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Tokaimura criticality accident is considered as a precious material for nuclear emergency response
study. In the previous report "A Study on Dose Control for JCO Criticality Accident Termination"
(JAEA-Technology 2009-043), we discussed how to control the dose received during the termination work
of the criticality accident. We reevaluated the dose rate at work place based on the dose rate measurement
data ranging around 40 to 100m from the criticality accident point, and compared it with the dose rate
calculated based on the worker’s dose received. They matched within 60% to 80% accuracy.

In this paper, we focused on the difference of the way in which dose rate attenuates between within
100 m from the source point and beyond 100 m and discussed the validity of using log-log plotting /
semi-log plotting of dose rate - distance relation in order to extrapolate the dose rate at work place near the
criticality accident point. In addition, we studied on the effect of the number of dose rate measurement data
to be used for extrapolation.

We recommend that about 10mSv which is a half of 20mSv annual dose limit should be used as
worker’s dose control target for the high neutron dose field work to ensure enough safety margin
considering the following three points;

1. annual dose limit for workers

2. dose received before

3. measurement error
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1. Introduction

The first national field training will be conducted in Ibaraki prefecture for civil protection in 2011. The
Tokai-mura nuclear criticality accident is thought to be a valuable material to examine the nuclear
emergency measures. In our past report, we have discussed the method of dose control for termination of
the nuclear criticality in order to derive useful lessons for the future contingency from the dose control
conducted at the 1999 Tokai criticality incident.

In the report, the individual dose of workers estimated before the accident based on the measurements of
neutrons and gamma dose dropped to about a fiftieth to ninetieth of the actual dose. So we investigated the
probable cause of the lower estimation, and re-assessed the individual dose of workers to plot a preferable
method of dose control for termination with the similar future accident in our mind. This report provides
further dose review done after the last report, and examines radiation attenuation at two points, one is
within a hundred meters from the radial source and the other further than that, to study the validity of the
semi-log and log-log method and the impact of the number of plotting points. In addition, with the recent
recommendation from ICRP in consideration, dose control methods to be applied to the contingency are

examined.

2. Overview of criticality termination and dose revaluation

This section provides the overview of the criticality termination and dose revaluation described in the
last report and adds further examination done since then.

The JCO nuclear criticality accident occurred in the conversion test building (hereafter, "conversion
building") in the JCO Tokai works on September 30, 1999. (see the document 1,2, 4, 5, and 11)

The criticality termination was conducted by the workers including JCO operators following the advice

D910 The procedure was divided

given by government experts as well as Nuclear Safety Commission.
into the three parts of; 1 taking instant pictures (Polaroid) and preparation, 2. draining, and 3. boron water
injection, in order to keep the workers' dose under the limitation. For the dose control, the assessment at
the time of picture taking in the first step is most important. The operation was decided to be done in the
range of three meters to five meters from the sedimentation tank (hereafter, "radiation source"). The total
number of nuclear fission in criticality accident was finally assessed to be 2x10'%, "2

The radiation protection of the terminating workers was done by controlling the dose under the
limitation with safety factor in mind. Specifically, neutrons and gamma dose were measured before the

work on which the dose control for the workers was based.

2.1 The first picture-taking and its assessment

The assessment of neutrons and gamma dose was mainly done based on the measurements at the points
between 40m and 150m from the conversion building. The first assessment was done under the safety
factor of ten times with the anticipated dose in the accident based on the measurements of neutrons and

gamma dose. With that amount of safety margins, we expected the operational environment under 100mSy,

o1-
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which turned out to be wrong to have higher value.

In fact, the first group of workers returned in about one minute after they started operation due to the
sounding alarm. My Dose Mini (used for neutrons) indicated 111.9 for a worker and 91.2mSv for another.
5). The values finally turned out to be 60.4mSv and 49.3mSv respectively after all, because they needed to

2), 6)

be adjusted by the correction factor. Specifically put, the values were reviewed afterward in terms of

the correction factor of 1.85. Then the indication of 111.9mSv for the first group became to be 60.4mSv
after divided by 1.85, and for another to be 49.3mSv in the same manner. >" ®

Based on the dose measured for the first group, the dose was controlled for the following groups to be a
half of the first one by shortening the working time, which resulted in successful dose control that

contained the value to be in the limit for the operation.

2.2 Reviewing the individual dose

The estimated dose based on the measurement of the field dose rate and the measured individual doses
of the first group were compared with each other using log-log plotting. For the latter, the values indicated
by My Dose Mini measurement for the individual dose and the per-capita figures calculated and assessed
from activated Na value indicated by the Whole Body Counter that measured the radiation externally to
the body. As for the neutrons, the assessment based on the measurements at three points is shown in Figure
1. The middle line represents the estimated dose from the measured field dose rate, and the upper and
lower lines show the range of error. Note that the measured individual dose are within the range. Gamma
rays were measured at four points whose results are shown in Figure 2. The circle encloses the measured
individual doses. As is seen on the figure, the circle touches the lower line of errors, which proves the

validity of the estimated dose of both the neutrons and gamma dose.
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Figure 1. Dose revaluation by the neutrons measured at Figure 2. Dose revaluation by gamma dose
three points measured at four points
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In short, the past reports could be summarized as follows.

»  To estimate the dose at the working place in the planning phase of the criticality termination, dose
was measured at five points in the range of 40-150m from the conversion building to be plotted using
semi-log graph. Because the result appeared to be quite linear, it was linearly extrapolated to the
position of operation to anticipate the neutron dose rate of 18mSv/h.

»  The measurements after the operation showed the average 550mSv for neutron dose rate with
about 1500mSv/h at maximum, which revealed the value some ten times higher than the initial
estimates,

»  Afterward, of the five pre-operational measurements, the three points closest to the operational
site (those within the distance between about 40 m and 100 m; note that the value for the closest point
was replaced with the one obtained by another team) were picked up to be linearly extrapolated using
log-log plotting. That procedure gave the figure of 550 to 1500mSv/h (adjusted by errors), which was

almost the same value measured after the operation.

3. Dose evaluation method for the area within the range of about 100m from radiation source

This report provides consideration on the validity of semi-log and log-log plotting and the impact of the
number of plotting points used for dose evaluation at the termination work place, which has not been

assessed in the former report.

3.1 Validity of semi-log and log-log plotting

Figure 3 shows the dose measurements and distance from the conversion building, and fitting curves
that are composed of the attenuation terms of absorption and scatters by air, and inverse-square of distance
(excerpted from the reference 3). As seen in the figure, these curves properly represents the trend of the
measured data.

The figure is a semi-log graph presenting the dose rate in logarithmic scale and the distance in linear
scale. Note that the line representing 300m and less is convex slightly downward, while the segment

representing the distance further than that is linear.
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Figure 3 The relationship between distance and dose rate at a stable state of JCO criticality accident *

(Fitting curve and the data measured at 12:45, September 30th)

For better understanding, the fitting curve of the neutron dose rate in Figure 3 is shown in log-log and

semi-log graphs in Figure 4. The log-log plotting shows linearity at the points within about 100m, while

the semi-log graph presents the linearity for the points further than that.
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Figure 5 shows the logarithmic contribution of 1) the attenuation term of inverse-square distance (1/r%)
and 2) the attenuation term of absorption and scattering by air (exp (-1/208)) indicated in Figure 4. As is
shown, the term 1) is the key factor, even at the 200 m point where (log(r) = about 2.3, the term 2)

contributes far less than 1).

10.0

8.0 log(5.45e7)+loglexp(-1/208))+log(1/r"2)
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Figure 5 Contribution of each term in the fitting curve

Consequently, when the dose rate near the radiation source has to be extrapolated using measurement
data of relatively distant points (more than 10m) from the source, log-log plotting should be applied
instead of semi-log plotting which may result in significant underestimation. Naturally, getting
measurement data of the points closer to the source is preferable. Also as shown in Figure 4 (1), if the
measurements of the points 100m or beyond are the only available data, log-log extrapolation to the source
position would result in overestimation by order, which indicates that at least two points within 100m are

preferred to be available.

3.2 Impact of plotting points and measurement data

Table 1 shows the neutron dose rates available in the criticality termination planning phase. These
values are measured by the same working team using the same type of instruments (survey meters) to
reduce measurement variation. The datum of 10mSv/h at 38.5m, the nearest to the working place is full
scale value of the instrument but the real value is supposed to be somewhat more than it . Additional
measurement of 16mSv/h was taken by another team using REM counter. In the criticality termination
planning phase, it was thought that the data measured by the same team using the same instruments were

more reliable than otherwise, so 10mSv/h was used.
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Table 1 Neutron dose rate in the criticality termination planning phase

Distance (m) | Neutron dose rate (mSv/h)
150 1.42
129 1.97
99.2 3.35
55 7.1
38.5 10 (first measurement)
16 (additional measurement)

Figure 6 shows the fitting lines made from semi-log and log-log plotting using the five data measured in

the criticality termination planning phase, and the fitting lines using the nearest three data of the five (one

case with the first measurement data and the other case with additional measurement data). Because the

figures are shown on log-log graph, the lines of semi-log plotting are curved.

The dose rates at 3 m extrapolated using fitting lines in Figure 6 are shown in Table 2. The findings

obtained from Figure 6 and Table 2 are provided below.

>

If linear extrapolation on log-log plotting is used, the dose rate at 3 m is about 200-400mSv/h when
the first measurement data is used, and about 900-1100mSv/h when the additional measurement data
is used. The latter gives closer value to the actually measured data (average 550mSv/h, max
1500mSv/h).

When the additional measurement data (16mSv/h) which is considered to be more accurate is adopted,
the difference between the evaluated value using the nearest three data and the value using the five
data was about 20%, while the difference between the value using the first measurement data and the
value using the additional one for the closest point to the radiation source, was three to four times.
This suggests that, in view point of dose rate evaluation, it is more important to use the value deemed
more accurate, than to reduce the plotting number of measurement data to the nearest three. Also, in
the sense of pursuing safer value, the choice of the additional measurement of higher value could have
been significant.

In contrast, the linear extrapolation on semi-log plotting results in significant underestimation.
However, the semi-log plotting using the first measurements of 10mSv/h which was actually used in
the criticality termination planning phase (Figure 7), happened to be fall on a vary linear line by
coincidence, as if implying the justification of the approach. (In Figure 7, 10mSv/h is plotted at 33.5m.
This distance is an estimated one at the time of the planning phase. After that, the distance was
revised to 38.5m.) If the additional measurements (16mSv/h) were plotted (indicated by % mark in
Figure 7), doubts might have been raised.about the validity of linear extrapolation on semi-log

plotting.



10000

1000 A

JAEA-Technology 2011-004

log-log plotting extrapolation using
16mSv/h at the 38.5m

log-log plotting extrapolation using
10mSv/h at the 38.5m

10000

1000

100

\log-log plotting extrapolation using

16mSv/h at the 38.5m
log-log plotting extrapolation using

/ 10mSv/h at the 38.5m

semi-log plotting extrapolation using
16mSv/h at the 38.5m

=
>
n
3
o 100
g A\
Q2 semi-log plotting extrapolation using
o
o 16mSv/h at the 38.5m
g
8
=
2
10

neutron dose rate ( u Sv/h)

J

semi-log plotting extrapolation using
10mSv/h at the 38.5m

1+ T

10 7

semi-log plotting extrapolation using
10mSv/h at the 38.5m

1 10 100

distance (m)

(1)Derived from the values for the five points

1000 1

10 100

distance (m)

(2) Derived from the values for the three points

Figure 6 Semi-log and log-log extrapolation based on the dose rates measured in the criticality

termination planning phase

Table 2 Neutron dose rate at 3m derived from semi-log and log-log fitting

(mSv/h)
) Fittings by Fittings by three Actual
Method of extrapolation ) )
five points points measurement
Log-log plottin
soep ) £ 1116 899
(38.5m point: 16mSv/h) 550 on average
Log-log plottin 1500 max.
soep ) £ 410 202
(38.5m point: 10mSv/h)
Semi-log plottin
g p 8 26 31
(38.5m point: 16mSv/h)
Semi-log plottin,
8 p 8 18 18
(38.5m point: 10mSv/h)
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(% represents the plotting of 16mSv/h at 38.5 m. )

3.3. Importance of the work planning and its readjustment for dose control

So far, the cause that brought the insufficient dose evaluation for the criticality termination work was
discussed in detail. However, the safety of radiation-related work is not secured only by dose evaluation. In
fact, the work plan based on the initial dose evaluation composed of multiple controls including use of
safety factor to be multiplied the evaluated dose, appropriate work time control, use of dose meters with
alarm function. The result of the first operation brought the recognition that the dose rate at work place
exceeded the initial evaluation considerably. This was incorporated into and reflected in the following

planning. Finally, the exposure resulted in being within the planed value.
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4. The amount of dose to which disaster prevention service men are exposed

The main recommendations given by ICRP in relation with the amount of dose to which disaster
prevention service men are exposed are mentioned below. ICRP Publication 26, recommendations by ICRP
in 1977, marked the three concepts of justification, optimization, and dose control, as a basis of normal
radiological protection. For a time of contingency, it stated, the necessary intervention must be made by
government to lower the dose. Following the 1984 recommendations, ICRP Recommendation 1990
(Publication 60) succeeded. The existing Japanese laws are basically in accordance with the ICRP 1990
recommendations. Publication 60 also pursued justified intervention and optimized benefit at the time of
accident. The following Publication 63 additionally mentioned intervention to the public, which was
adopted in many countries including Japan.

The latest recommendation is Publication 103 in 2007, which also discuss emergency exposure.
Publication 103 introduced the concept of projected dose and residual dose, in which a reference level of
20mSv-100mSv was presented to be used for justification and optimization. Whether Japan incorporates
this into the national law is remained to be discussed in the future.

Taking into the consideration both the ICRP recommendations and the idea of radiological protection in
the report from IAEA, the radiological protection at the disaster prevention service in the current phase
should be managed in accordance with the laws shown below and the guideline of Nuclear Safety

Commission.

(D Main dose limitations applied to radiation workers stipulated in the Nuclear Reactor Regulation Law

and the Radiation Hazard Prevention Act, among others, are shown below.

100mSv/5 years in the effective dose
50mSv/year

Limit of dose rate

Crystalline lenses of eyes: 150mSv/year in equivalent dose

Skin: 500mSv/year in equivalent dose

100mSyv in effective dose
Limit of dose rate for

emergency practice Crystalline lenses of eyes: 300mSv in equivalent dose

Skin: 1mSv in equivalent dose

@ To facilitate smoother implementation of disaster-prevention practices for nuclear facilities, Nuclear
Safety Commission prepared a document called "Regulatory Guide: Emergency Preparedness for

Nuclear Facilities," in which the following guidelines on the radiation dose were provided.

Disaster prevention service men who are

engaged in disaster emergency response and | 5S0mSv at most in effective dose

disaster recovery
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Of the disaster prevention service men, those
who are engaged in on-site emergency | 100mSv at most in effective dose
operations (for instance, the staff except
radiation workers in the applicable nuclear | Crystalline lenses of eyes: 300mSv in equivalent
industries, experts dispatched by the | dose

government, law enforcement people, fire Skin: 1mSv in equivalent dose

fighters, SDF personnel, and emergency
medical persons, among others), emergency
preparedness extension, saving life, and

performing other emergency related duties

that are indispensable to the operation

¢ Definition of disaster prevention service men

Disaster prevention service men include those people who are engaged in emergency preparedness
response such as public announcement and instruction transmission for the neighbors, evacuation of
residents, traffic arrangement, radiation monitoring, medical treatments, and measures to prevent the
development of disastrous situation in nuclear facilities, as well as those who works for disaster recovery

by activities including removal of radio-contaminant etc.

The regulation of nuclear power plants and the Emergency Preparedness guideline stipulates a dose of
100mSv for the workers involved in disaster prevention as well as for operators in emergency. So far in
Japan, this limit was applied only to the nuclear accident in Tokai-mura. Therefore, the Tokai case should

be taken into account as an example to review the actual limit application.

5. Summary

5.1 In view of dose and its measurement method in the operation planning phase

In the operation planning for the field with high neutron fluence such as criticality termination place,
accurate dose estimation for the practice becomes critical. However, pursuing more accurate projection
contradicts with reduction of the measurement workers' exposure. Based on the experience in the JCO
nuclear criticality accident, dose control for the measurement workers needs to be considered with the
following three factors: annual dose limit specified in the applicable law, exposure of a particular worker
out of the work concerned, and measurement error. This indicates a reference of 10mSv a year, a half of
20mSv, may ensure safe operation with margin. As for the measurements for projection, three to five
points not significantly affected by shielding and scattering should be selected for measurement, using a
reference of 30-100 m in distance and 20-5SmSv/h in dose rate. The number of measurement points, on the
other hand, the following reports of both accuracy and exposure should be taken into consideration to

review the number.

-10 -
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5.2 Discussion on the number of measurement points and the scope of application of log-log plotting

The former report concluded that, using log-log plotting for the three measurement points, all the
measurements were within the error and the method was adequate in terms of exposure rate. However, for
the future operation planning, which of the logarithm, semi-log or log-log, should be employed for
different rate of dose and scattering rate was discussed. Based on the analysis of measurement points in the
past report, it could be said that they are roughly linear in log-log plotting within 100m, while beyond that
threshold they are linear in semi-log. The analysis indicates that linear semi-log extrapolation using the
points further than 200m would result in significant underestimation.

As for the number of points to be measured, there is approximately 20 percent difference between three
and five. This indicates at least two measurement points are needed and the values should be accurate.
Consequently, the above discussion should be taken into account to comprehensively optimize and justify
the dose rate.

In the case of the Tokai criticality accident, the reflection of the measurements in the first operation on
the subsequent dose control for the operators worked effectively. Therefore, what is deemed important for
the operation control in the aftermath of accidents is not only the dose rate projection but also continual
evaluation in the operation to utilize the outcome in the subsequent practices to achieve appropriate dose

control.

5.3 Dose limit

The former report estimated, although without actual measurement data, the dose as about 10mSv in
total for the prior radiation measurement, which was a mere fraction of the dose in the actual operation, .
This value is within the national limit mentioned above. This also could be a reference for the target dose
to be established for the future operations of the same type.

Finally, in response to the specific needs from field operations, optimization, justification, and reduction

of dose rate should be discussed in detail with the latest international trend in mind.
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