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DEVICE FOR MEASURING EXTREMELY
DIMINISHED INTENSITY OF LIGHT

Matter enclosed in beavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue.

BACKGROUND
Scope of the Invention

This invention relates to a device for measuring with
high sensitivity a diminished intensity of light pulses
from such light emitters as organisms or organic com-
pounds which are repeatedly being stimulated at -high
speed.

An important need exists for specifying the composi-
tion of an organic compound by precisely measuring a
diminished intensity of light caused by fluorescence, or
‘to locate focuses of an organism by precisely measuring
a diminished intensity of light caused by fluorescence.

If the object, i.e., an organism or an organic com-
pound is strongly stimulated, the nature of the object
may change. Thus, an amount of stimulus sufficient to
emit 2 measurable quantity of light cannot be obtained
during fluorescence in many cases. It is well known that
a streaking tube with a built-in micro-channel-plate can
be used to measure a diminished intensity of light
clocked at high speed.

Said streaking tube generates photoelectrons on its
photoelectric layer responding to a diminished intensity
of light. Its deflection electrode is used to deflect the
electron beam of said photoelectrons, and its micro-
channel-plate multiplies said photoelectrons so as to
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stimulate the phosphor layer located at the output of 3°

sald micro-channel-plate. An intensity of multiplied
light incident on the phosphor layer can thus be mea-
sured.

Sufficient brightness, in many cases, cannot be ob-

tained on the phosphor layer even if such a device is
used.
The inventors of the present invention tried to in-
Crease brightness by superposing a number of streaking
images of light due to fluorescence on the phosphor
layer when stimulus to the object being measured was
synchronized with deflection of the streaking tube. This
experiment, however, was unsuccessful.

The reason for the unsuccessful experiment was that
the angle of collision of primary electrons with the
dynode wall and the number of times the primary elec-
trons collide with the dynode wall in the space between
the channel inlet and outlet can vary.

The angle of collision of the primary electrons with
the dynode wall affects the number of secondary elec-
trons emitted, and the secondary electron multiplication
factor increases as the angle of collision increases. The
number of times the primary electrons collide affects
the electron multiplication factor, and it is proportional
to a certain power of the secondary electron mulitiplica-
tion factor defined as the frequency at which collisions
occur. The number of electrons issued from an arbitrary
channel of the micro-channel-plate when a single elec-
tron is incident on that channel is distributed over a
wide range of frequencies as shown at A in FIG. 1.

FIG. 1 shows that the frequency of occurrence of a
fewer number of electrons emitted by collision of a
single photon is higher than that of a larger numpber of
electrons. It is well understood that the probability of
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occurrence of secondary electrons emitted by collision
of a single photon decreases with the number of elec-
trons.

If the streaking images obtained by a train of repeti-
tive light pulses are superposed on the phosphor layer
of said streaking tube consisting of a micro-channel-
plate, a large variation can occur in the brightness of the
streaking image caused by each light pulse on the phos-
phor layer, and a variation can also occur in the bright-
ness of the superposed streaking images causes by repet-
itive light pulses. Unsatisfactory images can thus be
obtained.

The quantum noise for N electrons is generally given
by N4, and thus the S/N ratio is given by Ni. One may
think that the S/N ratio can be improved by the above
superposition process; however, improvement is not
obtained because noise is also generated by a variation
in the multiplication factor of the micro-channel-plate
mentioned above and the S/N ratio becomes greater
than Ni. Thus, the expected resuit could not be ob-
tained by the above experiment.

OBJECTIVE OF THE PRESENT INVENTION

An object of the present invention is to provide a
device for measuring a diminished intensity of light in
accordance with such means wherein the streaking
images obtained with a micro-channel-plate, which can
be used to reduce variations in the number of electrons
therefrom, are superposed on the phosphor layer when
a single photoelectron is incident on said micro-chan-
nei-plate, and that brightness on the phosphor layer is
picked up by means of photoelectric conversion.

SUMMARY OF THE INVENTION

The device for measuring a diminished intensity of
light in accordance with the present invention consists
of a stimulus signal source which stimulates the object
being measured so as to repetitively emit light pulses at
certain intervals; a streaking tube consisting of a photoe-
lectric layer to convert said repetitive light pulses to the
corresponding electric signals, a deflection electrode to
generate a deflection electric field for use in the deflec-
tion of a photoelectron, a micro-channel-plate to multi-
ply said single photoelectron so as to generate a certain
number of electrons, and a phosphor layer stimulated by
electrons at the output of said micro-channel-plate; a
deflection circuit for applying a sweeping voltage syn-
chronizing with the stimulating signal from said stimu-
lus signal source to said deflection electrodes; and de-
tecting means for sensing brightness on the phosphor
layer of said streaking tube by means of photoelectric
conversion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a graph showing an example of the multipli-
cation factor of a single electron incident on the micro-
channel-plate in the conventional technique.

FIG. 2 shows a block diagram of an embodiment of
the measuring device according to the present inven-
tion.

FIG. 3 is a graph showing an example of the multipli- .
cation factor of a single photoelectron incident on the
micro-channel-plate used in an embodiment of the de-
vice according to the present invention.

FIG. 4 is an illustration depicting the operation of the
device in accordance with the present invention.
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FIG. § is a graph of an example of fluorescence
which has occurred in a hematoporphyrin derivative.

FIGS. 6(a) and 6(b) are side and perspective views re-
spectively of a known chevron-shaped two-leaves micro-
channel-plate.

FIGS. 7(a) and 7(b) are side and perspective views re-

spectively of a known Z-shaped three-leaves micro-chan-
nel-plate.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

An embodiment of a device according to the present
invention will be described hereinafter in detail refer-
ring to the drawings. FIG. 2 shows the block diagram
of an embodiment of the measuring device in accor-
dance with the present invention.

The measuring device of FIG. 2 is used to observe a
diminished intensity of light caused by fluorescence
from a hematoporphyrin derivative, which is an organic
molecular crystal used to diagnose and treat cancer, and
to specify the type of hematoporphyrin derivative.

Dye laser oscillator 1 can emit a train of 600-nm laser
beam puises with a pulse width of five picoseconds at a
frequency in the range of 80 to 200 MHz.

Dye laser oscillator 1 constitutes a stimulus signal
source which can repetitively issue, at said intervals, the
stimulating signal to the object being measured on the
measuring device of the embodiment so that the corre-
sponding light pulses caused by fluorescence can be
generated.

Semi-transparent mirror 2 constituting a beam splitter
causes the light pulses from the dye laser oscillator 1 to
branch into two different paths. A branching pulse laser
beam 1s indicent on a hematoporphyrin derivative 4
being measured. Fluorescence thus occurs in hemato-
porphyrin derivative 4 due to the stimulus by the pulse
laser beam.

Light caused by fluorescence falls on photoelectric
layer 31 of streaking tube 3. The number of electrons

emitted from photoelectric layer 31 statistically corre- 40
sponds to several tens of percents of the number of

photons caused by the light beam impinging thereon.

An optical image formed in accordance with light
incident on photoelectric layer 31 has an extremely
narrow width in the sweeping direction of streaking
tube 3. An optical projection system consisting of a slit
SL lenses L1 is used for this purpose.

The other branching pulse laser beam is incident on
PIN photodiode §.

PIN photodiode 5 is a high-speed photoelectric con-
verter with a very fast response time, and it can gener-
ate a pulse current in response to the pulse laser beam
incident thereon. The output of PIN photodiode 8 is
sent to tuned amplifier 8 through amplifier 6 and vari-
able delay circuit 7.

Vanable delay circuit 7 provides an appropriate
delay time so as to apply the sweeping voitage to a pair
of deflection electrodes 33 while photoelectrons from
photoelectric layer 31 are passing through the pair of
deflection [electrode] electrodes 33.

Tuned amplifier 8 can be operated at a frequency in
the range from 80 to 200 MHz. The center frequency
within the bandwidth is selected equal to the oscillation
frequency of the dye laser oscillator 1.

Tuned amplifier 8 sends a sinusoidal wave signal
whose frequency and phase are synchronized with the
output pulse of PIN photodiode §. The sinusoidal wave
signal which is an output of tuned amplifier 8 is fed to
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driver 9 and then applied to deflection electrodes 33 of
streaking tube 3. A sinusoidal wave amplitude applied
to said deflection electrodes 33 swings from —575 to
+3575 volts (1150 V,.;), and a voltage ranging from
~ 100 volts to + 100 volts is used for sweeping.

Photoelectric layer 31 is formed on the inner wall of
the incident plane of envelope 30 of streaking tube 3.
Phosphor layer 34 is formed opposite layer 31 on the
mner wall of the incident plane. Mesh electrode 3§,
focusing electrode 36, aperture electrode 37, deflection
electrodes 33, and micro-channel-plate 32 with con-
caved channels are arranged in the space between pho-
toelectric layer 31 and phosphor layer 34.

Curved micro-channel-plate 32 is built in a frame
having an outer diameter of 32.7 mm and an inner diam-
eter of 27 mm. The frame contains parallel channels
which act as secondary electron multipliers. Each chan-
nel has an inner diameter of 5 um, and channels are
arranged in 32 um spans.

The length for each channel is selected to be 80 times
the inner diameter. The axis of each channel acting as a
secondary electron multiplier is at the inlet deflected 15
degrees from the main axis of curved micro-channel-
plate 32. In the middle of the channel, the axis of the
channel runs in parallel with the main axis. The axis of
the channel is at the outlet deflected 15 degrees in the
opposite direction from the main axis.

The input electrode of the curved micro-channel-
plate 32 is grounded, and its output electrode is kept at
1500 volts DC. As shown by curve B of FIG. 3, when
an electron strikes the input electrode, electrons with a
distribution having a narrow half-value width of 6 < 103
centered at 1.5 10% are emitted from the output elec-
trode. Both the mput electrode of micro-channel-plate
32 and aperture electrode 37 are grounded. Photoelec-
tric layer 31 is kept at —4000 voits DC, the mesh elec-
trode at — 3000 volts DC, and the focusing electrode at
— 3100 volts DC. These voltages are determined by
both power supply 21 and a voltage divider consisting
of resistors 22 through 24. Phosphor layer 34 is kept at
as high a voltage as 3000 volts DC by power supply 25
with respect to the output electrode of curved micro-
channel-plate 32. The output electrode of curved mi-
cro-channel-plate 32 is kept at 1500 volts DC by power
supply 26.

Television camera 10 is installed to pick up images on
the phosphor layer of streaking tube 3. The horizontal
trace of television camera 10 is kept at right angles with
respect to the trace of streaking tube 3.

Operation of said camera device will be described
referring to FIG. 4. FIG. 4 shows the principle of oper-
ation of said camera device.

Light caused by fluorescence occurring in hemato-
porphyrin derivative 4, recognized as an organic molec-
ular crystal which can emit light pulses during stimula-
tion by means of the output pulse laser beam of dye laser
oscillator 1 used as a stimulus signal source, is incident
upon photoelectric layer 31 of said streaking tube 3 after
passing through slit SL and lens L1.

An image consisting of a plurality of lines as shown in
FIG. 4 1s formed by fluorescence on photoelectric layer
31 of streaking tube 3.

Photoelectrons generated within photoelectric layer
31 of said streaking tube 3 are accelerated and go into
phosphor layer 34, passing through the streaking tube.
During acceleration, these electrons are deflected by
sweeping voltages applied across said deflection elec-
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trodes 33 (see FIG. 2). Deflection is orthogonal to said
streaking image formed by flucrescence.

The retracting sweeping voltages can be generated in
the reverse direction when sweeping is carried out to
form the streaking image. In this case, no photoelec-
trons can exist within the electric deflection field and
thus the streaking image in the reverse direction cannot
be overlapped.

The sweeping voltage applied to deflection electrode
33 is synchronized with the output laser puise beams of
dye laser oscillator 1 used as a stimulus signal source
thereby causing fluorescence to occur.

The streaking images of light beams caused by said
fluorescence are repeatedly superposed on a certain
portion of phosphor layer 34, and the superposed
streaking images can be dipslayed on the streaking tube.
Both coordinates of the time and brightness for different
streaking images are also overlapped on phosphor layer
34.

If the streaking images of light beams caused by fluo-
rescence due to stimulus by means of a dye laser operat-
Ing at a repetition rate of 100 MHz are superposed fora
time of one second so as to form a combined i image, the
streaking images count 108. Even if a photon is gener- ,
ated when 103 to 104 stimuli are applied to the object,
measurement of an extremely diminished intensity of
light can thus be obtained.

The superposed streaking images w1th higher bright-
ness can be picked up by television camera 10. The
horizontal trace of television camera 10 runs orthogonal
to said time coordinate, and brightness information can
be displayed along the horizontal line defining the time.
Information indicating a change with time in the inten-
sity of light caused by fluorescence from hematopor-
phyrin derivative 4 can be obtained by analyzing the
above video signal. The type of hematoporphyrin de-
rivative 4 can thus be specified by analyzing the inten-
sity of light caused by fluorescence with respect to time.

FIG. 5 shows plots of the light beams caused by
fluorescence from typical hematoporphyrin derivatives
as examples a and b.

The plots of the light beams caused by fluorescence
represent the chemical properties and structures of the
matenals. A specific type of hematoporphyrin deriva-
tive used to treat cancer can thus be specified utilizing
the plots and the chemical structure of the special type
of hematoporphyrin derivative can be defined. When
doped into the human body, some types of hematopor-
phyrin derivatives are known to concentrate into the
orgamsm where cancer has occurred. This property can
be utilized to detect and treat cancer.

In accordance with the present invention each photo-
electron recognized as an element of the streaking
image can thus be multiplied to obtain a certain number
of electrons and these electrons can be displayed on the
phosphor layer to form a streaking image generated by
superposing these electrons. A video signal is then ob-
tained by picking up the image on the phosphor layer. A
video signal with high S/N ratio can thus be obtained
from the streaking image even though an extremely
diminished intensity of light is generated by fluores-
cence. In accordance with the present invention, it is
therefore advantageous that an insensible intensity of
light from the object can be changed to a detectable
intensity of light by superposing electrons within a sec-
ondary electron multiplier before being picked up by
the television camera.
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Modifications of the embodiment of the present in-
vention which has been described herein are possible.

Curved micro-channels are used in a micro-channel-
plate in the embodiment of the present invention which
has been cited.

[ Another embodiment uses a pair of channel plates
where the biasing angles between the respective chan-
nel axes and micro-channel-plates are alternately re-
versed to form luminated leaves of each channel plate,
a triple set of channel plates of the same structure, and
a channel plate where holes of its luminated leaves are
arranged in displaced positions. Furthermore, the distri-
bution} |

Another embodiment shown in FIGS. 6(a) and (b) uses
a pair of micro-channel-plates 40,42 having a main axis 43
extending perpendicular to the plates 40,42 and channel
axes 44,46 respectively having a biasing angle © therebe-
tween. Channel axes 44,46 meet at a point 47 and make
acute angles with the main axis 43. The channel plates
40,42 are alternately reversed to form a chevron-shaped
two-leaves micro-channel-piate.

Still another embodiment shown in FIGS. 7(a) and 7(b)
comprises a triple set of channel plates 50,52,54 having a
mafn axis 3. Plate 52 has a channel axis 58 which makes
an angle © with axes 56 and 60 of plates 50 and 54 respec-
tivefy at points 62 and 64 to form a Z-shaped three-leaves
micro-channel-plate. The micro-channel plates shown in
FIGS. 6(a), 6(b) and 7(a), 7(b) are of known type, and are
disclosed for example in U.S. Pat. No. 4,345,153 issued
Aug. 17th, 1982. Furthermore, the distribution of elec-
trons issued from the micro-channel-plates responding
toa smgle photoelectron can be narrowed by the satu-
rated maximum current characteristics at the output
thereof.

What is claimed is:

1. A device for measuring an extremely diminished
intensity of light comprising:

a stimulus signal source which stimulates an object
being measured so as to repetitively emit light
pulses at predetermined timing intervals;

a streaking tube including
a photoelectric layer for converting said repetitive

light pulses to corresponding electric signals;

a deflection electrode for generating a deflection
electric field for deflecting a single photoelec-
tron;

a micro-channel-plate consisting of curved micro-
channels for multiplying said single photoelec-
tron so as to generaie a plurality of electrons at
the output thereof, the distribution of said elec-
trons having a narrow half-value centered at a
predetermined frequency of occurrence;

a phosphor layer stimulated by electrons at the output
of said micro-channel-plate, a spot having approxi-
mately the same brightness for each of said single
photoelectrons being formed on the surface of said
phosphor layer whereby the brightness of said spot
corresponds to the number of multiplied electrons;

a deflection circuit for applying, to said deflection
electrode, a sweeping voltage synchronized with
the stimulating signal issued from said stimulus
signal source; and

detecting means for detecting the brightness of said
spot on the phosphor layer of said streaking tube by
means of photoelectric conversion, said detecting
means being a television imaging device wherein
the horizontal trace thereof extends orthogonally
to the direction of deflection of said streaking tube.
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2. A device for measuring an extremely diminished
intensity of light as claimed in claim 1, wherein said
stimulus signal source is a dye laser oscillator.

3. A device for measuring an extremely diminished
intensity of light comprising:

a stimulus signal source which stimulates an object being
measured so as to repetitively emit light pulses at
predetermined timing intervals;

a streaking tube including
a photoelectric layer for converting said repetitive light

puilses to corresponding electric signals;

a deflection electrode for generating a deflection elec-
tric field for deflecting a single photoelectron;

Jirst and second adjacent parallel micro-channei-
plates each having an input side, an output side and
micro-channels extending from said input side to
said output side, the axis of each of the micro-chan-
nels in said first plate making an acute angle at the
input side thereof with a main axis of said first and
second micro-channel-plates oriented in a direction
perpendicular to the input and output sides thereof,
the axes of corresponding micro-channels of said
first and second micro-channel plates intersecting
at a point, said micro-channel plates mulitiplying
said single photoelectron so as to generate a plural-
ity of electrons at the output thereof, the distribu-
tion of said electrons having a narrow half-value
centered at a predetermined frequency of occur-
rence;

a phosphor layer stimulated by electrons at the output
of said micro-channel-plates, a spot having approxi-
mately the same brightness for each of said single
photoelectrons being formed on the surface of said
phosphor layer whereby the brightness of said spot
corresponds to the number of multiplied electrons;

a deflection circuit for applying, to said deflection elec-
trode, a sweeping voltage synchronized with the stimu-
lating signal issued from said stimulus signal source;
and

detecting means for detecting the brightness of said spot
on the phosphor layer of said streaking tube by means
of photoelectric conversion, said detecting means being
a television imaging device.

4. A device for measuring an extremely diminished
intensity of light as claimed in claim 3 which further com-
prises a third micro-channel-plate, adjacent and parallel to
said second micro-channel-plate, having an input side, an
output side and micro-channels extending from said input
to said output side, the axes of corresponding micro-chan-
nels of said second and third micro-channel-plate intersect-
ing at a point.

3. A device for measuring an extremely diminished

intensity of light as claimed in claim 3 wherein the axes of

said micro-channel plates are straight lines.

6. A device for measuring an extremely diminished
intensity of light as claimed in claim 4 wherein the axes of
said micro-channel plates are straight lines.
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7. A device for measuring an extremely diminished

intensity of light comprising:
a stimulus signal source which stimulates an object being
measured so as lo repetitively emit light pulses at
predetermined timing intervals;
a streaking tube including
a photoelectric layer for converting said repetitive light
pulses to corresponding electric signals;

a deflection electrode for generating a deflection elec-
tric field for deflecting a single photoelectron;

at least one micro-channel-plate for multiplying said
single photoelectron so as to generate a plurality of
electrons at the output thereof, the distribution of
said electrons having a half-value width of about
6 % 10° centered at 1.5 105 and

a phosphor layer stimulated by electrons at the output of
said at least one micro-channel-plate, a spot having
approximately the same brightness for each of said
single photoelectrons being formed on the surface of
said phosphor layer whereby the brightness of said spot
corresponds to the number of multiplied electrons;

a deflection circuit for applying, to said deflection elec-
trode, a sweeping voltage synchronized with the stimu-
lating signal issued from said stimulus signal source;
and |

detecting means for detecting the brightness of said spot
on the phosphor layer of said streaking tube by means
of photoelectric conversion, said detecting means being
a television imaging device.

8. A device for measuring an extremely diminished

intensity of light comprising:
a stimulus signal source which stimulates an object being
measured so as to repetitively emit light pulses at
predetermined timing intervals;
a streaking tube including
a photoelectric layer for converting said repetitive light
pulses to corresponding electric signals;

a deflection electrode for generating a deflection elec-
tric field for deflecting a single photoelectron;

at least one micro-channel-plate for multiplying said
single photoelectron so as to generate a plurality of
electrons at the output thereof, the distribution of
said electrons having a peak with a narrow half-
value width; and |

a phosphor layer stimulated by electrons at the output
of said at least one micro-channel-plate, a spot
having approximately the same brightness for each
of said single photoelectrons being formed on the
surface of said phosphor layer whereby the bright-
ness of said spot corresponds to the number of mul-
tiplied electrons;

a deflection circuit for applying, to said deflection elec-
trode, a sweeping voltage synchronized with the stimu-
lating signal issued from said stimulus signal source;
and

detecting means for detecting the brightness of said spot
on the phosphor layer of said streaking tube by means
of photoelectric conversion, said detecting means being

a television imaging device.
* N * % i
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