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Our invention relates to light measurement,
and particularly to an improved method and
apparatus for determining the relative intensi-
ties of a plurality of light beams.

In the past, various instruments have been
devised for differential light measurements by
means of a plurality of photocells in a single cir-
cuit with suitable current or potential indicating
devices. Such instruments, however, have re-
quired a standardized light source, and their cal-
ibration has varied with changes in the charac-
teristics of such source. The circuits which have
previously been proposed for differential photo-
cell measurements have had certain other disad-
vantages, particularly in lack of flexibility as
to range or sensitivity.

An object of our invention is to provide an
improved method and apparatus for determining
the relative intensities of a plurality of light
bheams. :

A further object of this invention is to provide
an improved photocell circuit for determining
the relative intensities of beams of light from a
single source, after subjecting said beams to
unequa] light absorption. .

Another object of our invention is to provide a
photocell eireuit of the character described, hav-
ing a eircuit element adapted to calibration with
reference to relative light intensities, substan-
tially independent of fluctuations in the absolute
intensity of the light source.

A still further object of our invention is to pro-
vide a dual photocell circuit of the character de-
scribed, having means for pre-setting the range
or sensitivity, means for adjusting the zero-point
balance at a reference value of relative illumina-
tion of the photocells, and variable means
adapted to balance the circuit at other relative
fillumination intensities and adapted to control
associated circuits of continuous recording de-
vices, flow control devices, and the like.

Other objects and advantages of our invention
will be apparent from the following description.

Although it will be evident to those skilled in
the art that the present invention may be applied
to differential light measurements involving more
than two light beams and photocells, its widest
application involves the comparison of only two
light intensities, and our invention will be illus-
trated with particular reference to a dual -photo-
cell circuit. . : : :

. One medification of our dual photocell circuit
is illustrated diagrammatically in Fig. 1 of the
accompanying drawing. Referring to. Fig. 1, it
is seen that photocell 1 is shunted by an adjust-
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able resistance 3 in series with the total resi

of a variable potentiometer 4, and that ;
2 is shunted by a second adjustable rest
"The potential drop in the shunt 5 due to t
rent generated by cell

2 is opposed by a variable
proportion of the potential drop in the shunt
3—4 due to the current generated by cell 1, which
may be more brightly illyminated than cell 2.
The opposition of these potentials is secyred by
connecting the tapped resistance 5 in 3 bridge
circuit in series with the tapped resistance 3
and the variable resistance of potentiometer &,
with proper polarity commections to the photo-
cells as shown in the drawing. A suitable current
responsive device § such as 3 galvanometer in the
bridge circuit indicates any unbalance between
the potential across the shunt 5 and the poten-
tial across the bridge circuit portion of “the
shunt 3—4.

The circuit is first pre-set for range or sensi-
tivity by adjustment of the tap or sliding contact
1 of resistance 5. The value chosen for this set-
ting will depend upon the range of light intensi-~
ties to be measured and upon the total resistance
of the potentiometer 4, as more fuily discussed
below. The zero-point balance is then obtained
at @ suitable reference value of the relative
illumination of the photocells 4 and 2. A desir=
able zero-point for most purposes comprises full
lumination of both cells by a single light source
which is preferably positioned to effect approxi-
mately equal iHumination of the cells. - The gerp-
point balance is secured by setting the sliding
contact B of potentiometer 4 so that the total

a5 resistance is:in the bridge circuit and then ad-

49

48

50

bb

justing the tap or sliding contact 9 of resistance
% to obiain zero current in the bridge circuit, as
indicated by responsive element 8. In fhis man-
ner zero<point balance is secured at equal poten-
tial drop across the total shunt resistance of
each eell. . '

After obtaining -zero-point balance, the illu-
mination of cell 2’ may be decreased by means of
a screen, filter, optical wedge, or the like, which
has been standardized for percentage trapsmis-
sion for light of the same characteristics as the
light source employed. In order to avoid dif-
ferences between chromatic absorption charac-
teristics of filters and the chromatic response of
the photocells, it is preferred to employ screens
for calibration. With decreased illumination of
cell 2, the circuit may again be halanced for zero
bridge current by adjustment of the sliding con=
tact 8 of potentiometer 4. ‘The percentage of the
total resistance 4 reguired to balance the circuit
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thus constitutes one calibration point, and others
may be obtained in the same manner by the use
of additional screens of standardized transmis-
sion values.

The calibration of potentiometer 4, as de-
scribed above, represerits a correlation of the bal-
ancing resistance value (R4 bal) and the ratio
of the illumination reaching photocell 2 to that
reaching cell |,
values, as discussed below, this correlation be-

comes, within the accuracy required for most

measurements,

Ilumination of eell 2 R3-+ R4 bal.
Hlumination of cell 1 R34+ R4 total

where C is a constant related to the characteris-
tics of the photocells.
volves the light intensities only in the form of a

=Cz

With proper choice of circuit .

Since this relationship in- -

10

ratio, the calibration of the potentiometer 4 is .

Independent of the absolute values of the light .

intensities. This characteristic of our circuit is
of great value in applications to instruments such
as colorimeters, turbidometers, densitometers,
-and the like, The calibration of instruments of
this .type which incorporate our dual photocell
circuit may be maintained substantially constant,
Irrespective of changing characteristics of the
light source due to age deterioration, line voltage
fluctuation, and the like,

"The maintenance of calibration, irrespective of
change in absolute light values over 5 wide range,
is illustrated by the following specific example:

" Example

_The circudt of Fig. 1 of the drawing Is em-
ployed with the following resistance values:

. ] Ohms
Ratotal . ________ . 22
RS T 25

The photocells comprise blocking layer cells hav-
Ing the following characteristics:

Open Circuit Po- | Short Cireuit Cur-

. ¢ Mlumination,

tential, millivolts rent, microamperes
- foot-candles .
Cell 1 Cell 2 Cell 1 Cell 2
90.0 88.5 38.0 35.8
106. 0 104.0 55.0 52.4
117.5 115.0 7.5 68,2
132.0 129.0 105.0 100.1

After balancing the circuit for zero-point with a
standardized ‘light source -equally illuminating
both' cells, a screen having a transmission ratio

of % is interposed between the light ang cell 2. :

The circuit is then balarnced for two different
Intensities of the light source. The values of
resistances: R3 and R4 required for balance in
each case are shown in the following table:

Resistances in
Galvanometer
- | Mumination | Illumjnation Circuit at
of Cell 1, of Cell 2, Balance, chms
foot-candles | foot-candles

‘ ' R5 | R3 | R4
30 30 25.0 1 1.8 22.0
30 20 25.0 | 1.8 | 14.4
15 10 25.0 | 1.8 14.4

Our circuit is adapted for use with any pho-
toelectric elements of the type which transform
light energy to electrical energy, and all such
elements are referred to herein as photocells.
The range of ‘absolute “light intensities within
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4
which relative intensity measurements can be
made with our circuit will, of course, depend on
the characteristics of the particular photocells
employed. In any case, however, it is desirable
to operate in the intensity range over which the
power: output of the cell is substantially linear
with respect to illumination. We prefer to em-
bloy current generating photocells of the barrier

-layer or blocking layer type, and with such cells

the absolute light intensities should be below 50
foot-candles at the cell surface, and preferably -
below 20 foot-candles..

In order to obtain the desired constancy of cali-
pration with our circuit it is alse important to
select the proper resistance values for the par-
ticular photocells employed. The total shunt re-
sistance for each cell in our circuit should be sub-
stantially less than the internal resistance of the
cell at the highest light intensity to which the
cell is to be exposed. When employing photo-
cells of the usual blocking layer types, we prefer
to employ a shunt resistance ranging from about
1% to about 10% of the cell internal resistance..

If the total resistance of the. calibrated poten-
tiometer 4 is fixed, the range of measurable il-
lumination ratios will be from 100% to

100X RS ¢
B3+ R4 total PeT cen

of the zero-point ratio. If the photbc‘ells have.
substantially identical characteristics, the lowest
measurable ratio will also be equal to

100X R3
R5

of the zero-point ratio. It is generally most con~
venient to pre-set R5 to the desired sensitivity,
and then adjust R3 for zero-point balance.

It will be evident from the above description
that our photocell circuit has advantages which
make it particularly desirable for colorimeter ap-
plicationsin continuous analysers, recorders, con-
trollers, and the like.. One such application is
llustrated diagrammatically in Fig. 2 of the ac~
companying drawing. In this modification of our
invention, our dual photocell circuit isincorporat-
ed in an automatic continuous oxygen analyzer
which is -adapted to control associated instru-
ments such as continuous recorders, flow control

per cent

. devices, and the like.

Referring to Fig. 2, light from lamp 10 passes
through lenses 1 and i2 and through absorp-
tion cells 13 and 14 to photocells | and 2. These
cells are connected in a bridge circuit with ad-
justable resistance 3, potentiometer 4, a second
adjustable resistance 5, and a galvanometer 6,
in the same manner as in Fig. 1 which has pre-
viously been described. In this case, the gal-
vanometer § is equipped with contacts (5 and (6
with which the galvanometer needle 117 may com-
plete circuits from battery 18 to relay 19 when,
the photocell circuit is unbalanced. The relay
{9, in turn, serves to connect a power source to
a reversible motor 20, The motor 20, through
suitable driving means such ag gears 21, 22, and
threaded shaft 23, propelsg the traveler 24 which
carries the sliding contact 8 of potentiometer #4:
" The circuit described above is balanced - for
Zero-point with no absorptive medis in the ab-
sorption cells 13 and {4, On the introduction
of a medium of greater absorption in cell {4 than
in cell 13, the circuit will automatically reach a
new balance, and the proportion of R4 in the
bridge circuit will constitute g measure of the
relative absorption in cell 13 to that in. cell 14,
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When this apparatus is employed for continu-
ous oxygen analysis of a gas mixture, as ilus—
trated in Pig. 2, the mixture to be analysed is
charged at a constant rate, and is first passed
through absorption cell 13. Ag 3 Tesult, the light
transmitted through the charge mixture will serve
as a reference standard for the photecell clreuit.
Nitric oxide, iny excess of the amount required to:
react with all of the oxygen in the charge gas. is
introduced at a constant rate into the gas stream
flowing from absorption cell 13. The gases then
flow through a suitable mixing chamber, such 23
the capillary tube 28 shown in the drawing. The
oxygen and nitric oxide in the gas mixture react
to form nitrogen dioxide, and the resulting gas
mixtare then flows through the absorption cell 4,

The light absorption in cell 1% by the eolored:

gas, nitrogen dioxide, will be proportional to the
amount of exyesn in the charge gas, and the po~
tentiometer 4 may thus be calibrated directly in
terms of oxygen content of the gas mixture. This
calibration can, of course, be effected by charg-
ing gas mixtures of known analyses. If the range
of oxygen content of the charge gas is known,
the sensitivity of the instrument may be pre-set
by adjusting the resistance § (and re-balancing
for zero-point) so that the whole range of the
potentiometer 4 is utilized for the range of oXy-
gen content of the gas mixture to be analysed.

Tt is evident that the instrument described
above will automatically and continuously ana-
lyze a gas mixture for oxXygen content, and indi-
cate the analysis by the position of the traveler
24 and the sliding contact 8 of the potentiometer
4. An auxiliary lever 26, carried by the traveler
24, may serve as the ~actuating member of a
suitable linkage for controlling the pen of a con-
tinuous recorder, or for actuating relays for the
remote control of oXygen or air valves. Alterna-
tively, the arm 26 may carry electrical contacts
of relay actuating circuifs for remote flow control
devices. A predetermined time eycle of varying
oxygen content of the charge gas may thus be
controlled by means of cam-driven movable con-
tacts, cooperating with contacts carried by the
arm 26, for actuating the relays.

Various other modifications of our invention
will, of course, be evident to those gkilled in the
art, and it is to be understood that the scope of

our invention is in no way limited to the particu- 5

lar modifications illustrated in the drawings and
discussed above. Any equivalents of either the
apparatus elements or the electrical circuits de-
seribed herein may be employed without depart-
ing from the scope of our invention. Only such
limitations should be imposed on the scope of
this invention as are indicated in the appended
claims.

We claim:

1. In a photocell circuit adapted for the meas-
urement of the relative intensities of a plurality
of light beams, the combination of a reference
photocell, an adjustakle shunt resistance across
said reference cell, a second photocell, a second
adjustable shunt resistance across said second
cell, the total shunt resistance across each of said
photocells being substantially less than the min-
imum operating internal resistancze of the cell, a
bridee circuit connecting the shunt resistance of
said second cell and a continuously variahle por-
tion of the shunt resistance of said reference cell
ranging from the total shunt resistance of said
reference cell to a fraction thereof so that the
potentials across said resistances will be in op-
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6
position, and an indicating device in said bridge
circuit adapted to indicate balanee or unbalance:
of said potentials.

2. In a photocell circuit adapted for the meas-
urement of the relative intensities of a plurality
of light beams, the combination of & reference
photocell, a shunt resistance across said refer-
ence cell, said shunt resistance comprising an
adjustable reslstance in geries with the total re-
sistance of a variable potentiometer, a second
photocell, an adjustable shunt resistance across
said second cell, the total shunt resistance across
each of said photocells being less than 10% of
the minimum operating internal resistance of
the cell, a bridge circuit connecting the shunt
resistance of said second cell, the adjustable re-
sistance across said reference cell and thie varia-
ble resistance of said potentiometer, and an indi-
cating device in said bridge circuit adapted to
indicate balance or unbalance of said poten-
tials.

3. In a photoelectric measuring device adapted
for the measurement of the relative absorption of
light from two beams emitted from the same
source, the combination of a light source, a ref-
erence photocell, a reference absorption cell in-
terposed between said light source and said ref-
erence photocell, a second photocell, a second ab-
sorption cell interposed between said light source
and said second photocell, a shunt resistance
across said reference photocell comprising an ad-
justable resistance in series with the total re-
sistance of a variable potentiometer, said poten-
tiometer having a sliding contact, means for driv-
ing said sliding contact, an adjustable shunt re-
sistance across sald second photocell, a bridge
circuit connecting the shunt resistance of said
second cell, the adjustable resistance and the var-
jable resistance of said potentiometer so that the
potential across said first named shunt resist-
ance will be opposed to the potential across said
adjustable resistance and said variable resistance,
means responsive to the current in said bridge
circuit for actuating the driving means for the
sliding contact of said potentiometer to effect &
balance of said potentials, and means connected
to said sliding contact for indicating the posi-
tion of said sliding contact and thus the relative
light absorption in said absorption cells.

4. In a photoelectric measuring device adapted
for the measurement of the relative absorption
of light from two beams emitted from the same
source, the combination of a light source, a ref-
erence photocell, a reference absorption cell in-
terposed between said light source and said ref-
erence photocell, a second photocell, a second ab-
sorption cell interposed between said light source
and said second photocell, a shunt resistance
across said reference photocell comprising an ad-
justable resistance in series with the total re-
sistance of a variable potentiometer having a
sliding contact and means for driving said slid-
ing contact, an adjustable shunt resistance across
said second photocell, the total shunt resistance
across each of said photocells being substantial~
jy less than the minimum operating internal re-
sistance of the cell, a bridge circuit connecting
the shunt resistance of said second cell, the ad-
justable resistance and the variable resistance of
said potentiometer so that the potential across
said first named shunt resistance will be opposed
to the potential across said adjustable resistance
and said variable resistance, means responsive
to the current in said bridge circuit for actuating
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the driving means for the sliding contact of said
potentiometer to effect a balance of said poten-
tials, and means connected to said sliding con-
tact for indicating the bosition of said sliding
contact and thus the relative light absorption in
said absorption cells.

5. In a photoelectric measuring device adapt-
ed for the measurement of the relative absorp-
tion of light from two beams emitted from the
Same source, the combination of a light source, a
reference photocell, a reference absorption cell
interposed between said light source and said
reference photocell, a second photocell, a second
absorption cell interposed between said light
source and said second photocell, a shunt re-

sistance across said reference photocell compris-

Ing an adjustable resistance in series with the
total resistance of a variable potentiometer hav-
ing a sliding contact, and means for driving said
sliding contact, an adjustable shunt resistance
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across said second photocell, the total shunt re-
sistance across each of said photocells being less
than 10% of the minimum operating internal re-
sistance of the cell, a bridge circuit connecting
the shunt resistance of said second cell, the ad-
Jjustable resistance and the variable resistance of
said potentiometer so that the potential across
sald first named shunt resistance will be opposed
to the potential across said adjustable resistance
and said variable resistance, means responsive to
the current in said bridge circuit for actuating
the driving means for the sliding contact of said
potentiometer to effect a balance of said poten-
tials, and means connected to said sliding contact
for indicating the position of said sliding contact
and thus the relative light absorption in said ab-.
sorption cells,

ALEXANDER WOLF.

GERHARD HERZOG.




