area, and the center of symmetry of the
two apertures “M1” and “M2” of the optical mask “M,” are
both located on the optical axis “P,” which is similar to
the case explained above with reference toc Fig. 1. With
this construction, the measurement light emitted from the
point of the center “02” of the filament “01” passes through
the interference filter “F1” of the filter “F,” passes
through the collimator lens “L2” where the 1light is
transformed into the parallel light, and is limited by the

pair of mask apertures “M1” and “M2” so that the light is
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split into two parallel pencils of 1light “B1” and “B2”
symmetrical about the optical axis “P.” That is, it can be
considered that the two parallel pencils of light “B1” and
“B2” are the measuring lights with the same quality in the
measuring space in which the cell “C” is positioned.

On the other hand, the measuring light emitted
from the end “03” of the filament “0l1” is transformed into
the pair of split parallel pencils of light “D1” and “D2” in
a similar manner, as shown in Fig. 4. Namely, according to
the embodiment, the pencils of light ™D1” and ™“D2” are
superimposed or overlapped on the pencils of light “Bl” and
“B2” to become symmetrical relative to the optical axis “P,”
different from the conventional optical system explained
above with reference to Figs. 1 and 2. In other words, the
lights from the luminous points “02” and “03” of the light
source are uniformly included in the two split parallel
pencils of light.

In addition, it <can be appreciated that the
difference in spectroscopic characteristics caused by what
part of the interference filter “F1” the light passes is
also uniformly included in the two split parallel pencils of
light in the same manner.

Also, the same thing can be said for the case
where the light source itself is replaced by another one and

the filament position is changed.
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Explaining in more detail, Fig. 5, which
corresponds to Fig. 2, shows a state in which the filament
position is shifted from the state shown in Fig. 4. Namely,
the figure shows that the end “04” of the filament “01” is
located on the center of the optical axis “P.” In this
condition, the end ™“03,” opposite the end “04,” of the
filament “0l1” is largely displaced or shifted from the
center of the optical axis “P.” However, the lights emitted
from the luminous points “03” and “04” are transformed into
the parallel lights by the collimator lens “L2.” Therefore,
the pencils of light “D1” and “D2” emitted from the luminous
point “04” coincide with the pencils of light “Bl1” and “B2”
emitted from the luminous point ™“03.” As a result, the
lights emitted from the luminous points “03” and “04” are
uniformly included in the two split parallel pencils of
light similar to the case shown in Fig. 4.

In the above arrangement, in case that a mask
having an aperture of an very small opening is assumed and
in case that a unit pencil of light “AI” is defined with
regard to the pencil of light emitted from each luminous
point of the 1light source, then the quantity of light
absorption is uniquely determined with respect to the
density in each split optical path.

Regarding the “I1” and “I2,” it is nothing but the

result indicating how many times (or how many beams of) the
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unit pencil of light “AI” have reached the optical receiver
“R” in the optical system. Therefore, the density can be
uniquely sought or found from the value of measurement, no
matter how the “I1” and “I1I2” may be varied as a consequence,
by calculating the result in terms of the unit pencil of
light.

Next, an explanation is made below upon a concrete
operation for obtaining the density from the quantity of
light in terms of the unit pencil of light “AI,” based upon
the measurement values “I1” and “I2.”

First, it 1is explained about the use of this
optical density measuring apparatus from the outset.

It is, of course, initially required to execute a
blank calibration. Accordingly, the measurement cell “C”
(including the reference cell “Cl” and the sample cell “C2”)
is filled with pure water having a density of zero, and then
a value of 1Ib0/Is0O is measured. The measurer cannot
directly know the intensity of penetration (or transmission)
of the unit pencil of 1light “AI.” However, it can be
considered that:

“I1” = unit pencil of light AI x oa; and

w127 = AI x B.
Therefore,
“I1” = (a/B) x I2 can be obtained when 1I1/I2 is

converted into the unit pencil of light.
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Therefore, the aforementioned equation (3) can be
replaced as follows:

c = -In ((Is/Ib) x (a/B))/(a x (b2 - bl)) ee. (37)

Then, K = o/B is obtained by substituting into the
equation (3') the measurement values of Ib0 and 1IsO
satisfying ¢ = 0. From the relation, a calibration curve
including “K” can be formed, on the assumption that “K” is a
constant value.

Namely, the calibration curve is made from the
ratio between the quantities of light obtained by
multiplying the quantities “AI1l” and “AI2” of lights that
penetrate the optical paths of the standard (or reference)
unit pencil of light AI by “a” and “jB,” respéctively. The
density is uniquely determined from the ratio between the
quantities “I1” and “I2” of the transmitted light.

Next, it is explained about a case where the light
source is replaced by another one so that the quantities of
transmitted lights in the two split parallel pencils of
light are varied, respectively.

In this case, it is assumed that:

IlY = a' x AI; and

I2' = B' x AI,

where “I1'” and “I2'” are new transmitted pencils of
light, respectively.

Under this situation, if measured signal
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intensities “Ib'” and “Is'” directly applies to the above
equation (3'), then the measurement value becomes a value
which is different from the true value. For example, the
density does not become zero even when pure water is
measured, and a different wvalue would be calculated or
obtained.

The reason why the values of “I1” and “I1'” become
different from each other is due to the difference in
quantity between the transmitted pencils of light, and the
light absorption characteristics that the unit pencil of
light receives, i.e. the quantities Il/a and I1'/a' of the
transmitted lights, are the same.

Therefore, under this condition, if the quantities
of lights IbO0' and Is0' transmitted or penetrated through
pure water are newly measured and substituted into the
aforementioned equations (1), (2) and (3'), then there can
be obtained the following equations:

Ib0' = AI x a' x exp(-a x bl x ¢) x exp(~an x bn) x ¥

where ¢ = 0;

IsO0' = AL x B' x exp(-a x b2 x ¢) x exp(-an x bn) x ¥
where ¢ = 0; and
c = -In ((Is0'/IbO') x (a'/B'))/(a x (b2 - bl)).

According to the above equations, the value of

a'/B' can be obtained. And, if “K” in this state is

corrected to:
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K

W

a'/P', then,

the density can be obtained by means of the calibration
curve including “K” that has previously been made, without
remaking the calibration curve. This means that the
measurement does not receive any substantial influence, by
executing the calibration of pure water when the light
source 1is replaced. This also means an overcoming of the
fatal drawback of the conventional measuring apparatus of
the type with the double-beam optical system.

Next, it is explained about the cell “C.”

As described above, the apparatus of the present
embodiment employs the «cell of the type in which an
identical sample is put in an identical cell housing.
Therefore, the densities of the samples to be put in the
reference chamber and in the sample chamber are, of course,
identical. The problem arising in connection with this
arrangement is a displacement (i.e. shift or swerve) of a
focus being formed on the optical receiver “R,” which is
caused by a difference in refractive index (or index of
refraction) of 1light due to the difference between the
length of the reference cell and the length of the sample
cell. Namely, the difference in refractive index between
the two optical paths causes a difference between the
quantities of refractions of the two pencils of 1light;

consequently, there arises a difference in positions on the
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optical receiver “R” to which the beams of light reach via
the two cells, as a result.

The measurement accuracy and/or variation(s)
thereof of the optical receiver “R” 1is affected by a
positional nonuniformity that cannot be actually ignored,
and it becomes one ef inhibiting factors in the measurement
accuracy. It is to be noted that this problem is mostly
solved by putting the cell in the path of the parallel light.
However, this displacement amounts to about 0.2 mm with
respect to a difference of 10 mm in cell length for a
measurement wavelength of 1.5 um according to the present
embodiment. Therefore, the spot position of light collected
on the optical receiver “R” actually differs, depending on
the reference optical path or the measurement optical path.
Consequently, the reference accuracy cannot be satisfied for
a longer period of time, in a field of measurement use in
which its high accuracy is required. This is because the
lens in the optical system generates an aberration of the
transmitted light; more strictly explaining, this is because
the light that has passes the collimator lens “L2” includes
a component that is not parallel relative to the optical
axis “p”. This aberration is a phenomenon that cannot be
avoided so long as a general-purpose lens is used in the
apparatus.

In order to solve this problem, a first
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modification of the cell shown in Figs. 9, 10 and 11 is
provided.

Namely, Fig. 11 is a plan view of the cell
according to the first modification which corresponds to the
drawing of Fig. 3; Fig. 9 is a side view of the cell shown
in Fig. 11; and Fig. 10 is a front view of the cell shown in
Fig. 11. This cell “C” according to the first modification
has a sample inlet “C3” and a sample outlet ™“C4” at the
upper and lower portions of the cell housing, respectively.
Inside the cell housing 1is inserted a refractive index
adjustment block “A” having a refractive index identical or
approximate to that of the sample (liquid) inside.

That is, the cell length of the reference cell
“C1” is “bl,” while the cell length of the sample cell “C2”
is "b2.” However, the housing of the reference cell “Cl”,
and the housing of the sample cell “C2,” have the same
thickness as shown in Fig. 11, and “cell length b2 minus
cell length bl” is the thickness of the block “A.”

Therefore, with the construction, the pencil of
light that has passed through the reference cell and the
pencil of light that has passed through the sample cell,
undergo a generally same refraction of light.

A normal liquid sample (for example, a
semiconductor «cleaning 1liquid) is mostly made of water

(refractive index of light: 1.32); therefore, a quartz glass
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(refractive index of 1light: 1.45) can be selected as a
substance having a refractive index close to that of water.

On the other hand, if the sample is a food oil
(refractive index of 1light: 1.52), then BK7 glass
(refractive index of light: 1.51) is appropriate, as another
example.

A precondition that these blocks can be employed
in the apparatus is that the blocks have a light absorption
characteristic different from that of the object component
of the sample for the density measurement. By incorporating
the aforementioned quartz glass into the cell “C”, the focal
position swerve of 0.2 mm of the preceding example 1is
substantially reduced to a swerve of not greater than 0.05
mm, thus solving the practical problem in connection with
this swerve.

By the way, as a simpler cell construction, it is
also possible to provide a quartz glass block “C'” in place
of the reference cell Cl, as shown in Fig. 12, as a second
modification of the cell.

Alternatively, it is also possible to provide an
atmospheric air “C"” itself in place of the reference cell
Cl, as shown in Fig. 13, as a third modification of the cell.

Although the present invention has been fully
described 1in connection with the preferred embodiment

thereof and modifications to the preferred embodiment with
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reference to the accompanying drawings, it is to be noted
that wvarious other changes and modifications are also
apparent to those skilled in the art. Such changes and
modifications are to be understood as included within the
scope of the present invention as defined by the appended

claims unless they depart therefrom.
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WHAT IS CLAIMED IS:
1. An optical density measuring apparatus comprising:

a light source for emitting an infrared ray as a
measuring ray;

an interference filter for selecting a
predetermined wavelength of the measuring ray that passes
through the interference filter;

a first 1lens for focusing the measuring ray
emitted from the light source on the interference filter;

a collimator lens for transforming the
predetermined wavelength of the measuring ray selected by
the interference filter into a parallel measuring ray:;

an optical mask for splitting the parallel
measuring ray into a first split parallel measuring ray and
a second split parallel measuring ray;

an optical shutter for selectively passing one of
the first split parallel measuring ray and the second split
parallel measuring ray;

a reference means which is provided in a 1light
pass of the first split parallel measuring ray;

a sample cell which is provided in a light pass of
the second split parallel measuring ray:

an optical detector for detecting the one of the
first split parallel measuring ray which has passed through

the reference means and the second split parallel measuring
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ray which has passed through the sample cell, in order to

measure an optical density of a sample in the sample cell;

and

.a second lens for focusing the one of the first
split parallel measuring ray which has passed through the
reference means and the second split parallel measuring ray
which has passed through the sample cell on the optical
detector.
2. The optical density measuring apparatus as claimed
in claim 1, wherein the optical mask is a plate-shaped mask
with a pair of apertures for forming the first split
parallel measuring ray and the second split parallel
measuring ray in which the pair of apertures are Jjuxtaposed
symmetrically relative to an optical axis.
3. The optical density measuring apparatus as claimed
in claim 1, which comprises a cell housing by which the
reference means and the sample cell are constituted, in
which the cell housing has a first chamber and a second
chamber that penetrate to each other inside, in which a cell
length of the first chamber is shorter than a cell length of
the second chamber, and in which a reference cell of the
reference means corresponds to the first chamber while the
sample cell corresponds to the second chamber.
4, The optical density measuring apparatus as claimed

in claim 1, wherein the reference means and the sample cell
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are constituted by mounting an optical refraction adjustment
block partially inside a cell housing with a same length, in
which a first chamber formed inside the cell housing has a
cell length that 1is shorter due to intervention of the
optical refraction adjustment block than a cell 1length,
generally equal to the same length of the cell housing, of a
second chamber formed inside the cell housing, and in which
the optical refraction adjustment block has an index .of
refraction that is similar to an index of refraction of the
sample and the optical refraction adjustment block has a
light absorption characteristic that is different from a
light absorption characteristic of the sample, and

wherein a reference cell of the reference means
corresponds to the first chamber while the sample cell
corresponds to the second chamber.
5. The optical density measuring apparatus as claimed
in claim 1, wherein the reference means 1is a block made of
glass.
6. The optical density measuring apparatus as claimed
in claim 1, wherein the reference means is an atmosphere of

air itself.



