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The hot laboratory (JMTR-HL) was founded to examine the objects mainly irradiated
in the JMTR(Japan Materials Testing Reactor), and has been operated since 1971. The JMTR
has been stopped from FY2006 for the refurbishment and will be re-started from FY2011. The
post irradiation examination for high burn up fuels and large specimen will be carried out in
the restarted JMTR. The JMTR-HL plans to put a three dimensional X-ray Computerized
Tomography (CT) inspection system in place until the restart of JMTR in order to satisfy the
requirement of valuable irradiation data for safety and plant life time management of nuclear
power plants in the future. The three dimensional X-ray CT inspection system is able to
observe a defect geometry closely and visually compared with a two dimensional system.

In this paper, system design, production, installation and performance tests of an
X-ray CT inspection system in a hot cell are reported. The X-ray CT inspection system
consists of a computed tomography scanner, an X-ray source, a movable sample positioned, an
X-ray detector, a collimator, and so on. After installation of apparatus, performance tests
using irradiated fuel rods and radioisotopes were carried out to confirm the influence of
gamma rays and transmission X-ray property.

By this development of the X-ray CT inspection system, it became possible to provide
data with high technical value for post irradiation examination of high burn-up fuels and

large type specimens.

Keywords: JMTR, Testing Reactor, Refurbishment, Nondestructive Testing, Three Dimensional,
X-ray CT Inspection
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1. Introduction

The X-ray Computerized Tomography (CT) inspection method is widely used in the
medical field and the engineering field. Especially, it is used in medical treatment field to
know the size of malfunction parts of the human body and detail information at the
position.

In the nuclear engineering field, X-ray radiography has been performed for the
observation of arrangement of fuel pellets in fuel rods. But this method provides only the
information of positions of pellets in fuel rods before irradiation and after irradiation. It is
not possible to observe detail information inside them by this method.

In this paper, system design, production, installation and performance tests of a three
dimensional X-ray CT inspection system in a hot cell are reported.

We performed investigations of the appropriate position of apparatus, the effect of
gamma rays from irradiated fuel rods, and the method to treat irradiated fuel rods by
remote operation for the development of X-ray CT inspection system.

After installation of apparatus, performance tests using irradiated fuel rods and
radioisotopes were carried out to confirm the influence of gamma rays and transmission
X-ray property.

By this development of the X-ray CT inspection system, it is possible to provide data
with high technical value for post irradiation examination of high burn-up fuels and large

type specimens.

2. Hot laboratory

The Japan Materials Testing Reactor (JMTR) is the largest scale materials testing
reactor with a thermal power of 50MW. It is a testing reactor dedicated to the irradiation
tests of materials and fuels. The JMTR hot laboratory was put into service in 1971 to
perform post irradiation examinations for specimens irradiated mainly in JMTR and
various post irradiation examinations on nuclear fuels and materials, reactor core
components and other materials are carried out.

The concrete cell in the hot laboratory is connected with the reactor by the water
canal. Hence irradiated radioactive capsules or specimens are safely transferred under
water through the canal.

There are three trains of B-y cells, 1.e. 8 concrete cells attached with 4 microscope lead
cells, 7 lead cells and 5 steel cells in hot laboratory and all operations for irradiated

specimens are performed remotely through the shielding glass by manipulators. Figure 1
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shows schematic drawing of the hot laboratory.

The X-ray CT inspection system was installed in concrete cell No.3 in the JMTR Hot
laboratory. In this cell, an X-ray radiography apparatus had been installed for
nondestructive tests of irradiated fuel rods and irradiation capsules for about 40 years.
This cell is designed for X-ray radiography and hence high voltage cable holes, remote
control signal cable holes and cooling pipes are installed. These are reused after
dismantling of X-ray radiography apparatus. In this cell, gamma scanning apparatus have
been installed for nondestructive tests. CT tests and gamma scanning tests adjust the

schedule and are performed.

3. An outline of the X-ray CT inspection system

Figure 2 shows schematic drawing of the X-ray CT inspection system and table 1
shows specifications. This system consists of an X-ray generator, an X-ray detector,
mechanics for moving specimens, a control board and a data processing unit.

We adopt third generation X-ray CT method for our system?. It is main stream of
X-ray CT scan. Figure 3 shows difference of scanning method among generations. In our
system, X-ray detectors are settled in a row and those are enough long to get a full slice
image of a specimen. 1984 X-ray detectors are set in array to measure transmission X-ray.

The specimen is set between X-ray source tube and detectors and it rotate 360 degree
for collecting data. This method enables shortening time and has high reliability on

mechanical movement. One slice data was taken by one turning of specimen.

(1) X-ray generator unit

X-ray unit consists of high voltage generator unit and x-ray source tube and are
connected with high voltage cable. The supplied high voltage is controlled with the
microprocessor controller. X-ray source tube is fixed on base of system. 450kV type X-ray

source tube which is enough high power to penetrate test specimens was adopted.

(2) X-ray detector unit

X-ray detector unit is possible to change the distance from X-ray source tube which
settled on rail and the distance is decided by required magnifications. A collimator is
settled in front of the scintillator to be narrow transmission X-ray for shielding radiation
and ensuring resolution of graphics. The collimator is made from tungsten alloy and it is

possible to adjust the width of slit. The detector that has high scrubbing efficiency and the
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sensibility for X rays is required to detect transmission X-ray. Hence the tungstic acid
cadmium (CdWO4) is adopted for our detector. CAWO4 type detector is superior to

gadolinium oxide sulphur (GOS) type detector in resolution.

(3) Specimen movement unit

Specimen movement unit has a rotatable specimen table which can move to the
vertical direction. And it has a specimen support tube which can adjust a specimen on the
rotatable specimen table. Specimens are inserted by remote operation into the specimen
support tube which is mounted on the rotatable specimen table. The direction of
movement under scanning is below. The specimen support tube is used by manipulators

with considering safety and certainty.

(4) Control board and data analyze unit

The control board unites and controls a power-supply unit, an electric distribution
unit, a safety circuit, and a control circuit of the system. The main body of the system is
large, and hence it is settled in first basement except emergency stop switch.

The data processing unit consists of a host computer for data collection from detectors
and a computer which perform three dimensions processing of collected data. And this
computer controls the movement of the X-ray detector unit and the rotatable specimen

table.

4. Inspection objects

We assume inspection object as stainless tubes of irradiation capsules (Maximum
diameter: 110mm, Width: 3.5mm, length: 1,000mm, Weight: 30kg), and fuel rods with
uranium pellets (Maximum diameter: 12.5mm, length: 1,000mm, Weight: 1kg).

Various types of specimens such as CT type specimen are set inside irradiation
capsules and required distance to penetrate is about 45mm.

About uranium pellets, we assume irradiated pellets (uranium dioxide, 10.2 g/cm3 in

density) with thermo couple inserted in drilled center hole.

5. Measurements

5.1 Performance tests using imitation specimen.

(1) Imitation pellet for performance tests
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Figure 4 shows a cross sectional drawing of a fuel rod which used for high burn up fuel
irradiation tests. An imitated pellet is made from chromium-molybdenum steel (10.18
g/cm?) in consideration of the density of uranium dioxide. It has center hole with inserted
thermo couple and slits as simulated crack. Figure 5 shows the imitated pellet and a

measured 3D graphic.

(2) Resolution performance tests

The resolution tests are performed to confirm resolution performance of tomography
using platinum double wire which is used as center line of thermo couple (Diameter:
0.3mm) which used in fuel rods for ramping tests. X-wray CT measurements are
performed to platinum double wire specimens (Diameter: 0.8~0.05mm, Distance of wires:

0.8~0.05mm) and it is confirmed to recognize up to 0.16mm. Figure 6 shows the results.

5.2 Performance tests using an irradiated fuel rod
(1) Irradiation history of the test specimen.

Performance tests of this X-ray system were performed using an irradiated fuel rod.
The fuel rod was used in commercial reactor and then it was shorten and used for ramping
test with instrumentation in JMTR. The burn up of the fuel rod is 25GWd/t and output of
that ramping test is 400W/cm.

(2) Results of tomography

Figure 7 shows a transmission X-ray graphics of the fuel rod. Whole fuel rod was
scanned by 0.1mm pitch slices. And then a position where thermocouple was inserted was
scanned in detail. The internal components such as double instrumentations were clearly
observed in transmission X-ray graphics.

The inserted thermocouple condition, surface cracks of the pellet caused by
instrumentation were observed by this graphics made from O0.1lmm pitch slice

measurement.

6. Conclusion
The three dimensional X-ray Computerized Tomography (CT) inspection system for
nondestructive inspection has been utilized. And performance tests were performed for
this system. The results of tests are as follows,
(1) Maximum size of specimen for this system is the size of large type capsule of JMTR
(Diameter: 100mm, Weight: 30kg).
(2) Observations of internal condition of a fuel rod (Consist of UO2 pellets, Pellet

diameter: 10mm) are performed and high resolution cross sectional graphics are
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obtained from a fuel rod.
(3) It was confirmed to be able to perform remote operations of irradiated specimens
without any problem.

(4) It is planned to compare tomography and metallography graphics of pellets.

By this development of the X-ray CT inspection system, it became possible to provide
data with high technical value for post irradiation examination of high burn-up fuels and

large type specimens.

Referrences
1) YXLON International X-Ray GmbH “Three dimension CT application to car parts such

as aluminum casting goods.”
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Figure 2  Schematic drawing of the X-ray CT inspection system
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Table 1 Major specification of X-ray CT inspection system

Specifications

CT scanning method

Third generation X-ray method

X-ray generator unit

Tube voltage : 20~450 kV
Tube current : 0~15mA

X-ray detector unit

Detector length : 504mm

Number of pixels : 1,984 piece
Collimator slit : 0,1~3mm Adjustable
Collimator thickness : 40mm (Tungsten)

Specimen movement unit

Max. Vertical distance : 1,000mm
Min. distance : 0.1mm

Min. angle of rotation : 0.025°

Size of inspection objects

Capsules
Max. diameter : 110mm
Max. weight : 30kg

Fuel rods
Max. diameter : 12.5 mm
Length : 1,000mm
Weight : 1kg
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Appendix Presentation materials at 3rd International Symposium on Material

Reactor

The 3rd International Symposium on Material Test Reactor was held June
21-23, 2010 at the Nuclear research Institute Rez plc. and Research centre Rez
Ltd., Czech Republic. The objective of the meeting was to provide and
opportunity for technical and operational information exchange among
international test reactor facilities.

The presentation materials related in “Nondestructive Testing by

Three-dimensional X-ray Radiography” are attached as an appendix.

_10_
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4

Nondestructive Testing by Three
Dimensional X-RAY Radiography

Minoru YONEKAWA, Shizuo SOZAWA, Yoshiaki KATO, Akira SHIBATA,
Tetsuya NAKAGAWA, Tsuyoshi KUSUNOKI

Department of JMTR Operation, Neutron Irradiation and
Testing Reactor Center,
Oarai Research and Development Center
Japan Atomic Energy Agency

sem T Introduction
fu @

The JMTR-HL plans to put a three dimensional X-ray
radiography system in place until the restart of JMTR in
order to satisfy the requirement of valuable irradiation
data for safety and plant life time management of
nuclear power plants in the future.

Three dimensional X-ray radiography method
CT(Computed Tomography)

~=

Provide data with high technical value

_11_
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ey Inspection objects

2

@»

1. Large stainless capsules

Maximum diameter : 110mm
Thickness : 3.5mm
Length:1,000mm
Weight:30kg
2. Irradiated fuel rods(High burn up fuels)
Maximum diameter :12.5mm
Length:1,000mm
Weight:1kg
UO, Pellets(:10.2g/cm3 in density)

_12_
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W‘L Schematic drawing of the X-ray CT inspection system @2V
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1 Photograph in investigation Operation and Hot cell ~ @3Z»
-

X ray source Rotable specimen Collmator X ray
tube table (tungsten) detector

In Hot cell

Operation area

b Details of device @

=
1. X-ray generator unit
Tube voltage : 20~450kV
Tube current : 0~15mA

X ray source
tube

X-ray generator unit consists of high voltage generator unit
and x-ray source tube.

The supplied high voltage is controlled with the
microprocessor controller.

450kV type X-ray source tube which is enough high power to
penetrate test specimens was adopted. 7

_14_
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s | Details of device @

X ray

2. X-ray detector unit(Line Detector Array) Collimator
Scintillator Material: CdWO, (tungstic acid cadmium) (tungsten)
Collimator slit 0.1mm~3mm (Adjudtable)

Collimator thickness: 40mm(tungsten)
Number of channels
Pixel size: 0.254mm
number of pixels: 1,984 piece
detector length: 504mm

| .-;

X-ray detector unit is possible to change
the distance from X-ray source tube.

A collimator is settled in front of the scintillator to be narrow transmission X-ray for
shielding radiation and ensuring resolution of graphics.

The detector that has high scrubbing efficiency and the sensibility for X rays is
required to detect transmission X-ray. - the tungstic acid cadmium is adopted.8

mw , Details of device @»

3. Specimen movement unit Rotable specimen table
Max. Vertical distance: 1,000mm
Min. distance: Amount of 0.1mm
Min. angle of rotation: 0.025 degrees

Specimen movement unit has
a rotatable specimen table which can move to the vertical direction.

Specimens are inserted by remote operation into the specimen
support tube which is mounted on the rotatable specimen table.

The specimen support tube is used by manipulators with
considering safety and certainty.

_15_



JAEA-Review 2010-049

sl Resolution Performance tests @

L

d|d|d

d=0.16mm

The resolution tests using platinum double wire were performed.

X-ray CT measurements are performed to platinum double wire specimens
(Diameter: 0.8~0.05mm, Distance of wires: 0.8~0.05mm) and it is

confirmed to recognize up to 0.16mm. 10

W@ . Performance tests using a large size SUS @»

Penetrameter
(JSSA-02)

| 100mm |

1.Requirements for the large size stainless steel capsules
*The penetration ability requires more than 40mm in the iron- equivalent thickness.
*It was confirmed to penetrate even by stainless steels of 100mm in thickness.

11

_16_
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m% ‘Performance tests using an irradiated fuel rod(1/2Y&Z»

L 870 - J

Burn up : 25GWd/t
Linear heat rate :400W/cm

Performance tests of this X-ray system were performed using
an irradiated fuel rod.

The fuel rod was used in commercial reactor and then it was
shorten and used for ramping test with instrumentation in JMTR.
The burn up of the fuel rod is 25GWd/t and output of that
ramping test is 400W/cm.history of the test specimen.

mx% ‘Performance tests using an irradiated fuel rod(2/2y@=Z»

Metallography tomography Metallography tomography
(Longitudinal section) (cross-section)

2.Requirements for the irradiated fuel rods(high burn-up fuels)
*Influence of gamma ray emitted from the radiation source of the subject inside.
-It was confirmed to obtain a clearer image by applying the offset method to
taking a picture, and suppressing the influence of the y-ray.

_17_



JAEA-Review 2010-049

s Result @»

The three dimensional X-ray Computerized Tomography (CT)
inspection system for nondestructive inspection has been utilized.
And performance tests were performed for this system. The results
of tests are as follows,

(1)Maximum size of specimen for this system is the size of large
type capsule of JMTR (Diameter: 110mm, Weight: 30kg).

(2)Observations of internal condition of a fuel rod (Consist of UO?
pellets, Pellet diameter: 10mm) are performed and high
resolution cross sectional graphics are obtained from a fuel rod.

(3)It was confirmed to be able to perform remote operations of
irradiated specimens without any problem.

It became possible to perform X-ray CT tests of high burn up fuels

which will be required after restart of JMTR. 14
sl ' @»
i Conclusion

This system can be applied to one of new non-destructive
inspections which obtains information about the structure of
irradiated fuel rod and the irradiation capsule, as follows;

(1) Fuel rod : the grasp of change in fuel pellet internal state
according to its burn-up, and the confirmation of integrity of
instrumentation equipment in fuel rod.

(2) Capsule : the inspection of arrangement in space of
irradiation sample of materials and construction elements.

It is expected that promotion of efficiency and the rationalization
of the post irradiation examination progress by this system.

_18_
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