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Range-gated-imaging system, which can be used to eliminate backscatter in strong scattering environ-
ments, is based on two high speed technologies. It uses high power, ultra-short pulse laser as the light
source. And it opens the optical gate of an ICCD camera with a micro-channel-plate image intensifier in
a very short time while the laser pulses reflected by the object is coming back to the ICCD camera. Using
this range-gated-imaging technology, the effect of scattered light can be reduced and a clear image is
obtained.

izz;‘glds" In this paper, the test results of the range-gated-imaging system under dense aerosol environments,
Contrast which simulates environments in the reactor containment building when the severe accident of the

Fog nuclear power plant occurred, are described. To evaluate the observation performance of the range-gated-
imaging system under such dense fog environment, we made a test facility. Fog particles are sprayed into
the test facility until fog concentration is reached to the postulated concentration level of the severe acci-
dent of the nuclear power plant. At such dense fog concentration conditions, we compared and evaluated
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ICCD camera
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the observation performances of the range-gated-imaging system and the CCD camera.
© 2018 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.

1. Introduction

When there is a severe accident at a nuclear power plant, such as
a LOCA (loss-of-coolant accident) or reactor core meltdown (melt-
down of nuclear fuel loaded in the reactor pressure vessel), defined
as a design basis accident, the visibility inside the reactor contain-
ment building falls sharply due to the mass leaking of a reactor
coolant (high temperature/high pressure steam over 250°C). The
fresh water (or sea water) being sprayed from the core spray sys-
tem to cool the reactor core is vaporized into hot steam when it hits
high-temperature (surface temperature of about 250 °C or higher)
structures, such as the reactor pressure vessel protecting the reac-
tor core. As the vaporized high-temperature steam is cooling, it
generates aerosol, and the visibility inside the reactor containment
building becomes bad due to this aerosol (fog). According to test
data in cases of severe accidents, the diameters of aerosol particles
are in the range of 0.1 pm -5.0 wm (42 wm on average), aerosol
concentration at 300s elapse after occurrence of the accident is
approximately 500 mg/m?3, and the maximum aerosol concentra-
tion inside containment vessels is 5 g/m3 [1-3]. Based on the above
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mentioned test data, the observation environment inside the reac-
tor containment building in the case of a severe accident of the
nuclear power plant is greatly limited by scattering aerosol par-
ticles that have an average diameter of about 2.0 wm [4], and the
visibility is calculated as 4.0 m - 0.4 m when aerosol concentration
is 0.5g/m3-5g/m3 [5].

In April and October 2015, robots, loaded with LED lamps and
colour CCD cameras, investigated the surroundings of the PCV (pri-
mary containment vessels) in Unit 1 and Unit 3 reactor buildings
of the Fukushima Daiichi Nuclear Power Plant [6,7]. These inspec-
tion videos, taken by the robots, demonstrate that it is difficult to
observe the surroundings in some areas due to high-temperature
steam. At the end of January 2017, the surroundings of the pedestal
(supporting structure for the reactor pressure vessel) inside the PCV
of Fukushima Daiichi Nuclear Power Plant Unit 2 reactor building
were investigated using a guide pipe equipped with LED lamps and
pan/tilt camera [8]. In this investigation video, as in the inspection
videos of the PCV surroundings in the Unit 1 and Unit 3 reactor
buildings, it was similarly difficult to identify the surroundings in
some areas due to high-temperature steam. This was because the
cooling water, which was poured to prevent re-criticality of the
high-temperature fuel debris that presumably reside at the bottom
of both the reactor pressure vessel and the PCV and to manage the
cold shutdown, which maintains the temperature of the molten

1230-3402/© 2018 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.
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Fig. 1. Operation principle of the range-gated-imaging system.

reactor core below 100°C, was vaporized into high-temperature
steam by colliding with the hot fuel debris in meltdown state, and
the steam obstructed the CCD camera’s monitoring performance.

We reviewed the range-gated-imaging (RGI) technology as a
way to overcome the limit of CCD camera observation performance
in the dense aerosol environments generated inside a reactor con-
tainment building after a severe accident such as loss-of-coolant
accident. In the RGI technology, an ultra-short pulse laser beam is
irradiated to the object to be observed, and the images are obtained
by opening the gate (shutter) of the ICCD (intensified CCD) camera
at the instant the laser beam reflected from the object reaches the
camera [9-11]. This allows us to obtain high-resolution observa-
tion images because it is influenced very little by scattering and
diffuse reflectance caused by aerosol particles (fog or floating mat-
ter) in the space between the RGI observation system and the object
[12,13].

In this paper, the observation characteristics of the RGI system
were evaluated in a dense aerosol environment simulating a severe
accident of the nuclear power plant, and the results are described.
To simulate the dense aerosol environment due to the generation
of aerosols in a severe accident, a test facility with width of 2.5 m,
height of 2.5 m, and length of 15 m was set up. After fog particles
were sprayed into the test facility, and the observation perfor-
mances of colour CCD camera and the RGI system were compared
and evaluated in the same fog concentration conditions.

2. Range gated imaging

As shown in Fig. 1, the laser module generates an ultra-short
high-power laser pulse (40 J/350 ps) with a wavelength of 532 nm
at a repetition rate of 500 Hz [14]. The ultra-short laser pulse of
350 ps reflects off the object and returns to the ICCD camera that
has an electronic circuit for shutter (gate) control. The electronic
circuit, which is controlling the shutter of the ICCD camera, opens
the shutter synchronizing with the front (rising) part of the width of

the laser pulse that is reflected back from the object and closes the
shutter synchronizing with the trailing (falling) part of the width
of the laser pulse, and the ICCD camera obtains observation images
of objects only within the range of the gate on/off pulse width time
slot. For example, if the shutter on/off pulse width of the ICCD cam-
era is 200 ps and the velocity of the light transmission is taken into
account, the image acquisition range may be calculated as approx-
imately 3 cm.

Rim = (c x Atg) /2 (1)

InEq. (1), R;y, is the imaging range of the RGI system, c is the velocity
of the light in the air, Aty is the gate on/off pulse width of the ICCD
camera. Images reflected back from an object located at a farther
distance, which is a point after the shutter is closed, and images
reflected back from an object located at a closer distance, which is
before the shutter is opened, are not visible. As shown in Fig. 1, if
the distance between the ICCD camera and the object is [, then the
round-trip distance of the laser pulse is 2I. The travel time of the
laser pulse t; is expressed as Eq. (2).

7 =2l/c (2)

To observe objects located at distance I, the shutter of the ICCD
camera in the RGI system needs to be opened after 7,, as expressed
in(3)and closed after 7, as expressed in (4). The shutter open/close
time span Atg of the ICCD camera is variable depending on the
volume of the object.

Ton=T, (3)
Tof =T+ A'Eg (4)
ATg = |Ton _7:017’ (5)

According to the literatures on the PCV surrounding inspections
described in Refs. [6] and [7], the small robot system, which investi-
gated the surroundings of the PCV in units 1 and 3 reactor buildings
of the Fukushima Daiichi nuclear power plant, used 4 LED lamps
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Fig. 2. Delay time of the range-gated-imaging system.

as the lighting source for the colour CCD camera, embedded in
the inspection robot. Because the frame rate of the CCD camera
is generally 30 Hz, the exposure time of the CCD sensor required
to acquire one image is of about 33.3 ms. On the other hand, if the
shutter open/close time span of the ICCD camera in the RGI system
is equal to the laser pulse width of 350 ps and the sensitivity of
the ICCD camera is equal to the CCD sensor, the quantities of light
required for the ICCD camera should be approximately 95 x 106
times brighter than that required for the CCD sensor.

(6)

In Eq. (6), &ccp is an exposure time of the general CCD camera and
€iccp i an exposure time of the ICCD camera. A Ijccp is the inten-
sity of light required for the ICCD camera, Iccp is the intensity of
illumination for the CCD camera.

As such, because it requires an enormous quantity of light for
a very short gate on/off time, the RGI system uses a high-power
laser pulse as the light source. In this paper, the laser pulse out-
put of the laser head is of 40 pJ/350 ps. It is about 114.3 kW when
converted into watts (J/s). This is about 10 000 times brighter than
the intensity (12 W) of the 4 LED lamps for the CCD camera of the
robot used to investigate the surroundings of the PCV in Units 1
and 3 of the Fukushima Daiichi nuclear power plant. From the cal-
culation data, expressed in Eq. (6), the brightness of the laser pulse
lighting alone does not satisfy the required quantity of light for the
very short exposure time of the ICCD camera. So in this paper, an
ICCD with a built-in MCP (micro channel plate, light amplification
module) was used [15]. The minimum sensitivity, Sjccp, of the ICCD
camera is 10~7 foot candela (fc), and the dynamic range is ASA 50
to ASA 5 x 10°. When the minimum sensitivity of the ICCD camera
is converted into watts, the minimum light intensity required per
unit square meter is approximately as follows.

Iiccpé€icep = Iccpécep

Sicep = 1077 fc = 1.575 x 1079W/m?
1fc =10.76Im/m?
1Im = W/683

The photosensitive area, A;ccp, of the ICCD MCP (micro chan-
nel plate, light amplification module) is 14.4mm x 11 mm (H x V).
Therefore, the light intensity, I;ccp, required for the MCP photosen-
sitive surface of the ICCD camera should be greater than 0.25 pW
as expressed in Eq. (10).

licep = AjcepSicep = 0.25pW (10)

Figure 2 shows the RGI layout used to calculate the system delay
time of the RGI system. A propagation delay time of the ultra-short
high-power laser pulse is about 300 ns when it passes through a
mirror, a fiber optic spool (60 m length), and beam delivery & zoom
lens. Because the refractive index of the silica-based optical fiber is
about 1.5, the laser light propagates 1.5 times slower via the silica
fiber than the air. In this paper, the propagation delay time of the
laser pulse for the fiber optic spool was considered only, because
the distance between the laser head and fiber coupler is very short
compared to the 60 m fiber length. It means that a high power laser
pulse, generated at the laser head module, is emitted in the air after
about 300 ns.

As shown in Fig. 2, when a high power laser pulse is emitted
from the laser head, a photo detector, equipped inside the laser
head, converts optical signal (laser power) to an electrical sync
signal indicating the emission of the laser pulse. A shape of the
electrical sync signal, generated in the laser head module, is the
analogue type. The analogue-typed electric sync signal follows just
like the optical signal of the high power laser pulse. And the electri-
cal sync signal of the laser head module is transmitted to the pulse
shaper via coaxial cable. The pulse shaper converts an analogue
sync signal to a digital (TTL) pulse signal. If the voltage of analogue
sync signal is higher than the threshold voltage, it is high (5V) TTL
level. Else it is low (0 V) TTL level. The TTL sync signal of the pulse
shaper is transmitted to the picosecond delay generator via coaxial
cable. The picosecond delay generator outputs pulses with user-
selectable delay and pulse duration, in respect to the falling edge of
the pulse shaper TTL sync signal. The delay pulse of the picosecond
delay generator is propagated to the ICCD camera via coaxial cable.
It switches on/off the ICCD camera shutter (gate).
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(a) CCD camera with zoom lens

Initial delay: 116.55ns
Exposure: 0.2ns
Lens: 25mm/F1.4

(b) ICCD camera with 25mm lens

Fig. 3. 5m target observation images of CCD and ICCD camera of the RGI system.

The system delay (electrical signal delay) time 7z needed to
switch on/off the gate of the ICCD camera is given in Eq. (11). The
laser head module used in this paper does not control the output
of the laser pulse by external trigger signal, so the internal sync
(the sync signal that notifies the output of the laser pulse) of the
laser head module was used. Therefore, in the system delay diagram
shown in Fig. 2, the initial delay t;,, can be calculated using Eq. (12).
In this paper, the initial delay was determined experimentally.

Tg=Tco+Tin < Tf (11)
Tin = Tp + Tdgg + Ticcp (12)

InEq.(11), 7y is the laser pulse propagation time passing through
the optical fiber. And 7, is the electrical signal transmission time of
the coaxial cable, expressed as 3.3 ns/m. In (12), 7 is the inherent
delay time of the pulse shaping module. It is the system inherent
time taken to convert the laser pulse shape of the laser head module
into the TTL pulse. The inherent delay time of the picosecond delay
generator is Tgq, and Ticcp is the inherent delay time of the shutter
control circuit of the ICCD camera.

The system delay time 7g in Eq. (11) is the time it takes for the
electrical trigger (sync) signal, generated when the ultra-short laser
pulse is emitted from the laser head module, to pass through the
pulse shaper, the picosecond delay generator and then to activate
the gate (shutter) of the ICCD camera. Generally, the system delay
time must be shorter than the propagation time of the laser pulse
passing through the optical fiber.

Tg =77+ AT (13)

As described in Eq. (13), if the system delay time is longer than
the laser pulse propagation time by AT, objects located within the
round-trip propagation distance of the laser pulse corresponding
to the time period of AT cannot be observed.

Figures 3 and 4 show comparative images of the CCD camera
and RGI system. Fig. 3(a) shows images observed by the CCD cam-
era equipped with a high-magnification zoom lens, and Fig. 3(b)
shows images of objects observed by the RGI system at a distance
of 5m. In the RGI system, a 25 mm/F1.4 lens was attached to the
ICCD camera. The initial delay time corresponding to a distance of
5m was determined experimentally, and the exposure time (shut-
ter open/close time span) of ICCD camera was set to 200 ps. Because
the shutter open/close time span of the ICCD camera was set to
200 ps, the image shown in Fig. 3(b) is the observation image of
the object within the range of about 5 m + 3 cm distance, calculated
from (2).

Figure 4(a) shows images observed by the CCD camera equipped
with a high-magnification zoom lens, and Fig. 4(b) shows images

of objects observed by the RGI system at a distance of 10 m. An
85 mm/F1.8 lens was used for the ICCD camera of the RGI system
when observing objects at a distance of 10 m. The initial delay of 5 m
target of the RGI system, shown in the upper right area of Fig. 3(b),
is of 116.55 ns. And the initial delay time of 10 m target as shown
in Fig. 4(b) is of 150.5 ns. The initial delay time difference between
10m target and 5m target is of 33.95ns. Considering the round
trip propagation distance of the laser light, the initial delay time
difference of 33.95ns is calculated about 5.1 m distance using Eq.
(2).

From the initial delay time difference, shown in the upper right
area of Figs. 3(b) and 4(b), we can know that the 10 m target image,
observed by the RGI system, is 5m distant from the 5m target
image, observed by the same RGI system, in reality.

3. Experiments and results

A test facility was built, as shown in Fig. 5, to simulate the dense
aerosol environment in reactor containment buildings that may
arise after a severe accident of the nuclear power plant, and to verify
the observational characteristics of the RGI system. The test facility
is 15m in length (control room 2.5 m +fog room 12.5m), 2.5m in
width, and 2.5 min height. As shown in Fig. 5, the control room con-
tains the RGI system and data acquisition system. In the middle of
the control room there are two open circular windows of a diame-
ter of 120 mm. A high-power laser pulse beam is irradiated through
one open circular window, and the laser pulse returning after being
reflected off the object is received by the ICCD camera lens through
the adjacent open circular window. The fog machines are in the
centre of the test facility, and fog particles of about Tum-2um in
diameter are emitted through small holes in the pipe connected to
the left side of the fog generator.

As shown in Fig. 5, the CCD camera with zoom lens was placed
on the front side of the fog room to compare the observation per-
formance with the RGI system under dense fog environments. The
test pattern, chessboard plate shown in Fig. 4(a), was used for eval-
uating the observation performance of the CCD camera in the dense
aerosol environments. The chessboard plate for the observation
performance evaluation of the CCD camera, shown in Fig. 4(a), is
about 3 m distant from the control room.

For the quantitative evaluation of the CCD camera monitoring
performance under dense aerosol environments, the image con-
trasts of the black and white chess board pattern were calculated.
After the fog particles emitted from the fog generator connection
pipes filled the front area of the fog room, and they spread to the
rear region of the fog room. Because the fog particles blocked the
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Initial delay: 150.5ns
Exposure: 0.2ns
Lens: 85mm/F1.8

(b) ICCD camera with 85mm lens

Fig. 4. 10 m target observation images of CCD and ICCD camera of the RGI system.
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Fig. 5. A experimental setup for the RGI system evaluation under dense aerosol environments.

light, there was little light in the area where the target was located,
which was about 10 m from the control room.

In this paper, a visibility was introduced as a criterion for com-
paring the observation performance of the RGI system and CCD
cameras. To quantitatively calculate the visibility, the attenuation
of the He-Ne laser light was measured in the dense aerosol envi-
ronment. This is shown in the middle of the Fig. 5. Figure 6 depicts
that the measurement scene of the laser beam attenuation of the
He-Ne laser in the fog room under fog spray environments.

When fog particles were diffused onto the light path between
the He-Ne laser source and the photo detector, the intensity of light
measured by the photo detector decreased. The intensity of the He-
Ne laser light before the fog spray is Iy. The intensity of the He-Ne
laser light is reduced due to the scattering after the fog spray. If
we define the intensity of the He-Ne laser light at this time as I,
then the visibility v can be calculated as follows because we already
know the distance L between the He-Ne laser source and the photo
detector [16].

v=2.995732/¢ (14)

g=In(Io/I) /L (15)

In Egs. (14) and (15), € is the extinction coefficient and L is the
distance between the He-Ne laser source and the photo detector.
Fig. 7 shows the results of measuring the attenuation of the He-
Ne laser power by the scattered fog particles, and Fig. 8 shows the
visibility, calculated by Eqgs. (14) and (15). In Fig. 7, the X axis rep-
resents the measurement time (sampling at 1s interval), and the
Y axis, displayed as a log scale, represents the power of the He-
Ne laser measured by the photo detector. To simulate the dense
aerosol environment, fog particles were sprayed for about 10 min.
After then, the observation characteristics of the RGI system and
CCD camera were compared in a steady state. In the transient state,
as shown on the left side of Fig. 7, the intensities of the He-Ne laser
measured by the photo detector were variable according to the fluc-
tuation of fog particles, and as a consequence, the results of the
visibility calculation also varied greatly.

Figure 9 shows two CCD camera observation images in the air
before the fog spray. Fig. 9(a) shows a chessboard plate, 3 m distant
from the control room, observed by the CCD camera with zoom
lens located in the front area of the fog room. Fig. 9(a) represents
the observation image of the CCD camera in air environments after
the fog particles are sprayed right now in the fog room. Fig. 9(b)
shows the chess board images observed by the CCD camera at about
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Fig. 6. A laser beam attenuation measurement of the He-Ne laser in the fog room under fog spray environments.

6
—— He-Ne laser power attenuation

5 due to fog injection
=
S
E 4t
S
o
2
A~ 3F
e
[
|72}
<
= L

1 : )

i About 5 minutes elapsed
| B after flog injectioln is initiatled. | |
0 . HE " X . .
0 500 1000 1500 2000 2500 3000

Measurements (Sampling: 1sec)

Fig. 7. An attenuation profile of the He-Ne laser power under fog spray environ-
ments.

23.5min elapse after the fog spray started. In the case of the CCD
camera observation image shown in Fig. 9(b), we can identify the
chessboard located at a distance of 3 m, butitisimpossible to detect
objects more than 3 m distance from the CCD camera.

Figure 10 show an observation images of a target (signboard)
located at a distance of 10 m by the RGI system at the same obser-
vation time of the CCD camera. In Fig. 10(a), the MCP (micro channel
plate) gain of the ICCD camera was set to minimum 600 V. The mini-
mum MCP gain 600V of the ICCD camera is more 100 times than the
sensitivity of the general CCD camera. In air environments, because

50
— Visibility profile under
dense fog (aerosol) environments

Visibility (m)

1L . I . 1 R I . I L I . I
1000 1500 2000 2500 3000

Measurements (Sampling: 1 sec)

Fig. 8. Visibility distribution profiles in the fog room under fog spray environments.

the laser beam intensity reflected back from 10 m distant target
surface is very strong, the observation image of the ICCD camera
is saturated at the minimum image acquisition condition of the
RGI system, as shown in Fig. 10(a). In dense aerosol environments,
a 10m distant target is dimly observed as shown in Fig. 10(b).
The observation condition of the RGI system is represented at the
upper right area of the Fig. 10(b). Because the laser beam intensity
reflected back from a 10 m distant target surface is very weak due to
the strong scattering of the dense fog particles in the fog room, we

(a) 8 seconds elapse

(b) About 23.5minutes elapse

Fig. 9. A 3 m distant chessboard image observed by the CCD camera with zoom lens.
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(a) 8 seconds elapse
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Initial delay: 152.0ns
Exposure: 0.2ns

Lens: 85mm/F1.8

Multiple exposures: 500 Pulses

(b) About 23.5minutes elapse

Fig. 10. A 10 m distant target image observed by the ICCD camera of the RGI system.
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Fig. 11. A diagram of the multiple exposure technique.

used multiple exposures technique shown in Fig. 11. At this time,
the visibility in the fog room was calculated as about 3.45 m.

As shown in Fig. 11, when the shutter of the ICCD camera is
being opened during 1s, 500 pulses of the laser beam reflected
back from a 10 m distant target surface are accumulated in the ICCD
sensor. Assumed that the laser intensity of the target surface is a
little more intense than background, an accumulation of the multi-
ple laser pulses reflected back from 10 m distant target surface can
enhance observation performance of the ICCD camera.

When image contrasts were calculated using the contrast I, in
Eq. (16), the image contrast of Fig. 9(a) was of 0.62, and the image
contrast observed at about 23.5min elapse after the fog spray,
shown in Fig. 9(b), was of 0.11. When the image contrast is lower
than 0.07, we cannot identify chessboard pattern located at 3m
distant from the CCD camera. In Eq. (16), I, is the brightness of the
white area in the chess board pattern, and I, is the brightness of the
black area.

Ie = (lw = 1p)/(lw + 1) (16)

In case of the observation image of the RGI system as shown in
Fig. 10(b), the MCP gain of the ICCD camera was set to maximum
960 V. In this case of the MCP gain 960V, the sensitivity of the ICCD
camera about 400 times higher than that of the MCP gain 600V,
shown in upper right area of the Fig. 10(a). In the dense aerosol
environments of the fog room, a total sensitivity of the ICCD cam-
era at the maximum observation condition of the RGI system was
increased about 200 000 (400 x 500pulses) times compared with
the minimum observation condition after the fog spray is started
just now, as shown Fig. 10(a). The intensities of the laser pulse
power were severely attenuated due to the scattering caused by the
fog particles, and, thus image processing technique was required in
order to identify the features of the target (signboard). The image
shown in Fig. 12 represents the processing image by the accumu-

Fig. 12. A result image of the accumulated summation method.

lated summation method using multiple images, expressed in Egs.
(17) and (18).

n
Iacc = ZL‘ (17)
i-1

If I,y > threshold, Ixy = Iy, elselxy =0 (18)

In Egs. (19) and (20), I; is the iy, image, Ix,y is the gray level at
2D (X, y) image coordinates of the i;, image. And n is the number of
the images used by the accumulated summation method.

Figure 12 shows the result image of the accumulated summation
method, expressed in Eq. (17). In this study, the accumulation sum-
mation method used 5 images captured by the RGI system at the
maximum observation condition, shown in Fig. 10(b). In Fig. 12, the
left side of the target represents the laser beam scattering by the fog
particles near the target located 10 m distant from the ICCD camera
in the control room. The average visibility calculated in the dense
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Fig. 13. Minimum visibilities profile of 10 m target identification by the RGI system.

fog environments for about 23.5 min after fog spray initiation was
approximately of 3.45 m, and the visibility fluctuation ranged from
a minimum of 2.85m to a maximum of 4.29 m. Assumed that the
average visibility in the fog room was of 3.45 m, the extinction coef-
ficient calculated from Eq. (15) was approximately of 0.868. When
the round-trip propagation distance of the laser light was taken
into account, the brightness I3;, of the chess board target located at
adistance of 3 m, detected by the CCD camera, was reduced to about
1/183 of the brightness Iy in the air before the fog spray. For the tar-
get located at a distance of 10 m, observed by the RGI system, the
brightness I1gm of the target (signboard) decreased by 2.89 x 10~8
from the brightness before the fog spray.

I = lpe 28! = 0.0055y, | = 3m, & = 0.868 (17)
Iiom = loe™28' = 2.89 x 1078, (18)

If the RGI system is to observe an object located at a distance
of 10m in these conditions with a visibility of about 3.45m, it
needs to have a sensitivity of about 52.8 dB (190 000 times) or more
compared with the CCD camera, which is observing an object at a
distance of 3 m.

Because the test facility was located outdoors, the visibility in
the steady state did not drop below the visibility expected at the
initial stage of a severe accident of the nuclear power plant (approx-
imately of 4.0 m) when the experiment was conducted during the
daytime, because it was affected by solar radiation. To exclude
the effects of solar radiation, experiments were conducted mainly
before sunrise or after sunset and on rainy or cloudy days at day
time [17]. Figure 8 shows the visibility distribution measured at
dawn. This indicates that the visibility was maintained within the
range of 3 m in the steady state after the fog spray was ended.

Figure 13 show results of the experiments conducted after sun-
set, before sunrise, and during daytime.

In Fig. 13, the X-axis represents the number of measurements,
and the Y-axis represents minimum visibility (m) for the RGI system
to identify the features of a target (signboard) located at a distance
of 10m. The measurement conditions for these were MCP gain
960V (maximum), initial delay of 152 ns (determined experimen-
tally), exposure time (gate on/off) of 200 ps, and multiple exposures
of 500 laser pulses/second. An 85 mm/F1.8 lens was attached to the
ICCD camera. After conducting the experiments about 96 times,
the average of the identifiable minimum visibilities of the target
(signboard), located at 10 m distance from the RGI system in the
control room, was found to be approximately of 3.17 m. The above-
mentioned experimental results confirm that the RGI technology

exhibited an observation performance of three times or more than
that of the CCD camera in a dense aerosol environment. In case of
CCD camera, an object at a distance of 3 m can be observed at the
visibility condition more than the average 3.17 m. But we cannot
identify the objects more than 3 m distance from the CCD camera
in the dense aerosol environments.

4. Conclusions

In this paper, we have attempted to verify the observational
characteristics of the RGI system in the dense aerosol environment
following a severe accident of the nuclear power plant. For this pur-
pose, an outdoor test facility of width of 2.5 m, height of 2.5 m, and
length of 15 m was set up to simulate the dense aerosol environ-
ment, which the visibility is less than 4 m, caused by the massive
aerosol generated at the initial stage of a severe accident of the
nuclear power plant. After the fog particles were sprayed into the
test facility, the observation performances of CCD camera and the
ICCD camera of the RGI system were compared and evaluated at
the same visibility conditions.

Because the test facility is located outdoor, to match the visi-
bility conditions of the initial stage of the severe accident of the
nuclear power plant, experiments were performed mainly before
sunrise or after sunset and in daytimes on rainy or cloudy days to
avoid solar radiation. As a quantitative measure, we introduced the
visibility which is calculated by the attenuation measurement of
the He-Ne laser power under the dense aerosol environments of
the test facility. The observation performance of CCD camera and
observational characteristics of the RGI system were compared in
steady state after fog particles were sprayed into the test facility
for more than 10 min.

In case of the CCD camera, the image contrast of a target (chess
board) located at a 3 m distance from the CCD camera was about
0.11 at the 3.45 m visibility condition. We can identify the target.
But in the dense fog environments where visibility was less than
2.4 m, the image contrast was below 0.03, we cannot identify a 3 m
target from the CCD camera observation image. In case of the ICCD
camera of the RGI system, the target (signboard) located at a dis-
tance of 10 m was identifiable in an environment where visibility
(average) was greater than 3.17 m. Therefore, the RGI system can
be a useful observation method in the dense aerosol environment
inside the reactor containment building, which is environment
where visibility is limited to less than 4 m due to the massive gen-
eration of aerosol at the initial stage of a severe accident of the
nuclear power plant.
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