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Verification of dose control method for Tokaimura JCO criticality accident was performed. Personal
dose estimation for Tokaimura criticality accident termination was performed based on measurements of
neutron and gamma ray doses taken before the work commenced, but the personal dose for the workers as
a result of the termination work was found to be approximately 50 times higher than the previous
estimation in which the dose rate at the work point was estimated by the extrapolation of semi-log plot of
the distance - dose rate relation.

For this report, we reevaluated doses based on the extrapolation of log-log plot of the distance vs.
dose-rate relation using close range measurements from 40 meters to 100 meters, and the results were
found to match personal doses with an accuracy of between 60-80%. Therefore, the work can likely be
done safely by taking into account three factors - [1] annual dose limits for workers, [2] dose to the
workers from sources other than the pertinent work, [3] measurement error - and adopting 10mSv, or 1/2 of
the annual value of 20mSyv, as a dose guideline for tasks such as dose evaluation in dose fields with high

levels of neutron radiation. It is also in accordance with the ICRP recommendations.

Keywords: JCO, Criticality Accident, Dose Limit, Dose Estimation, Neutron Measurement,
High Radiation
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1. Introduction

The importance of the 3 Ss  (Safety, Security, Safeguard) was proposed by the Toyako summit held in 2008. In
Japan with the upcoming restart of Monju and the beginning of operations by the Rokkasho Reprocessing Plant,
there is an urgent need to develop countermeasures for criticality accidents during manufacturing of nuclear fuel.
Unfortunately, lessons to improve future responses have not really been drawn from the results of dose estimation
during the Tokaimura criticality accident of 1999.

At the time of the Tokaimura criticality accident, a termination work plan was formulated by measuring neutron
and gamma radiation beforehand, but when the work was actually done, the personal doses of workers was
approximately 50 times greater than the dose estimation. Our objectives in this report were: 1. Investigate the
reasons why the prior assessment was 1/50th the size of the actual result, 2. Reevaluate the dose of individual
workers by changing dose rate estimation method from semi-log plot to log-log plot of the distance vs. dose-rate
relation using close range dose measurements, where factors such as shielding and scattering have little effect, 3.

Consider better dose control methods for accident termination in case of similar criticality accidents.

2. Outline of the criticality accident

Criticality accident occurred on September 30th, 1999, at 10:35 am, at the JCO conversion test facility building
which was in the operation for the re-conversion of enriched uranium.

The workers had been using the powdered uranium (U308), which is 18.8 percent enriched-uranium; the
workers dissolved them in the stainless steel container into uranium nitrate solution, concentration of about
370gU /1. This work has been done by three workers. At 10:35, the 7™ a solution in a stainless steel container was
poured into the precipitation tank and the solution exceeded the critical mass limit of solution for uranium nitrate
lead to the criticality accident.

The precipitation tank (referred to below as the "radiation source") was not geometrically safe for criticality. So
criticality accidents would occur if much more than the criticality mass was poured. The total number of fissions
during the criticality accident was estimated to be 2 x 10'%,

161 Residents within a range of 350 meters from the criticality tank were evacuated. Around 310, 000 residents
within a 10km range were asked by the governor not to leave their homes. The two workers who received doses
of 16 ~ 25GyEq and 6 ~ 9GyEq died. Another worker whose dose was estimated to be between 2 ~ 3GyEq is still

living. This accident was rated as level 5 on INES scale. For details, please see references 1, 2 and 5.

3. Overview of criticality termination

The workers stood by in an administrative building near the front gate of the JCO Tokai site, and carried out the
termination work by rushing to the back side of the conversion building located on the left side approximately
300 meters into the site in Fig. 1. The termination work was performed in three stages: [1] Polaroid photography
and preparation, [2] water drainage, and [3] addition of boron solution. Within the overall work process, dose

evaluation in the first stage of Polaroid photography was the most important measurement for properly
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conducting subsequent dose control. The area where the work was conducted was determined to be about 3-5

meters from the radiation source." > ¥

4. Concept of dose control

Dose control should cover the termination work of the accident and the radiation monitoring conducted prior to
the termination work. The basic concept was prepared based on the ICRP recommendations and Japanese
regulations.

The ICRP recommendations refer not only from the viewpoint of radiation protection but also from social and
economic aspects. In this case, the decision should only consider the radiation protection aspect.

Based on the Japanese regulations, the radiation dose limit for employees is 50mSv and the dose limit for

emergency exposure situations is 100mSv.

In fact, it seemed difficult to manage doses under SO0mSv, so doses up to 100mSv were considered acceptable.
This concept of dose objectives had been discussed between Dr. Sumita and a Nuclear Safety Commission
member. Dr. Sumita negotiated with the Nuclear Safety Commission by telephone and agreed with the

o . 12
Commission on the concept. )

However, if in case only 100mSv is goal and it could thought to be exceeded and 50mSv had been taken as
tentative dose control limit. In this case, the benefit is a reduction in the public dose and in the dose of the workers.
The dose risk would only be to the workers who engaged in the termination work. Both justification and
optimization were considered. As a result, the work was determined to be justified and would contribute to the

reducing the dose to local residents. Optimization could be achieved through the dose reduction of the workers.

5. Examination of radiation protection during the work planning stage

To provide radiation protection for the workers during the termination work, neutron and gamma radiation were
measured beforehand, and dose estimations were performed based on the results. First, we shall describe dose
measurements and estimations in the work planning stage. Then, we shall discuss the doses actually received in
the first round of the work carried out.

We also reevaluated the neutron dose based on close range measurements from 40 meters to 100 meters, and
examined factors such as doses, measurement methods, and the n/y ratio for the workers in the process of
performing the termination work. Since this report is limited to the evaluation of external dose estimations during
criticality accident termination, and focuses on the evaluation of actual dose levels in the radiation field. The

discussion shall be presented in terms of 1 cm dose equivalent rates.

Dosimetry in the work planning stage

Neutron radiation was measured with rem counters, which are regarded as having low error rates over a wide
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energy range. Measurements on the day of the accident were conducted by two measurement teams using two
types of instruments; a rem counter made by Fuji Electric and a rem counter made by Studsvik.

Fig. 1 shows the JCO site and the dosimetry points. In long range measurements i.e. greater than 250 meters,
there was some variation due to buildings, topography and other factors, but on the whole, the dose tended to

D239 With close range measurements, on the other hand, there were large variation due

attenuate with distance.
to shielding and scattering caused by buildings, structures and so on.” Therefore, to reduce this variation,
evaluation was done by measuring from a direction with no heavy shielding etc. More specifically, measurement
points were limited to an axis approaching the radiation source, and evaluation focused on measurements from
approximately 150 meters to 40 meters collected by the same measurement teams using the same instruments.
Fig. 1 shows the position of the 5 original measurement points ([1] to [5]-1) and measurement data for each point
is presented in the Table in Fig. 1.

Fig. 2 shows the plotting of this data on a semi-log graph from the work planning stage at the time of the
accident. The points almost form a straight line, and extrapolation indicated a neutron dose rate at the radiation
source of about 18 mSv/h. The results of additional measurements **® are shown as [5]-2 and [6] in Fig. 1. The
neutron radiation measurement at point [5]-2 was obtained using a rem counter made by Studsvik, and the

measurement results are indicated by ( [5]-2) in the Table”. The results of gamma ray measurement at point [6]

are shown in the Table entry for [6].

6. Personal dose control based on the work plan and preliminary measurement results

The work plan

It was decided to perform the termination work in the following stages: [1] Polaroid photography and
preparation, [2] water drainage, and [3] addition of boron solution. Within the overall work process, dose
measurements in the first stage of Polaroid photography were most important for properly conducting subsequent
dose control. It was decided to consider a range from 3-5 meters for the termination work. A minimum distance

of 3 meters to ensures radiation protection.

Dose estimation from radiation dosimetry of the field

Neutron radiation was measured using two types of neutron moderating rem counters, the NSN10014 made by
Fuji Electric™® " and the 2202D made by Studsvik."*®? Gamma rays were measured using an 1CS-313
jonization chamber survey meter made by Aloka."®® Two types of personal dosemeters were used: the
PDM-303 My-Dose Mini made by Aloka (for neutrons)"*** and the PDM-102 My-Dose Mini made by Aloka
(for gamma rays, with alarm).N®> Both of these instruments were calibrated in a standard neutron or gamma
radiation field.

Dose estimations at the time of the criticality accident were based on a neutron dose rate of 18 mSv/h at the

6),7)

radiation source, indicated by Fig. 2, and two plans™" were considered. Both plans incorporated a safety factor of

about 10 times. Since a safety margin of at least 10 times was incorporated into estimations prior to the first round

Note 1): Measurement range 0.1 uSv/h to 9.999 mSv/h, Reading error £20%; Note 2): Measurement range 10 uSv/h to 100 mSv/h,
Reading error +10%; Note 3): Measurement range 1 uSv/h to 300 mSv/h, Reading error £10%; Note 4): Measurement range 0.01 to
99.99 mSy, Reading error +40%; Note 5: Measurement range 0.001 to 99.99 mSv, Reading error +10%]
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of work (based on Fig. 2), it was determined that the termination work could be conducted below 100 mSv, with

an adequate safety margin.

Results of the first Polaroid photography

For dose control during the work, it was decided to use both the work time control and pocket dosemeter alarms.
In terms of time control, the workers were limited to 3 minutes of work, and in terms of dose control, they were
told to turn back if their My-Dose Mini alarms (set to SmSv for neutron radiation) sounded. They were also told
to come back when the work was finished, regardless of their alarm status. In the end, the first team of workers
turned back because their alarms sounded approximately 1 minute after starting the work. The neutron My-Dose
Mini of one worker showed a reading of 111.9mSv. Another worker showed a reading of 91.2 mSv.” (This fact
shows that there was a discrepancy of about 50 to 90 times in the approach to anticipating the safety margin.'”)
Therefore dose control for the work teams was modified to provide a greater level of safety in the second and
subsequent rounds of the work. It was decided to shorten the work time control to 2 minutes”. Also, the alarm

setting was changed to 2mSv for gamma rays.

7. Discussion of personal dose evaluation

Evaluation of error in dosimetry values

Possible sources of error in this series of measurements were: [1] etror related to any nonuniformity in the critical
state inside the radiation source, and [2] error due to shielding, scattering, energy characteristic changes or other
phenomena occurring due to the separation between the radiation source and the measurement point, and the various
buildings and structures between the two.

Evaluation after the criticality accident showed that the My-Dose Mini correction coefficient™ ” for neutrons was
1.85. When divided by this correction coefficient, the 111.9mSv reading from the neutron My-Dose Mini of the
worker in the first team is adjusted to 60.4mSv, and the reading of 91.2mSyv for the other worker is adjusted to 49.3
mSvy.>”

There are a number of other potential sources of error. [1] For neutron radiation, instrument error and systematic
etror by the measurer were evaluated to include rem counter reading error of £20% and personal dosemeter reading
error of £40% for an overall minimum error of £60%. [2] Error in measurement position identification was
evaluated to be 3.5 meters at the 35 m point, and approximately 5 meters at the 15 m point. Errors relating to the
work location of the worker are likely to be the greatest contributor to distance error. [3] The person performing the
work management determined the departure and return times of the work teams using an ordinary clock, and thus
the work time measurements may each include about one minute of error. [4] Other factors, such as skyshine effects

due to increasing distance, are also conceivable sources of error in dose measurement.

Reconstruction of personal doses

Here we compare the dose estimations derived from the results of measuring dose rates in the dose field with the
personal dose measurements from the first Polaroid photography team and the dosimetry values from actual
workers. For the latter, we use [1] the dosimetry results for individuals based on My-Dose Mini, and [2] the results

from calculating doses for each individual based on the **Na radio-activation value measured externally for each
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worker using a whole body counter.

We examined several samples taken from the criticality accident. A log-log graph should have been used to

extrapolate the vicinity dose values from the distance -dose-rate relation using measurement data. Fig. 2 is a
semi-log graph. In order to indicate dose rates in the field, we used a log-log graph. Fig. 3 plots values for neutron
radiation measurement data for points [3], [4] and [5]-2 in Fig. 1. All points are within 100 meters of the radiation
source and are unlikely to be affected by shielding or scattering. Fig. 3 also shows the line extrapolated to the
vicinity (0-3 meters) of the radiation source, and the measurement errors. Fig. 4 is another log-log graph showing
gamma ray measurement data for points [3] to [6] inclusive. As shown in Fig. 1, there is nothing that would have
any considerable shielding or scattering effect on the straight line of measurement points between the radiation
source and the 100 meter point. In Fig. 3 and Fig. 4, distance error is £5 meters. Dose rate error for neutrons is £60%
(probably the minimum value for error). The error range for gamma rays is +80% and takes into account error due to
changes in the n/y ratio and directional characteristics etc.
First, we consider evaluations based on the dose rates in the neutron radiation field. If we assume the worst
case scenario, i.e., that work was conducted for 3 minutes at the 3 meter point, then the error range from Fig.
3 is 0.55-1.5 Sv/h. Determining the maximum and minimum personal dose over 3 minutes from these
values, we find that 1/20th of the value for 1 hour is 28-75mSv. In comparison, [1] the reevaluated neutron
dose values of the neutron My-Dose Mini for the first team of workers were, 49.3mSv and 60.4mSv
respectively, and [2] the doses derived from the **Na method were, 69mSv and 79mSv respectively. These
values almost correspond to the error range of evaluation values determined by the dose rates in the field.

Now we will consider evaluations of gamma rays. The range of error in extrapolated values evaluated using the
survey meter was 0.15-1Sv/h from Fig. 4. Assuming the same conditions used for neutron radiation, the personal
dose range would be between 7.5-50mSv. In comparison, the measurement values of the My-Dose Mini personal
dosemeters of the first team of workers were 7.15mSv and 7.87mSv. These values are almost found in the lower
limits of the error range.

The n/y ratio was 9.6:1 at the 99.2 meter point, and 8.4:1 at the 55 meter point. At the 38.5 meter point, the
neutron dose reading was 16mSy, and the ratio was 6.7:1. The average n/y ratio for the longer range was 9:1."-2"
) In comparison, the n/y ratio determined from neutron and gamma My-Dose Mini measurements for the
workers in the first team was 7.3:1. This is a reasonable range if we take into account the error ranges for the

respective measurements.

8. Conclusion

Dose to the workers during criticality termination

To ensure data reliability, dose estimation for the worker dose control on the day of the criticality accident was
carried out based on measurements by the same measurement team, using the same instruments over a
comparatively long range and plotted on a semi-log graph. As a result, the dose rate in the vicinity of the radiation
source was estimated to be 18mSv/h. However, this estimation was approximately 50-90 times too lower the
actual the dose rate.

In this study, on the other hand, we decided to use the measurement point data closer to the radiation source.
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There are likely to be almost no effects, due to shielding, buildings and so on, between the measurement points
and the radiation source. More specifically, we plotted data taken from 3 points within an approximate 100 meter
range (mainly ranging from 20-40 meters) on a log-log graph. We then reevaluated doses assuming the worst case
scenario for radiation protection, i.e., the maximum work time of 3 minutes, at the minimum distance of 3 meters
to the radiation source. The results showed that doses almost matched the error range for both the values
measured by the My-Dose Mini, and the values determined based on the **Na measurements.

Although it is not an actual value, if we assume that work time was about 1 hour in total, and that each
measurement was performed for around 20 minutes (to estimate dose levels on the high side), then the doses
received during radiation measurement prior to the termination work would be about 5.3mSv at the 39 meter
point, about 2.3mSv at the 55 meter point, and about 1.1mSv at the 99 meter point. The total is somewhat less

than 10mSyv, or around 1/2 to 1/4 of the dose during actual the termination work.

Dose and measurement approach during a work planning

When planning a work in a dose field with high levels of neutron radiation, such as termination of a criticality
accident, it is crucial to accurately estimate the dose during a work. However, there is a conflict between
achieving more accurate dose estimation, and minimizing the dose to workers involved in dosimetry.

Emergency exposure situations of I[CRP recommendations should be applied. In this case, 100mSv, S0mSv dose
limits are the temporary management objectives. Justification of the whole termination work brought great
benefits. Optimization is achieved by minimizing the doses.

Based on the work experience during the Tokaimura criticality accident, three points must be considered
regarding dose control for workers involved in dose estimation: [1] annual dose limits prescribed by law, [2]
doses received by workers from sources other than the pertinent task, and [3] possible measurement error in the
management of the total doses.

Therefore, a work can likely be done safely by setting a dose of 10mSv, which is about half of the annual value
of 20mSy, as a guideline. A work time can be realistically set to 1 hour. For measurements to estimate dose, we
believe that 3-4 points with little shielding and scattering should be selected, within a distance of 30-100 m and a
dose rate of roughly 5-20mSv/h. Under the appropriate dose control conditions termination work may be carried

out reasonably safely.

Acknowledgements

The authors would like to thank Kenji Sumida and Kyoshiro Kitano for valuable discussions during the

preparation of this report.



JAEA-Technology 2010-025

References

1. Masashi Kanamori, JCO Ceriticality Termination Operation, JAEA-Technology 2009-073, 2010 (in Japanese)
2. Nuclear Safety Commission of Japan, Final Report of the Committee Investigating the Criticality Accident at
the Uranium Processing Plant, Nuclear Safety Commission of Japan,1999 (in Japanese)
3. Atomic Energy Society of Japan, Committee Investigating the JCO Criticality Accident, the Full Story of the
JCO Criticality Accident, Tokai University Press, 2005 (in Japanese)
4. Jun Takada, Nuclear Hazards in the World, Kodansha, 2002 (in Japanese)
5. Masashi Kanamori et al., Exposure Dose Control for Employees during the JCO Criticality Accident based on
Measurement of Na Radioactivity within the Body and Monitoring Data, Journal of the Atomic Energy
Society of Japan Vol.43, No.1, p.56-66,2000 (in Japanese)
6. Masashi Kanamori, Termination of the JCO Criticality Accident, INC-TN8440 2001-018, 2001 (in Japanese)
7. JAERI Task Force for Supporting the Investigation of JCO Ceriticality Accident, JAERI's Activities in JCO
Accident, JAERI-Tech 2000-074, 2000 (in Japanese)
8. Nuclear Safety Commission of Japan, Doses to People due to the Criticality Accident at the Tokai Site of JCO
and Future Efforts, Fifth Report of the Nuclear Safety Commission of Japan, No. 3, 2000 (in Japanese)
9. Masashi Kanamori et al., Support Activities of the Japan Nuclear Cycle Development Institute during the JCO
Criticality Accident, INC-TN8450 2003-009, 2003 (in Japanese)
10. Masashi Kanamori, Dose Control for Workers involved in Termination of the Tokaimura Criticality Accident,
Radiation Protection Medicine 2, Radiation Protection Medical Research Society of Japan, ISSN 1811-4999,
2006 (in Japanese)
11. Masashi Kanamori et al., A4 Study on Dose Control for JCO Criticality Accident Termination,
JAEA-Technology 2009-043, 2009. (in Japanese)
12. Minutes, Nov.10, 1999, the 146th session of the Diet, The House of representative, Science and Technology
committee (in Japanese)
13. Yamaguchi, Y., Endo, A., Fujimoto, K. and Kanamori, M.., Dose assessment for public and workers in the
JCO criticality accident. OECD/NEA International Workshop on the Safety of the Nuclear Cycle, Tokyo,
Japan, 2000.



JAEA-Technology 2010-025

S}InsaJ pue sjulod JuUsWaINSEaW BWWES pue UuoJINau |euoillppy :| Si4

AN 1yoeyH ol g 9JNoY ‘peoy [euoneN

woeoT  0S1 001 0¢ 0 l43vF oL
! _ “ & 1

0z Gl [9] peos-up IEENIS
: : VENVELS)
v’z 9l G'8¢ ¢-lgl peoruo | g5 0 onkinsiuiwpy
v’z oL G'8¢e L-[g] peot-uQ
—— ajen) ule -
80 1L Sg [¥] peOI-UO | EOHEN >
Te— ‘ 1O ONIN OL
GE0 Ge'e 266 [€] peos-uQ —/ .‘\ o
Al 1671 621 [2] peos-up ,_\
1’0 vl 0S1 [1] peOI-UO — r,f.:;f
u/ASw u/ASw w uoleso H,.ff: uas-einzun
ewweo) uoJineN aouessiqg Bpig .
. / [ ‘peoy [einjosyaid
1 1S8] UOISIBAUOD
Blep juswalnsesaw uoJjnau pue ewweb peoJ-uQ _.. \ \
o 1 .
/ o 7
/ |
S | 7
,r/ —|-| - — ‘uluﬂ
— - [
T~
W 000‘2Y xoiddy T~
:oyIs Aujioey mc_wwmooa Jo ealy ;/.,,.,f AV &»
Buping Awioes PZZA v~ _ %

Aiepunog suoz Buuoyuol |eseydued —-—-— L E

Aepunog ayg  ——-- —
UMO]| einzun oL A\



Neutron dose rate (mSv/h)

100

o

JAEA-Technology 2010-025

Results of dose rate
measurement during JCO
criticality accident on Sept. 30

10mSv/h
7.1mSv/h

3.35mSv/h

1.97mSv/h
1.42mSv/h

| |
10 100 150

Distance (m)

Fig. 2: Plot of neutron dose rate
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