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SUMMARY

Ⅰ. Project Title

Measuring a ballooning gap size of irradiated fuels by indirect method of  Neutron 

Radiography

Ⅱ. Objective and Importance of the Project

 

  The indirect method of neutron radiography is mobilized for the inspection of post 

irradiated nuclear fuel pins, U3Si clad with Al, which several types   indications of 

swallowing, crack, ballooning, plug gap, and thinning etc. occurred. The system of 

the indirect method consists of a cask for carrying fuel pins, Dy converter, a linear 

controller of the Dy converter, camera for monitoring fuel cassette. Wolsung & PWR 

type nuclear fuel pins have been inspected by the indirect method of NR and an 

autoradiography of SSNTD(solid state nuclear track detector) since the cask for 

transportation and its manipulation was created in 1985. In addition to a precision 

measurement of structure of pins, the irregularity of crack, void, porosity, humidity 

concentration, corrosion and ballooning is detectable by the indirect method of NR. 

In order to enhance an image of gap of the irradiated fuels, which vertically 

appeared , the directional filter method is applied. 

  Ⅲ. Contents and Scope of the project

  The indirect method of neutron radiography has been carried out to measure a size 

of the end plug and a gap of the irradiated fuel of K102L-2, ballooned K174L-3, 

ballooned and ruptured K98L-3, respectively. When the indirect method is applied, a 

typical irradiation time was determined to get a darkness film density to be 

between 2 and 3 of Kodak SR X-ray film. In order to validate and calibrate 

measurement results, RISO fuel standard sample, Cd plate and ASTM-BPI/SI are 

used. Non-destructive tests of Neutron radiography on three elements K98L-3, 

K174L-3 and K102L-2 taken from KFC-026 was conducted respectively. The nuclear 

sample pins of KAERI are exposed for 25 min. at the first exposure room of 10
7 
㎠

/sec
 
flux. An activated latent image formed in the Dy foil is subsequently 
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transferred in a dark room for a more than 8 hours to SR film using the decay 

radiation. 

Ⅳ. Results of the project

   The gap sizes of ballooned elements K174L-3 and K98L-3 are equal to or greater 

than 1.2mm. UG of the unsharpness is approximately determined in the range of  

9.82㎛∼14.0 ㎛. M of the image magnification determined as 1.0003 which means 

almost an identical quantity to the size of the post irradiation examination of 

K174L-3 and K98L-3. After digitalizing an image of SR film, the ballooning gap of 

the plug is discernable by  H/V filter of image processing.

 

Ⅴ. Proposal for the application

 The technique of the indirect method of NR accompanied with the procedures and 

it's system are necessitated for inspection nuclear fuel pins, which are to be 

developed by KAERI. A directional filter of an image processing is a potential tool 

for measuring the gap of the clad and axial cracks. Further more, KAERI seeks a 

cooperation of upgrading of Cf-252, KNFC((Korea Nuclear Fuel Company)inspection 

system for a fabrication of nuclear fuels. KNFC inspection does not allow us to 

detect the crack-like flaws. The techniques, however, will give a clue for finding out 

the cracks of the fuel clads.    
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1. Introduction of Indirect method

  The non-destructive testing of NR(neutron radiography) is performed on irradiated 

fuels. The basic difference between Neutron radiography and X-ray (or Υ-ray 

radiography) is their attenuation characteristics inside the object.  In the former, it is 

by neutron-nucleus interaction(Appendix A), while in the latter the beam attenuation 

is caused by X-ray-orbital electron interaction in the object and these gives striking 

difference in their mass attenuation coefficient of the objects. Different isotopes may 

have very different neutron cross sections and thus neutron radiography may reveal 

the distribution of a particular isotope in a sample. One of the main fields of NR 

application is the nuclear industry. For example, radiography tests could be done 

for the location of pellets of U235 in fuel elements intended to contain only U238 

and crack, swelling, gap size of plug an so on. With the indirect exposure method, 

in which the build-up radioactivity of the screen can be subsequently exposed on a 

film at the dark room, allows testing of highly radioactive object, such as irradiated 

nuclear fuel. Due to the high radioactivity of the nuclear, a direct method of NR 

can not be used. The 1st exposure room of the NR facility of Fig.3 is avaliable for 

the test of the high radioactive nuclear objects using indirect method of NR[1,2,3,4,5]

         Fig 1. Thermal neutron and  x-ray Mass attenuation coefficient.
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n - ray 

Converter + X-ray film Converter screen
      (Dy) 

Fig.2   NR by indirect method

Fig.3 HANARO NR facility 

                          

                       Table. 1. characteristics of the 1st exposure room 

Characteristic

1st exposure room

D     25mm

L  5093.8 mm

L angle 1.04(H)/1.93(V)

core flux   4.3 x 10 
13

uniformity  7%

Gamma ray(R/h) 3.9 X 106

   Detectablity(㎛) 250(H)16(G)

  A S T M 

designation
72--8-7

         L/D 203.7

  T-neutron flux 10
7
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2. Theoretical Background of the method

2-1 Neutron radiography

   Thus, detection of defects by radiography is based on the observation of 

differences in radiation intensity after passing through the object under examination. 

This occurs according to the basic law of radiation attenuation.  In neutron 

radiography, nuclear cross section quantifies the probability that a reaction will take 

place between the neutron and the target material. It can be considered as a target 

size measured by ㎠. There are several types of cross section but the principal 

interest to neutron radiographers are the absorptions crosssection σ c ( σ a) and 

the scattering crosssection σ s,. The total cross-section σ t is the sum of these 

two.

σ a= σ γ (n,γ)+σ(n,p)+σ(n,α)+...                      (1)

σ T= σ a+ σ s                                                        (2)  

   

σ s=σ(n,n)+σ(n,n')...                                         (3)

where γ=gamma, p=proton, α= alpha particle

The unit of crosssection  is the barn and its basic unit is 10
-24
 ㎠. The neutron 

transmission through a sample could be expressed by considering the rate which 

the neutron intensity reduces as it passes through the sample material. This is given 

by:  

Φ=Φ0e
-N σ x

                                      (4)

where  : Φ  :    neutron transmitted through the sample ( n/cm
2
/s ) 

Φ0  : neutrons incident upon the sample ( n/cm
2
/s )  

 N   : Number of target nuclei per unit volume  ( cm
-3
 ) 
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σ : microscopic cross-section( cm
2 
)

 x : sample thickness ( cm )

 It should be noted that there are several ways of expressing the cross-section of a 

material, microscopic cross-section ( cm
2
 ); macroscopic cross-section( cm

-1
 );mass 

absorption cross-section ( cm
2
g-1 ). Attenuation characteristics are described below 

fig.4 and following equation(5)

   

                                        

φ 1= φ 0 (1- ∑T△ X 1 )

φ 2= φ 0 (1- ∑ T△ X 2 )(1- ∑T△ X 1 )

φ 3= φ 0 (1- ∑ T△ X 3 )(1- ∑T△ X 2 )(1- ∑T△ X 1 )                     (5)  

                     ․

                                      ․

φ n= φ 0 (1- ∑ T△ X n )(1- ∑ T△ X n-1)(1- ∑T△ X n-2)․․(1- ∑T△ X 1 )  

                                                                                   

    

By binominal theorem, above equation can be rewritten below.

Φ=Φ o lim
n→∞
(1- Σ T

X
n
)
n
,  n→∞                                              (6)

  Above equation (6) can be rewritten as below

 

Φ= Φ 0 e
- ∑ T  X

                                                             (7)

Fig.4 Attenuation characteristics

 Characteristics

Φ0                Φ             φ0     φ1       φ2 ---φn
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the product Nσ of equation (4) represents the symbol ∑ in macroscopic 

cross-section and it is the total area for a given neutron interaction presented by a 

cubic centimeter of material. Thus, for this case equation(4) can be rewritten as an 

equation (7). The third form, the mass absorption coefficient, is denoted by the 

symbol μm and is related to the macroscopic cross-section by the relationship as 

below

μm(cm
2g-1)= ∑(cm-1)

ρ(g․cm
-3
)                                                   (8)

  where ρ is the density. The mass absorption coefficient is the total target area for 

a given neutron interaction per cubic centimeter of material per unit density. It is 

therefore more convenient to expresses values for solids and gases the densities of 

which normally differ by several orders of magnitude. 

Φ=Φ0e
- ∑
ρ
 xρ

=Φ0e
-ρmxρ                                                     (9)

 Assuming that the property of the nuclear species is unaffected by consideration of 

the molecular or crystal structure in which it resides then the macroscopic 

cross-section for a compound can be calculated from the summation of the 

macroscopic cross-section of each nuclear species[6,7,8]

∑ t=(
N Aㆍρ

A
)ㆍ σ t                                                       (10)

∑ t ( cm
-1
)=(

N Aㆍρ

M
)[νmber/ cm

3
]ㆍσ [ cm

2
/νmber]                    (11)

N A=6.02 × 10
23
 Avogadro's number

  M= atomic weight of compound

  ρ =density of compound
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 σ =microscopic cross- section of each atom, cm-2

2-2 H/V filter

 Many image enhancement techniques are based on spatial operational performed on 

local neighborhoods of inputs pixels. Often, the image is convolved with a finite 

impulse responses filter

 Here each pixel is replaced by a weighted average of its neighborhood pixels, that 

is equation (12)

v(m.n)= ∑
( k, l)
∑
∈w
a(k,l)y(m-k,n-l)                                        (12)

 

 where y(m,n) and v(m,n) are the input and output images, respectively, w is a 

suitably chosen window, and a(k,l) are filter weights. To protect the edges from 

blurring while smoothing, a directional averaging filter can be useful. Spatial averages 

v(m,n:θ
HV
) are calculated in H/V(horizontal/Vertical) directions as equation (13)

v(m,n:θ
HV)
=
1
Nθ
∑
( k, l)
∑
∈wθ
a(k,l)y(m-k,n-l)                               (13)

and a directional θ
HV* of H/V is found such that ∣y(m,n)-v(m,n:θ

*
)∣ is 

minimum. Then resulting in equation (14)

v(m,n)= v(m,n:θ
*
)                                     (14)

gives the desired result.
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3. Indirect method of NR System on Irradiated Fuel

3.1 Collimator and Beam Tube of HANARO NRF

The in-pile collimator is a divergent type as shown in fig. 5. In order to avoid the 

gamma-ray and fast neutron, collimator beam tube was inserted as tangential 

direction to reactor core. Its neutron beam inlet having an aperture hole of 25mm 

diameter is made by three 10mm thickness sheets, sintered boron carbide(B4C) and 

inserted between two thin aluminum plates. The inside of the whole beam channel is 

lined with boron rubber in order to prevent the neutron beam from reflecting and 

scattering. Collimator beam tube was designed based on consideration of two 

important factors of reducing gamma-ray and making parallel beam. To reduce the 

gamma-ray which mingles the X-ray film detector, a filter of polycrystal bismuth, 

82mm length and 50mm diameter, was inserted in front of the collimator aperture. 

This size of bismuth filter theoretically permits only a transmission of 3% up to 2 

MeV gamma-ray in spite of 33% to thermal neutron. As a result, a neutron-to-gamma 

ratio of 3.9106 n/mrem/cm2 where the thermal neutron flux was measured by the 

gold foil activation method and gamma-ray intensity was measured by the BeO TLD. 

The side shielding of exposure unit is consisted of 60cm heavy density concrete 

covered by carbon steel, a 10cm polyethylene plate which is sandwiched by two 5mm 

boron rubber sheets. The top shielding of the exposure unit consists of two 10cm 

carbon steel plates, three 5cm polyethylene plates, and a 5mm boron rubber sheet. 

After the exposure units was built, measurement of background dose rate just outside 

surface of exposure unit was less than 0.05 mrem/hr during operation at reactor 

power of 24 MW.  

                

Fig5. NR in pile collimator
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3.2  Equipment for the indirect method

Fig. 6 shows a schematic side view and top view of the exposure rooms. There are 

two exposure units along the beam-pass direction. The space of the first exposure 

unit is 120cm width x 185cm length x 190 cm height. There is a beam channel of 

30x40 cm between units through the beam pass line. The exposure time is controlled 

by the main beam shutter of 90 cm thickness located just behind the collimator exit. 

Currently, it takes about 13 second to open or close the main beam shutter. Quick 

shutter is installed, which reduces the opening time to 2 seconds. The first exposure 

unit located behind quick shutter, main beam shutter was designed to test the 

high-radioactive specimen of specially the nuclear fuel pins by indirect, so called, 

transfer method using a Dy screen converter. There is a hole of 30cm diameter, 

200cm depth below the floor and a cask of fig. 6 is equipped through the ceiling so 

that a nuclear fuel pin up to 330cm is able to be scanned. The NR test system 

installed in the 1st Exposure room consists of a controller, a linear motion guider, a 

Dy-converter with Al plate, a camera and cask as shown sequentially in fig 7,8.[9]

                 

   

Fig. 6 a schematic side/top view of the exposure units.

CASK
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Fig.7 NR system of Indirect method(above: Photo taken from top of the shielding, 

Left: controller, Right : camera monitor)

 

 

        

      

              

                                     

controller for linear 

motion guider

Linear motion guider

Al, plate, 

Dy converter

 Camera

 Camera

 Monitor

Dy converter
Cask Fuel 

cassette
Dy converter
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Fig 8. Dy converter and Cask Fuel cassette on Camera monitoring 

4. The procedure of the indirect method of NR  

When the indirect method is applied, a typical irradiation time is required to get a  

film darkness density to be between 2 and 3 of Kodak SR film. In order to validate 

and calibrate results, RISO fuel standard sample of fig 9, Cd and ASTM-BPI/SI are 

used. Non-destructive tests of Neutron radiography on the three elements of K98L-3, 

K174L-3 and K102L-2 taken from KFC-026 were conducted, respectively. Fuel element 

structure is shown in fig.10.  

           Table 1. Visual Testing on K98L-3, K174L-3 and K102L-2 

              

Table 2.  parameters/ specification for the indirect method of NR

Fuel element Visual Testing Diameter

1 K102L-2 intact element 7.87±0.08

2 K174L-3 ballooned 7.96∼9.13

3 K98L-3 ballooned and rupture 7.93∼8.80

item parameter/ spec.

1 Converter Dy

2 Exposure time 25 min

3 Transfer time 8 hours

4 Film Kodak SR

5 Developer Kodak RP X-omat

6 Fixer Kodak RP X-omat

7 Stop bath Kodak Indicator

8 Developing time 3 min

9 Stop bath time 1 min

10 Fixer time 5 min

11 Cleaning time  1 hour

12
Developing 

temperature
26.3°
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Fig 9. Standard RISO fuel

4.1 Exposure procedure

1) Attach the Dy screen (20*40cm) on the cassette 

2) Install cassette on the sample table closely.

3)     Position the cask on the ceiling hole on top of the 1st exposure room 

3) Put down the fuel cassette from the cask and adjust the Dy converter         

     through the  monitor camera.

4)     Exposure

       *notice: an exposure time of  at least 25 min is appropriate at 1st             

            exposure room

5) Shutter the main shutter and quick shutter off 

6) Wait Cooling time more than 5 min (very important)

4.2 Procedure of transfer Dy screen on film 

1) Lay a foam plastic(30*30 cm) on a table.

2) Lay Al plate(30*40*0.5 cm) on a foam plastic.

3) Lay A4 paper 5 sheets on over Al plate

4) Lay Al plate(20*40*0.1 cm) on A4 paper.

5) Lay A4 paper 5 sheets on Al plate.

6) Lay Dy screen on A4 paper.

*notice: The exposure side shall be up-toward. (Very Important)

7) Turn light off.
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8) Lay SR Film on Dy screen without a lag time 

*notice: Film coating side shall be down-toward. (Very Important)

9) Lay A4 paper  5 sheets on the film.

10) Lay Al plate(20*40*0.1 cm) on A4 paper.

11) Lay A4 paper 5 sheet on Al plate. (not required)

12) Lay Al 판(30*40*0.5 cm) on A4 paper.

13) Lay lead bricks neatly on Al plate(30*40*0.5 cm). 

14) Determine transfer time on film by Appendix A.

       * notice: Dy transfer time shall be at least 8 hours

15) Move film into developing room.

        

Fig.10 Fuel element structure

U3Si(7.87±0.08mm)

Al clad 0.76±0.08

Weldment

End Plug
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5. Results

   An unsharpness estimation of geometrical blur effect is determined by equation 

(15). The diaphragm of inlet beam, is of 25 mm diameter. The length from the 

aperture to cassette at exposure room 1 is 5093.8 mm.  Thus, L/D of a collimation 

ratio is converged to 203.7. The distance from image to object is assumed to be 2-3 

mm from fig. 8. An unsharpness of UG is, therefore, approximated to about 9.82

㎛∼14 ㎛. Image magnification, M, is 1.0003 by equation (16,17).

                   Ug≃
l
L/D                                                 (15)

Fig.11 Estimation of geometrical blur effect

Fig.12 Estimation of image magnification

Source Object Image

X0 X

L

l

Aperture Object Blur

D
Ug

l

L
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                  X=MX 0                                                 (16)

                  M=(1- l/L)                                             (17)

    In order to determine an actual size of the fuel ballooning gap, it is necessary to 

consider the degree of magnification arising from the collimation of beam. 

Cd-specimen of 10.30 mm(length)x10.60 mm(width) is attached on Dy converter for 

checking the degree of magnification. Cd's film image in fig. 12 measured with 

Nikon projector is approximately magnified into 10.303 mm(l)x10.603 mm(w) with a 

round off. A magnification ratio of 1.0003 is sufficiently low and can be regards as 

negligible. The gap size of ballooned elements K174L-3 and K98L-3 is equal to or 

greater than 1.2mm in virtue of  image processing techniques shown as fig 14. It 

was proved by a post irradiation examination revealed almost the same size in 

shown as fig 15. From a view of the image density of ballooned element K174L-3, 

there is no evidence of water in the 1.2mm gap, which implies that the ballooning 

and rupture was not likely due to water ingress from a leak path through the 

cladding, end weld or end plug.[10]  Three of end plug are measured shown in the 

table 4.

Table 4. End plug size and gap of Irradiated Fuel by NR : K102L-2(right), 

K174L-3(middle,) K98L-3(left),

Fuel element Indication Plug Size  Gap Size UG M

1 K102L-2 intact element  8.3 mm  9.82 -14 ㎛ 1.0003

2 K174L-3 ballooned  8.9 mm 1.2-1.4mm  9.82 -14 ㎛ 1.0003

3 K98L-3
ballooned and 

rupture
 9.4 mm 1.2-1.4mm  9.82 -14 ㎛ 1.0003
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6. Conclusion

  The indirect method of a neutron radiography was carried out to measure a size of 

the end plug and gap of irradiated fuel of K102L-2, ballooned K174L-3, ballooned 

and ruptured K98L-3, respectively. The gap size of ballooned elements K174L-3, 

K98L-3 are equal to or greater than 1.2mm in virtue of an image processing of a 

vertical/horizontal filter. The unsharpness UG  is approximated in the range of 9.82

㎛∼14.0 ㎛.The image magnification, M is 1.0003. It is almost an identical quantity 

to the size of the post irradiation examination of K174L-3, K98L-3.
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           Fig.13 Irradiated Fuel: K102L-2(right), K174L-3(middle), K98L-3(left),
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Fig 14. An image processing of horizontal/vertical filter on K174L-3(middle)           

           

Fig. 15 Metallographic examination conducted on fuel element K98L-3 

Gap size: 1.2mm
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