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FOREWORD

The International Conference Nuclear Energy in Central Europe '99 was held in
Portoroz, Slovenia, from 6th to 90 September 1999. This was the sixth international meeting
entitled "Nuclear Energy in Central Europe" and organized by Nuclear Society of Slovenia.
The event had already been recognized as a traditional yearly meeting of European nuclear
professionals in which several hundred experts participated since the year 1993.

The meeting in Portoro2 aimed to connect the Central European nuclear community just
before entering the third millennium. This is the region of Europe, where new nuclear power
plants are still being put into operation (Mochovce, Cernavoda). This was the reason for the
slogan printed also on the cover of these Proceedings: Expanding nuclear capacity in the
region.

Special attention was devoted to the exchange of operational experiences between Central
European nuclear power plants. 147 participants from 18 countries attended the conference
and 109 papers were presented in two parallel sessions and a poster session. Introductory
speech was given by Pat Upson, president of the European Nuclear Society. Each of the three
working days started with plenary session intended for invited lectures.

The conference has also hosted the meeting Neutron Imaging Methods to Detect
Defects in Materials, which was organized in the frame of the project EC COST 524, and
the meeting of the European Neutron Radiography Working Group.

Call for papers for the conference was issued at the end of the year 1998. Papers were
collected by May 1999. Program Committee held a meeting in June and determined the final
program of the conference. Due to the very large number of submitted papers the conference
was run with two sessions in parallel and with additional poster session.

Award was given for the best contribution prepared by first author aged no more than 32
years. An international award committee has reviewed papers and awarded Ms. Elke Pichl
(Austria) for presenting the paper "Siemens Argonaut-Reactor Graz: A Method to Determine
the Bum-up of Fuel Elements".

During the conference every paper was peer-reviewed by at least two reviewers. Finally, after
the conference, authors had to submit final, camera-ready papers, which are printed in these
Proceedings. Final number of printed papers is exactly 100.

Due to the large number of papers these Proceedings are printed in two volumes. Volume 1 is
thicker, containing almost 700 pages, while Volume 2 contains about 110 pages and is
entirely devoted to the embedded meeting Neutron Imaging Methods to Detect Defects in
Materials. Table of Contents and Index of Authors are identical in both volumes.

Dr. Andrej Stritar
Program Committee Chairman
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Invited Lecture

Image Quality: Signals and Information

Hisao KOBAYASHI

Institute forAtomic Energy, Rikkyo University, 2-5-1 Nagasaka, Yokosuka, 240-0101 Japan
Phone: +81-468-56-3131, fax: +81-468-56-7576, e-mail: HKobaRUR@aol.com

Abstract
Among many parameters relating image quality, neutrons and observed signals prior to

handle observed signals are considered in this report. A relation between signals and their
qualities on neutron images is studied considering on neutron intensity and its statistical
character, effective energy, and characteristics of neutron detection systems. Geometrical
parameter of neutron beam is discussed as the other importance to characterize image quality.

1. Introduction
Since 1965, several texts, handbooks, and monographs have been published in fields of neutron

radiography [1-4]. Principal bases are described and it seems to be completed in those literatures.
Recently, however, several new technologies have been extensively developed and their capabilities
were advanced in many fields such as converters, detection systems, electronics, and related
peripherals. In addition, variety of neutron sources were also installed and newly constructed for
neutron radiography in world. Those advanced tools and facilities were reported in many papers and
Proceedings mainly such as this series of World Conferences, another series of Topical Meetings, and
Workshops on neutron radiography [5-12].
Those advanced technologies became to be able to applied in variety of research and industrial fields
such as dynamic analyses of liquid, particles and heat flow phenomena, architectural and geo-technical
fields, biological and medical fields, and industrial applications for measurements and inspections as
well. As results of recent development, potentialities of quantitative analyses are more and more
enhanced in those research and applied fields.

Qualifications of obtained images are especially important to realize such quantitative research
fields relating to statistical fluctuations and to spatial uncertainties. Qualities of neutron beams,
characteristics of detection systems are considered mainly in this lecture. Many parameters and many
items of data processing to be considered in image quality determinations are summarized in Table 1.
Items discussed in this lecture are shown as highlighted terms by bold faces in the table.

2. Parameters to Determine Image Quality
An image of neutron radiography includes information as a material thickness and a

transmittance. The transmittance is described mainly by a parameter which equivalent to an integrated
value of a quantity of linear attenuation coefficient (macroscopic cross section) multiplied by
differential transmission length. Then the transmittance has a possibility to determine a size and to
identify the material. The obtained image itself of course has a principal information and valuable to
determine shape and size of object.

Many grade of image can be obtained depending on facility and imaging system. In this study,
however, two extreme cases are considered. One is the case to seek a condition to get the highest
quality of the image and to find its extent. The other is the case to study what is the lowest intensity
required to extract image information.
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Neutron Imaging Methods to Detect Defects in Materials

Table 1
Parameters Relating Image Quality Determination

REQUIREMENT OF THE HIGHEST QUALTY OF IMAGES
UAnearity and latitude (number of neutrons versus signal out put)

Linearity: Linear (C-CCD, IP) and non-linear devices (SIT, X-ray film)
Range of linearity / Latitude

Signal fluctuation
Quantum noise (8n)
Electronic noise : Readout noise: white noise(& ) and Shottky noise
Inhomogeneous sensitivity : Position dependent sensitivity fluctuations(&)
Character of detection system:

Grain noise on film (6g) and inhomogeneity of converter (6d)
Relating parameters: Relations of film-converter, camera-converter,

imaging plate-conversion materials, etc.
Spatial resolution and deformation of Image

Geometrical uncertainty (U,, 1, LID ) and inherent uncertainty (Us)
Geometrical deformation (L ) and system deformations

Transmission character
Effective total macroscopic (EM) cross section
Effective energy for continuum spectrum

REQUIREMENT OF THE HIGHEST SENSITIVE IMAGING
The lowest limit of n Intensity

Requirement of data smoothing and edge enhancement (image recognition)
Enhancement of sensitivity of imaging device

Sensitizing and single neutron counting

(Notice: Items highlighted by boldface are discussing In this report)

2.1 Requirement of The Highest Quality Images
Range of Linearity: Figure 1 shows photostimulated luminescent (PSL') signals as a

function of neutron fluence with the most recent results of neutron sensitive imaging plates (NIP). The
figure is composed by two series of experimental results [13, 14). Neutron beams are extracted from
the tangential beam port in the TRIGA-II with controlling the reactor power from 100 W to 100 kW.
The beam fluxes were also controlled changing the collimator opening D from 2.9 cm-+ (L/D=1 10) for
the first experiments (open circles) [13] and 10 cm-0 (L/D=32) for the second experiment (solid
circles) [14]. Furthermore, the beam intensity was adjusted by using suitable thickness of Pb filters.
Systematic differences were found the two series of results. The reason may be due to the flux
measurement for the second series of experiment and should be reevaluate in the near future.

The figure proves that the NIP covers the range of linearity at least 7 decades. The highest PSL
signals to be able to memory image information is limited again by the readout system. However, if
after ten times higher fluence 2 x101 1 n/cm2 was exposed than the upper limit, whole image
information was completely reproduced by the repeated readout process [141. The evidence shows the
upper limit should be extent at least up to 2 x10l2 n/cm2 namely 8 decades of linearity range.

Traditionally, ranges of linearity were 2.5 decades for almost of detection system such as films
and converter systems and imaging camera (SIT, II etc.) and converter systems except a cooled CCD
camera and converter system which has five decades of linear range. Anyway, the NIP has the widest
linearity range in the whole available detection systems to date.

' PSL is some time called also as OSL (optically stimulated by luminescence).
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Fig.1 PS+Imnir as a function of neutron fluence. Measured by the low sensitive
PSL reader BAS2500 (C) [14] and the high sensitive reader BASSOOO (0) [13].

Statistical Character To determine image quality, a character of statistical fluctuation is
play main role on the density signals. Figure 2 shows summary of measured statistical characters for
various imnaging systems. The upper part of this figure is multiple scales to found fluences from
neutron flux and exposed time intervals. The lower part shows standard deviations for four typical
detection systems; (1) a unit cell of 0.1 mm square of the Gd2O3 sensitized NIP, (2) a cooled CCD
camera with a fluorescent converter (NRC: 6 LiF+ZnS(Ag)), (3) an image intensifier (II)+NRC, and
(4) an industrial X ray film (Kodak SR)+an evaporated metal Gd. For references, standard deviations
of NIP are also summarized for additive three different pixel sizes (0.05 mm, 0.5 mm and 5 mm-
squares).

(1) In the results of NIP, the statistical character was confirmed up to 2x109 n/cm2 [13].
Unfortunately, the analyses for the most recent results is not finished until now. Then, the data
couldn't given here for the most interesting region higher than 2x109 n/cm2 .

(2) The cooled CCD camera is known as one of sophisticated system. However, three signal
fluctuation sources are observed for the used cooled CCD camera (Hamamatsu C3140) [15]. Relative
standard deviation shows linearly decreases on fluence in a low fluence range less than 5x10' n/cm2

and a low signal intensity region. Then, the region tells us that a fluence-independent instrumental-
noise is a main source. The second narrow region appears at around region of 108 n/cm2 . The region
obey the statistics of neutrons and have nearly n 12 dependence. After that the constant relative
statistics is observed in the higher fluence region. The region shows the imaging device has
inhomogeneous sensitivity between unit CCD cells on the tip.
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Fig. 2 Expected Statistical Character in Neutron Radiogram for
Various Detection System under Various Exposure Condition

(3) The measured statistical fluctuation of the film-converter system has similar in shape but
different origin of complicated character to the cooled CCD. In this case, the statistical fluctuation
mainly consists of a constant noise region, which is due to film granularity of fluence independent fog
region in a low fluence region, and an exponential region due to electronic noise at transmitted photon

2.2 Other Important Parameters on Transmittance Measurements
Non-Linearity of System Response: The non-linear characteristics is frequently

observed on the film-converter system especially combinations with light emission type converters
such as an NRC, a sheet of GdOS(Tb) etc., and many electric imaging systems.

International Conference Nuclear kMnerkv en e .,:ril Fl-r~pde '99



Neutron Imaging Methods to Detect Defects in Materials

Table 2 Measured Scattering Neutron Component [16]

Reactor'/Facility Neutron flux Scattered Comments
(Beam quality') n/cm2-s component

JRR-3MtNRF2TIN) 1.5x108 17 - 6 % Non-filtered
WRR-3MICNRF(CNIG) 2.3x108 4 ± 2 Guide tube

RUR/N2(TN) 1.5x106 15 ± 5 Non-filtered
KUR/E2(CN) 1.2x106 14 Thin Pb filter
KUR/CN2(CN/G) l.x1107 4 Guide tube
SAPHIR(IN) 3.5x 105 3 14 Pb + Bi filter
HHB8(1N) 3.4x105 *3 9 Si + cooled Bi
HFR/HB8(CN/F) 2.6x105

*3 7 Cooled (Be + Bi)

* 1 Reactor: JRR-3M: Japan Research Reactor No,3 Modified, JAERI, 20MW.
RUR. Rikkyo University Reactor, TRIGA-11, 100kW.
KUR Kyoto University Reactor, 5MW.
SAPHIR: Light water moderated material test reactor,

Paul Scherrer Institute, Switzerland, 10MW.
JIFR: High Flux material testing Reactor, Petten, Netherlands.

*2 Beam Quality: TN: thermal neutron,
CNIG: cold neutron with a guide tube,
CNIF: cold neutron with cooled filters.

*3 Estimated from a relation between optical film density and exposed fluence measured
at RUR/N2.

Traditionally, the non-linearity is frequently described by a slope y. For y >1 for example a film
with a light emission type converters, the system is characterized as a narrow latitude system. The
system is automatically enhancing the contrast. On the contrary, a wide dynamic range is expected for
y <1 system.

Studies to expect quantitative analyses require suitable correction for the non-linear system. In
the case, a system having y =1 relation is preferable. But, recent detection system have a potentiality
easy to correct those non-linear relations if the image data are stored in a memory of a personal
computer.

In fact, the IP has wide range of linearity, then the IP readers usually analyze 4 or 5 decades of
signals. In the case, measured PSL signals are compressed to a data length of 16 bit after a logarithm
transformation. Therefor, the compressed data must be retransformed to linear relation.

Collection of Background Component: It is well known that the measured signals
inevitably include components of scattered neutrons and gamma ray background and sometime
include instrumental offset signals. A 20 % of background components are sometime observed.
Measured scattered components are summarized for some neutron beams including outputs of cold
neutron guide tubes in Table 2 [16]. A few correction methods have been reported to correct the
background component. The Cd shadow method [17] is one of practically useful technique. Recently,
some materials such as hydrogen rich objects is expected to include a systematic error in the Cd
shadow correction for gamma ray components [18].

2.3 Geometrical Characteristics
Inherent unsharpness U, gives ultimate capability of the imaging system. As shown in Table 3

[13,15,16,j, the best U, was given to bel 1 um. However, usually 20,um was given for typical film-Gd
converter system, and greater than 100 Asm typically 200 um for electronic imaging. Recently, Ui of
NIP was measured and found to be 59 ± 8 ,um [13].

The importance of geometrical parameter LID has been discussed elsewhere [2], because
geometrical unsharpness U, becomes frequently larger than inherent unsharpness of converter itself for
U, < l / (LID). Where I is distance of object from an imaging plane. The geometrical unsharpness gives
frequently appreciable blur on an image.
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Table 3. Measured Inherent Unsharpness for Converter-Film System [13,15,16]

Film No Converter Detector' Edge' 1(rm)' Slit/cell size FWHM(um)

H725 Gd-12.5um SR Gd 0.2 5pumWxso0umH 13.7 ± 6.3
H655 Gd-25 pm SR Gd 0.2 17.5 * 1.3
H740-1 Gd-25 am D30 Gd 0.2 19.1 2 1.8
H740-2 Gd-25,um D35 Gd 0.2 11.1 _2.1
H889 PBN SR Cd 0.2 22 * 5

H770 K0500 Dry Gd 0.2 lOumwx50,umH 265 * 5
H769 NRC Dry Gd 0.2 @ 207 t 22

NRC C-CCD Cd 2.0 17,umHxl3umV 160 - 10'

- GdO, NIP Gd 0.0 25,umwx25,um' 59 ± 86

1. [Converter] Gd: Gd metal converter, PBN: 20,um pyrolytic boron nitride plate.
K0500: Gd202S:Tb, converter, NRC: 6LiF/ZnS:Ag type converter.

2. [Film] SR: Kodak single coated film, D30: Dupont double coated film,
D35: Dupont single coated film, Dry: 3M INSPEX-H dry film.

3. [Edge] Gd: 50pm Gd foil. Cd: 0.5 mm Cd plate.
4. Separation between the edge and the converter (film thickness) plus the thickness of Al lid.
5. Data from reference [15]. 6. Data from reference [13].
All data except the last two lines are taken from reference [16].

The shape of diaphragm D is also important parameter. If the diaphragm has asymmetric shape
such as square or rectangular opening. Images given by such a beam observed unsharpness becomes
also asymmetric [19].

Spatial deformation (magnification) of image is resulted by a finite L value. The effect has been
less considered as an important parameter. However, the parameter becomes serious result for
dimensional measurements especially results of tomograms.

2.4 Transmission Character and Effective Energy
At the stage of beginning in radiography studies, differences of transmission character were

ignored for thermal neutron beam without any experimental evidence and considered to be equivalent
to 25 meV. Later, a quantity effective total macroscopic (ETM) cross section was proposed as an
approximated attenuation coefficient for a fixed continuum beam [17]. It was found that transmission
characters of various materials was slightly differed from one beam to an other. Table 4 shows
measured effective total macroscopic (ETM) cross sections of 14 elements, 7 alloys and inorganic
compounds, 5 chemicals, and 3 biological materials for four different beam spectra with effective
energies of 9.8 meV, 17.0 meV, 28.9 meV and 1.46 eV [20]. The first two beams were obtained by
inserting 10 cm and 5 cm thick Pd filters, respectively. The third beam was non-filtered beam
extracted from No.2 tangential beam port in the Rikkyo TRIGA-I. Final one was given by a Cd filter
with thickness of 1 mm, and the attenuation coefficients at the resonance energy were measured by a
transfer method using an In foil with thickness of 0.3 mm thick. Thus, appreciable difference of the
ETM cross sections were observed between beam to beam especially between filtered beams.

It is concluded that transmission characters must be considered to describe at least as a function
of a parameter describing a continuum spectrum. The concept of effective energy was proposed as the
requirement. Effective energies as above mentioned were determined by a beam quality indicator
(BQI) which was recently developed [21]. Many thermal and cold neutron beams with and without
using filters have been measured using the BQI, and summarized elsewhere [20].

3. Requirements for The Highest Sensitive Imaging
As shown in Fig.1, the image quality is limited by statistical fluctuation due to the quantum

noise of incident neutrons. However, if a leading term of the noise origin is an instrumental one which
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is normally independent of number of neutrons, lowest detection limit is defined by the noise term.
Such imaging systems are shown in Fig. I as the case of the cooled CCD and the film-Gd systems. If
10 % of statistical fluctuation for the unit cell of 0.1 mm square is acceptable, the lower limits are
found on the Fig.1 to be 1O' n/cm2 for the cooled CCD and 108 n/cm2 for the film+Gd system. To
extend the lower limit, an averaging or a smoothing in more wider area of unit cell must be applied at
the sacrifice of spatial resolution.

Table 4 Effective Total Macroscopic Cross Sections of Various Materials for Four Neutron
Beams with Different Effective Energies from 9.68 meV to 1.45 eV(unit: 1/cm) [20].

Beam Sub-thermal Sub-thermal Thermal In Epi-thermal
Filter Pb = 10 cm Pb = 5 an none Cd= 1 mm Comment

Ecff 9.68 meV 17.0 meV 28.9 meV 1.46 eV

Al 0.0989 ± 0.0008 0.0986 ± 0.0007 0.1002 ± 0.0006 0.0887 ± 0.0012

Au 6.976 + 0.127 6.088 ± 0.089 5.619 ± 0.112 1,925 ± 0.021 Dental

Ag 4.545 + 0.057 4.066 ± 0.066 3.602 ± 0.048 1,055 + 0.009 Dental

Cd 114.58 + 1.38 109.64 ± 1.90 96.74 ± 1.50 0.577 ± 0.008 Dental

Cu 0.921 ± 0.016 0.899 ± 0.009 0.849 + 0.014 0.586 ± 0.006 Dental

Dy 35.64 ± 0.97 31.35 ± 0.91 28,01 ± 0.55 7.700 ± 0.137

Graphite 0.380 ± 0.008 0.398 ± 0.009 0.389 ± 0.007 0.3172 ± 0.0042

Fe 1.022 ± 0.028 1.043 ± 0.021 1.040 ± 0.020 0.5308 ± 0.0161

In 9.42 ± 0.31 8.23 ± 0,33 7.45 ± 0.22 88.70 ± 47.64 t<0,28 mm

Ni 1.648 ± 0.072 1.592 ± 0.048 1.604 ± 0.040 1.150 ± 0.029

Pb 0.259 ± 0.006 0,293 ± 0,004 0.312 ± 0.003 0.2620 ± 0.0055

Rh 11.19 ± 0.34 9.86 ± 0.18 9.11 + 0,16 36.352 ± 0.149 t=<0.025

Ti 0.637 + 0.010 0.553 ± 0.010 0.517 ± 0.005 0.239 ± 0.002

Zn 0.356 ± 0.005 0.346 ± 0.006 0.331 ± 0.004 0.2302 ± 0.0030

Ag-alloy 4.184 + 0.064 3.814 ± 0.037 3.416 ± 0.060 5.70 ± 1.12 Dental

Au-Pd 3.808 + 0.091 3.243 ± 0.062 2.965 + 0.077 3.26 ± 0.25 Dental

Brass 0.724 ± 0.011 0.670 + 0.007 0.652 ± 0.008 0.3477 ± 0.0081

LiF - + + 0.771 ± 0.000

PBN 30.20 ± 1.58 28.19 + 1.18 19.83 ± 1.39 5.451 ± 0.041

Pb(Te) 0.236 ± 0.005 0.274 ± 0.004 0.304 + 0.004 0.3035 ± 0.0051 Te=0.02%

SUS 1.013 + 0.022 1.022 0.011 1,006 ± 0.012 0.5208 ± 0.0085

H,0 3.557 ± 0.030 3.380 + 0.047 2.800 + 0.018 0.489 ± 0.053

D20 0.598 + 0.005 0.567 0.008 0.497 _ 0.004 0.360 ± 0.009

Teflon 0.318 + 0.006 0.321 ± 0.004 0.323 ± 0.003 0.2165 ± 0.0046

Poly 4.729 ± 0.121 4.398 + 0.053 3.541 ± 0.085 1.3284 ± 0.0480 t=<0.6cm

Acryl 3.541 + 0.032 3.254 + 0.035 2.717 ± 0.040 1,0521 ± 0.0288 t=<0.6cm

Tissue 3.504 + 0.059 3.183 + 0.069 2.247 ± 0.125 0.8654 ± 0.0425 t=<1.19cm
Tiss(new) + _ + 1.1202± 0.0679 t=<1.4cm

Bone 2.729 ± 0.075 2.106 ± 0.143 1.663 _ 0.130 0.6064 ± 0.0574 t=<2.07cm

Neutron beam: Rikkyo TRIGA-II (10OkW) - Beam port No.2 with Pb filter (0,5 and 10 cm).
Measurements of effective energies: BQI with Imaging Plate for neutron detection (BAS NR2025).
Measurements of ETM cross sections: Average slopes of transmission curves after scattered component corrections.
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To seek the lowest limit of neutron fluence is another interesting point. Our previous study
showed that the 100 % standard deviation was found at 4.5x104 n/cm2 for 50 pum square unit pixel
(=1.1 neutrons/pixel) [13]. The analyzing unit area was widened from 50 um square to 1 mm square.
The result shows at the left side point in the Fig.1. Thus, it is proved that the lower limit should be
extended by the averaging over the suitably extended area.

To get the highest sensitivity of imaging device should be attained by realizing a single neutron
counting technique. For instance, the neutron sensitive imaging plate seems to fulfill the requirement.
For electronic imaging, an image intensifier may be one of effective tool. Anyway, the imaging of
such a low level neutron field should be carried out taken into considering the statistical character.

4. Conclusions
Signals obtained by neutron radiography are discussed relating with image quality using

parameters of range of linearity, statistical character, geometrical character, and transmission character.
In the discussions, some useful data were given by figures and tables.

In this study, many items are not discussed relating enhancement of image quality, using
valuable traditional and advanced data processing.

This study only considered thermal and cold neutron radiography. However, it is not intended to
give less importance to other neutrons such as a high energy neutron radiography including transfer
methods and mono-energetic neutron radiography using nuclear reactions and TOF techniques. A part
of those items will be discussed in another lecture in this conference such as a fast neutron radiography,
an energy selected neutron radiography etc.
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ABSTRACT: This paper describes the neuron diffraction method for the measurement of
residual strains and stresses and illustrates the method with examples of measurements on
a mining chain link and a Single Lap Shear (SLS) Joint. It is shown that compressive
stresses in the chain surface contribute to the fatigue resistance of the link. Results for the
SLS joint cast doubt on current finite element models of joint stress distributions and
quantify the stress redistribution which occurs in the joint with ageing. The extension of
the method for the measurement of dislocation densities and dislocation cell sizes is
illustrated with an example of a plastically deformed copper sample.

1. Introduction
Residual stress distributions arise in many manufactured engineering components due to
inhomogeneous heat treatments such as welding or quenching or inhomogeneous plastic
deformation. The magnitude and type of stress (tensile or compressive) vary from point to point
within the material and large stress gradients may arise. In the absence of external forces the
overall stress balances to zero when integrated over the whole volume of the component. These
stresses can alter the components useful service life since they add to externally applied forces
and therefore alter the fatigue life of the material. It is now common practice to use finite
element methods in order to calculate the expected values of residual stresses in manufactured
components. It is highly desirable that such calculations be checked by direct experimental
measurements and diffraction methods provide the most reliable non destructive method of
carrying out these measurements.

Residual stresses are elastic forces and therefore alter the spacing of crystalline lattice planes
of the material. High resolution X-ray or neutron diffractometers can detect these small lattice
spacing changes and hence can in principle be used to measure the strain at specific points
within the material. In order to measure the strain two measurements of the lattice spacing are
required, a measurement of the spacing in the region of interest and a zero strain reference
measurement. The strain at the point of interest is the determined from the shift in the Bragg
reflection peak position AO using the equation £ = - O.5(cot 0) AO. The sensitivity of the
technique depends on the diffraction angle 20 and it may be tempting to choose the neutron
wavelength so as to maximise 0 but considerations of spatial resolution, as described below,
lead to a value of 20 - 9d0 being generally favoured. In order to be useful for stress analysis the
diffractometer must be capable of determining the peak positions with a relative accuracy of the
order of 5x I5. Instruments capable of this resolution are available at all major neutron
sources. The advantage of using neutrons rather than X-rays lies in the penetrating power of the
neutron. Using neutrons useful measurements can be made at depths several cm. in steel
samples while X-rays are effectively limited to, at most, tens of microns. The availability of
high intensity synchrotron X-ray sources such as the ESRF at Grenoble has increased the depth
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to which X-ray measurements can be made but, at a fraction of a mm, X-rays are still
essentially useful for surface and near surface measurements only.

A neutron diffraction measurement provides a value of strain in a particular direction at
specific points within a component. The direction is that of the scattering vector, see Figure 2.
In order to obtain the full stress tensor it is necessary both to make strain measurements in at
least 6 different directions at the point and also to use the appropriate elastic modulus to
convert strain to stress. Because of crystal anisotropy the elastic constant and Poisson's ratio
will vary with the lattice planes being used in the measurements. The Kroner model (1,2) is
now frequently used to determine the appropriate elastic modulus but texture in the material of
interest can lead to inaccuracies in the predicted modulus value. It is often best to make a direct
measurement of the modulus by loading a sample in a stress rig in-situ in the neutron beam and
making a plot of crystal plane strain as a function of applied stress. However, in a sample that
has undergone severe plastic deformation the accuracy of measurements of residual stress using
just one set of lattice planes can be open to question. This is because some crystal grains
will deform first due to their being in an 'easy' orientation for slip compared to neighbouring
grains and the resulting intergranular stresses complicate the situation and add to the
macroscopic residual stresses that are the items of interest. Figure I illustrates a neutron stress-
strain curve for a 99.9% pure polycrystalline copper sample where the Bragg planes are
measured in the loading direction. It can be seen that at the yield point (- 40 MPa) the curve for
the I I l and 200 planes deviates from linearity while that of the 3 I I plane remains essentially
linear. It is therefore desirable to make measurements using several different sets of lattice
planes though time constraints often make this difficult at reactor sources. However in many
metals there are one or more lattice planes that are relatively little effected by plastic
deformation and these are commonly used to give reliable measurements of lattice strain in
highly deformed samples examples are the 311 plane in copper and the 211 or 110 in iron.

100
Soiler Detector

At ? Scn , Lattice k:f,., 0 ' ~~~~~~~~~~~~~~~~ ~Planes
MPa *

50 o o 2 -I

~~~~~~~~ ~~~~~~Volue s pe d

0 *2 .4 .6 8 1
e x103

Monochromator

Figure 1: Applied stress- neutron measured Figure 2: Schematic of strain scanning system
strain in 99.9% Cu. A II 1, * 31 1, 0 200 after Hutchings (in reference 5)

The high intensity and high resolution required for neutron residual stress measurements
mean that they are almost invariably carried out at reactor or large spallation sources. Recently
there has been some effort in the UK by Oxford Instruments to develop a portable source for
use in strain measurements but work on this has now been suspended. From the point of view
of residual stress measurements the difference between reactor and spallation sources lies in the
fact that at a reactor source one neutron wavelength is chosen and measurements are carried out
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by scanning 0, whereas at a spallation source a white beam is used with the detectors fixed at a
fixed angle relative to the neutron beam. Different neutron wavelengths arrive at the detector at
times given by t = L/v = (Xm/h)L with m the neutron mass, h Planck's constant, v the neutron
velocity and L the distance from source to the detector. The strain is given by E = At/t. The
major advantage of a spallation source is therefore that many diffraction peaks can be
simultaneously collected. This allows the use of Rietveld methods to determine strain and
deviations from random orientation of crystal grains, which effects the calculated values of the
modulii, in the component to be detected.

2. Experimental arrangement
A typical arrangement for a neutron strain scanning system is schematically illustrated in

Figure 2. The size of the incoming neutron beam is limited by a set of slits so that a 'slice' of
the component under investigation is illuminated by the beam. A further slit, in the case of a
single detector, or radial collimator when a Position Sensitive Detector (PSD) is used, defines a
second slice through the component from which neutrons may reach the detector. The
intersection of these two slices defines the volume, the gauge volume, from which the
measurements are made. The measured diffraction angle is an average of the diffraction angles
from all the crystallites within the gauge volume which are oriented so as to diffract neutrons
towards the detector. In principle the smaller the gauge volume the more accurately can the
strain distribution in sample be defined but the resulting reduction in diffracted neutron beam
intensity due to the use of very small gauge volumes considerably worsens the signal to noise
ratio and lengthens the experimental time. At current reactor and spallation instruments the
minimum slit sizes which can be used to produce diffraction data on a reasonable timescale are
typically Imm x 1 mm. This leads to a minimum sampling volume of - 1 mm3 . Gauge
volumes of the order of 1 mm3 are generally accepted to be a reasonable compromise in
neutron diffraction work. The size and shape of the sampling volume will clearly depend on the
relative orientation of the incoming and diffracted neutron beams. The volume will be a
minimum when they are at 900 to each other and measurements are usually carried out with the
beams as close to 900 as possible in order to improve the spatial resolution of the strain
measurements. For reasons of efficiency in the collection of data the detectors used now at
virtually all strain scanning installations are PSDs. Most instruments are now equipped with a
stress rig which allows a sample to be loaded in tension or compression while it is in the
neutron beam. Facilities to carry out tests at elevated temperatures are also available.
Components are mounted on sample stages so that they can be moved in the x, y and z
directions relative to the fixed sampling volume. In this way the component can be moved in a
3D grid pattern and measurements made at positions throughout the component. Stages
currently available (e.g. at Dla at ILL or ENGIN at ISIS) have capabilities of carrying samples
of up to ~50kg weight and allow movements of - 40cm. However, new strain scanning
facilities are currently in the planning stage at both ISIS and the ILL which will increase both
the size and weight of the components that can be investigated.

3. Strain Measurement Applications
The neutron method is the most time consuming and expensive of all current methods of

residual stress measurement. Components must be taken to large research facilities and the size
of component that can be investigated is restricted. The next generation of facilities, the first of
which (ENGIN-X) is expected to come on stream at ISIS in 2002, will considerably reduce the
cost of measurements per data point to about the same as holedrilling or sectioning methods
and will also reduce the time required to obtain a comprehensive set of measurements. The
major advantage of the neutron method over all others is its combination of deep penetration
depths and the fact that it is non-destructive. In view of these points the neutron method has
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found most of its applications in components for the aerospace and transport industries. Welded
joints and cold expanded holes are frequently the source of fatigue cracks and much effort has
been put into the measurement of residual stresses around them (3,4). References 3 and 4 also
contain many other useful papers on the neutron strain measurement technique and the results
that can be achieved using it. Another area in which the neutron method has found wide
application is the measurement of stresses in the interior of metal matrix composites (5). These
are frequently SiC reinforced Al, or WC reinforced Ni. Since both components are crystalline
the neutron method enables the strain in both matrix and reinforcement to be measured and
predictions of thermal stresses and the variation of residual stresses with fibre ratio can be
investigated. In the following the results from two sets of measurements carried out by staff
from Loughborough are briefly presented.

3.1 High Tensile Steel Chain Link:
Chains manufactured from high tensile steel are used in many applications where it is vital

that their load carrying capacity is assured. The final stage of manufacture involves applying a
load which is sufficient to plastically deform the chain and imparts the final dimensions to each
link (6). The residual stresses produced in this process are believed to be beneficial to the
chains performance and the idea of the experiments was to measure the magnitude and
distribution of these stresses. The chain link was manufactured from 19 mm diameter steel
formed into a link 63.4 mm wide and 98.2 mm long. Figure 3 illustrates the definition of the x,
y and z directions and the orientation of the link in the neutron beam used to obtain strains in
these directions. Measurements were carried out on the Dl a diffractometer at ILL and the
sampling volume used was 2x2x2 mm. The 211 reflection was used with a neutron wavelength
of 0.191 nm giving a value of 20 close to 900.

ian)

a,.5

Figure 3: Orientations of chain link for neutron diffraction measurements

The results are illustrated in Figure 4 together with a finite element calculation of the z
direction stress. The finite element calculation was carried out using the ABAQUS code with a
simple linear elastic region followed by a linear work hardening model for the metal and a yield
stress of 89OMPa. It can be seen that reasonable agreement between the FE and neutron
measured values of residual stress is obtained. It is also clear that the surface of the chain link is
in compression in the z direction with relatively little residual stress in the x and y directions.
Since, when in use, the chain is loaded in tension in the z direction this residual stress pattern
will oppose the formation of surface cracks from the flaws that inevitably occur during use.
These results explain the origin of the improvement in chain performance obtained by the
traditional last stage in manufacture.
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Figure 4: Residual Stress measurements Figure 5: Origin and directions of the co-ordinate system
with a comparative FE calculation of a. for the SLS joint. All dimensions in mm.

3.2 Single Lap Shear (SLS) Joint:
Adhesive joints are now frequently replacing riveted joints in transport applications since

they provide a much more even load distribution across the join and avoid the dangers inherent
in riveted structures of cracks initiating at the rivet holes. These joints are commonly used to
join sheet metals and a great deal of work using both analytic and finite element techniques has
been carried out to predict the distributions of stresses and strains within and around the joint
(7,8). However, other than surface measurements, no measurements of the stresses in a loaded
metallic joint had been made. Experiments were carried out, again using the 211 Bragg
reflection on the Dla diffractometer at ILL to verify the FE calculations and to study the effect
of environmental ageing on the joint.

The joints were prepared using 50 mm x 16 mm x 3 mm CRI mild steel adherends which
were grit blasted and subsequently degreased and vacuum annealed prior to assembly. The
adhesive used was Araldite AVI 19 and the bondline thickness was controlled by the addition
of 1 % 250 micron "Ballotini" glass spheres. Figure 5 illustrates the appearance of the joint and
the co-ordinate system used in the stress measurements. Aged samples were prepared by
immersing a joint in deionised water at 60 °C for 10 days while simultaneously applying a load
of I kN. Measurements were carried out to determine stresses in the y direction with the joints
subjected to an axial load of 2.5 kN. A subsidiary experiment in which a piece of the steel used
to make the joints was loaded incrementally was carried out to determine the diffraction elastic
constant in the direction of interest for the Bragg plane used.
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Figure 6. Plot of the stress difference between Figure 7. Stress in the adherend as a function of
unaged and aged SLS joints for x = 0 (glue line) longitudinal position in an unloaded SLS joint.
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Figure 6 and 7 illustrate some of the major findings to emerge, the full results are presented in
reference 9. Figure 6 illustrates the difference in stress between an unaged and aged sample and
clearly shows a redistribution of load occurring with ageing. The load carried by the aged
sample is considerably decreased in the material along the upper surface of the glue line (x = 0,
z = 2, y = 2,4,6,8) and in consequence increased in the central region (x = 0, z = 8, y = 2,4,6).
This is likely to be due to plasticisation of the adhesive in the outer areas of the joint and a
consequent reduction in load carrying capacity and relaxation in the strain of the adjacent
metal. These results provide direct evidence for load redistribution during the ageing of joints.

Figure 7 presents the results for the curing stress close to the glueline in the joint and can be
compared with the modelling results presented by Adams (8). The results of these experiments
do not agree with the predictions of Adams et al., the stress close to the interface is not uniform
along the central region for either z = I or z = 4 and in fact tends to be tensile in the centre and
compressive at the edges. The data obtained has therefore cast doubt on the results of recent
finite element models and further work will be needed to resolve the discrepancies.

4. Microstructure
Plastic deformation introduces defects into the material and these give rise to microstrains

which result in a broadening of the diffraction peak. At higher plastic strains dislocations form
cell structures which effectively divide the material into small coherent scattering volumes,
these also cause peak broadening as described by Scherrer. Coherent size broadening is
independent of diffraction order but strain broadening is dependent on diffracting angle and
hence diffraction order. In principle it is therefore possible to distinguish between broadening
contributions due to size and strain. This is normally carried out by examining a complete
diffraction pattern and studying the comparative broadening of different diffraction peaks (10).
However this traditional method is impossible when only one diffraction order is available, as
is the usual case in reactor based neutron residual stress studies. Since the microstrain related
component is directly related to sample plastic deformation and the size broadening component
to the dislocation cell structure it is desirable to make use of information already gathered in
studies of internal strain to evaluate these parameters. Estimates of plastic strain are potentially
valuable to the engineer since the variations in plastic strain at points within a sample will be
mirrored in variations of yield stress. The single peak method of de Keijser et al (11) may be
used to separate size and strain effects and the results presented here illustrate how the data
from residual stress measurements may be used to study microstructure.

The samples used were polycrystalline cylindrical rods with diameters in the range 3 to 4
mm and gauge lengths in the range 20 to 30 mm. The copper and samples were manufactured
from 99.9% pure metal. the iron samples from 99.8% material and the nickel 99.98%. All
samples were annealed after manufacture to minimise residual strains. Measurements were
carried out on the TKSN-400 spectrometer at Rez. This system produces very narrow
instrumental line widths which make it particularly suitable for studying peak profiles. The
reflections studied were the copper and nickel 002 and 111, and the iron 110 peaks. At least
two samples of each metal were tested.

The single peak method of de Keijser et al. describes the measured peak profile as a
convolution of a standard profile (which incorporates the instrumental effects) with the sample
peak profile. The sample profile is itself regarded as a convolution of a Gaussian function
which is related to microstrain with a Cauchy function which is determined by coherent volume
sizes. The method is therefore to use a standard instrumental peak profile to deconvolute the
measured peak and produce the sample peak data. This data is then analysed to obtain the
Gaussian fig and Cauchy Pc peak breadth components. There is of course an assumption in the
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method that the Cauchy component is solely due to size effects and the Gaussian due to
microstrain. This assumption seems to be supported by theoretical and experimental evidence
and is discussed by Delhez et al. (12). In these experiments broadening was dominated by the
Gaussian component with evidence of the Cauchy contribution becoming apparent only by the
presence of the tails at high strains. Figure 8 shows plots of the Gaussian and Cauchy breadth
components of Cu peak profiles as a function of applied strain. The data is well fitted by a

simple power law of the form iOg = a + b F-c where a, b and c are material parameters. These

parameters vary not only from material to material but depend also on the annealing or other
sample history in a similar manner as do the parameters in the stress strain curve. The figure
contains data from the same Bragg peak from two samples. It is clear that the same fitting
parameters can be used to describe the data for both samples. From reference 11 the average
microstrain is given by <E> = 13g/4 TanO and the coherent scattering region size by

D = XIIc CosO where Pg and Pic are the Gaussian and Cauchy components of the integral

breadth.
Since the microstrain is a function of defect densities which may in turn be considered to be

a result of the relative amounts of plastic deformation, evaluation of microstrain does not in
itself provide information on the amount of plastic deformation experienced by various regions
within the material. However the width of the Gaussian component of the peak profile can
provide a simple empirical measure of the local plastic deformation if a calibration is carried
out in which peak profiles of samples with known plastic strains and made of the same material
as the test sample are also measured. This need not increase the total experimental time
required by more than a relatively small amount.
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Figure 8: Width parameters for 002 reflections from Figure 9: Derived dislocation cell size as a
Cu samples.* Cauchy sample 1 0 Gaussian sample I function of strain in copper. 0 data from
* Cauchy sample 2 o Gaussian sample 2 this work, * data from Gracio (13)

Derived values of D, the effective coherently diffracting region size, as a function of strain in
Cu are illustrated in Figure 9. The electron microscope based observations of Gracio et al (13)
on Cu indicate that these metals form closed dislocation cell structures at strains greater than a
few percent with cell dimensions of the same order as the derived coherent region sizes
reported in this work. The reduction in coherent region size with increasing strain observed in
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this work also follows their reported trend. The similarities are such that it may be concluded
that the coherent diffracting volume sizes derived from the diffraction data are measures of the
dislocation cell structures in the deformed metal

The data presented in Figures 8 and 9 is from the Cu 002 reflections. A limited amount of data
from one sample of Cu and Ni observing the 11 1 reflection was also gathered. The same trend
in reduction of cell size with strain was observed but for both the Cu and Ni samples no cell
structure was observed until the applied strain exceeded 0.2. In both cases the cell dimensions
measured using the 111 reflection were approximately a factor of 2 greater than those measured
using the 002 reflection. Dislocation densities can be derived from the microstrain using the
relationship p = k<F>2/Fb 2 where p is the dislocation density, b the Burgers vector, F a factor
describing interaction between dislocations (F =1 in this work), k a constant and <E> the
average microstrain. It is generally accepted that dislocation densities scale with plastic strain
with a relationship of the form p = A + B ep where A and B are material constants and Fp is the

plastic strain. If the dislocation density estimates derived from the single peak analysis are
accurate it would be expected that the experimental stress strain data and the dislocation density
strain data estimates should fall on the same (suitably scaled) curve. Good agreement was
found between these two sets of data. A fuller description of the results of these experiments is
presented in reference 14. The results of this work indicate that much more use could be made
of the data that is routinely gathered to determine residual stress in engineering components.
Generally it is only analysed to determine macrostrains from shifts in the diffraction peak
position and other than an estimate of microstrain no use is made of the information contained
in the peak profile.
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ABSTRACT - The porosity of the castings can dramatically reduce the solidity and reliability
of the objects made from aluminum alloys. The X-ray radiography is able to find the
placement of the porosity of the aluminum devices. After a special "water saturation" process
the dynamic neutron radiography is available to discover the "dangerous" - surface near-
porosity in the aluminum samples. The X-ray and neutron radiography were used as
complementary examination techniques to study the porosity of the aluminum castings.

Keywords: porosity, aluminum castings, X-ray radiography, neutron radiography

1. Introduction
The different kinds of the die-cast aluminum alloys contain porosity by the production

process. The porosity is very dangerous for the solidity of the objects, mainly if it is located
near to the surface of the casting. Some non-destructive-testing methods (NDT) are able to
study the porosity of aluminum alloys. It seems that the suitable combined application of X-
ray radiography (X-RR) and ultrasonics is very effective in this field, however, the
determination of the depth of the error area is not easy task by these methods. A "water
saturation" procedure on the defective samples and dynamic neutron radiography (DNR) were
applied. It was found that in the samples the water was infiltrated in the porosity.

2. Experimental facility

The experimental work was carried out at the Dynamic Radiography Station (DRS) [1] of
the Budapest (10 MW) reactor. This facility is able to use the neutron-, gamma-, and X-ray
Radiography as it is seen in the Fig. 1. The neutron - and gamma beams are obtained through
a horizontal thermal channel of the reactor using pin-hole type conical collimator. The
collimation ratio was 170, the beam diameter 150 mm and the neutron flux at the detector
position 108 n cmf2 sec-'. Objects with a surface area of 700 x 1000 cm2 and weights of up 250
kg can be investigated and are manipulated into the correct position of the beam by means of
a remote control mechanism. The X-rays was generated by a large scale of portable, industrial
X-ray generators. Their power is changeable from 50 kV; 5 mA to 300 kV; 5 mA. The
transmitted neutron image of the objects is converted into light by a scintillation converter
screen (type NE 426) - this task is solved by ZnS converter screen or a NaCs single crystal for
X- and gamma - ray imaging and the "light image" is detected by a low-light-level (LLL) TV
camera (104 lux for type TV 1122). The imaging cycle is 40 msec, thereby providing the
positioning for visualizing medium speed movements up to about 2.5 rn/sec inside the
investigated object. The resolution of the detected radiography image is about 150 grm for
neutrons and about 100 pm for X-rays. The schematic block diagram of the imaging system is
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shown in Fig. 2. The radiography images are displayed on a monitor, stored by an S-VHS
recorder and for further analysis, an image processing system is used (type Sapphire 5.05 by
Quantel). A hard copy of the picture is provided by a video printer. In addition to the
radiography image other parameters characterizing the operation of the investigated object -
such as operating time, pressure, temperature, flow velocity, power consumption - are
measured and controlled.

9- .: . - t1^, ~~~~~Reactor -

Inside collimator Investigated object with
C) Iron shutter system remote control mechanism
(Y Beam diameter changer and filter unit ® Imaging system with

low light level TV camera
) Reactor shielding ma Working parameter indicators

B) Outside collimator sl Background TV camera
(C) Biological shielding (a Beamstop
A) Position of portable X-ray generator () Contrl cabin

Fig. 1. Arrangement of the Dynamic Radiography Station
at the Budapest research reactor
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Fig. 2. Imaging system of the Dynamic Radiography Station

3. Investigated object
The investigated objects were choozen from the mass production of alunlititil industry.

The first element is a part of an air bag system in a motor car. It is marked in the Hgi. 3- with
symbol "A". (Its width is 26 mnm, its length is 205 mm and its thickness is 2 mmi). It contals, a
special flange series for the higher releability. The second object of our investiat~ion is the
yoke of the scaffolding system in the building industry. In the Fig. 3. it is denoted by symbol
"B". (Its width is 36 mm, and its length is 9% mm and its thickness is 'X mm). Ta, pcOsity of
the aluminum castings reduces the solidity of the objects.

Fig. 3. Samples made from aluninum castings
A.. Frame of an awi bag system
B: Yoke of scaffolding in the building industry
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4. Experimental result
The large number of castings were investigated by X-RR to select the samples with
porosity content. In order to increase the quality of the picture 500 images were integrated
by the Quantel video processor. The X-ray pictures of the "A" is shown by the Fig. 4. and
the "B" sample is shown by Fig. 6.

af al It F- t C It OF Q 8 v 

Fig. 4. X-ray radiography of the porosity in the frame of the air bag system

Fig. 5. Dynamic neutron radiography of the frame of the air bag system after the
"water saturation" process

The porosity of the castings, characterized by the bright areas, are marked by arrows. A
special "water saturation" process was used before we applied the DNR. The essential idea of
this procedure is to substitute the residual gas with water in the porosity of aluminum
castings. The neutrons are very sensitive to the water because of its high hydrogen content.
The DNR is an appropriate method to determinate the "waterized" porosity. In the first step
the aluminum samples were taken in an excicator and the samples were filled up by water.
The vessel was closed and was evacuated by a rotating vacuum pump for 120 minutes. The
samples stayed under the water for further 1 5 hours. If the porosity of the casting was situated
near the surface of the sample, the water was able to ooze into the cave of aluminum. This
effect was observed for both "A" and "B" specimens, as shown in Figs. 5 and 7 as exposed by
DNR.
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Fig. 6. X-ray radiography of the yoke of the scaffolding

Fig. 7. D~ynanilc neutron radiographx of the yoke of the scaffolding after the
"cwater saturation` process

The "waterized' porosity of the aluminum castings are characterized by dark shade, marked
by arrow~ss. Figure 8. shows the cut surfiice of 'W' sample at the place of the porosity. It is
clearly observable the smxall material t.hickness (12120 piin) between the porosity and the
surface of sample.

Fig. 8, The position of the porosity int the yoke after cutting
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5. Conclusion

The X-ray radiography is an advanced NDT method to discover the placement of the
porosity in the alurninum castings. Applying a special "water saturation" process the dynamic
neutron radiography is able to show the "dangerous"- surface near - porosity of the aluminum
devices by their water contain. Both X-ray - and neutron radiography techniques were useful
complementary examination methods to study the porosity of the aluminum castings.
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ABSTRACT
The cytotoxic effects for tumor were evaluated with intraveneous injection 10B

PEG-liposome(Stealth liposome) on human pancreatic carcinoma xenografts in nude
mice with thermal neutron irradiation. After thermal neutron irradiation of mice injected
with B bare-liposome or B PEG-likosome, AsPC-1 tumour growth was suppressed
relative to controls. Injection of B PEG-liposome caused the greatest tumour
suppression with thermal neutron irradiation in vivo. These results suggest that
intraveneous injection of B PEG-liposome can increase the retention of ' 0B atoms by
tumor cells, causing tumor growth suppression in vivo upon thermal neutron
irradiation.

Key words: Boron neutron capture therapy (BNCT), Neutron capture
alpha-autoradiography, CR-39 track detector, Drug delivery system,
PEG-liposome (Stealth liposome)

1. INTRODUCTION
Boron neutron capture therapy ( BNCT ) is aimed at inhibiting the growth of

various cancers [1]. The cytotoxic effect of BNCT is due to a nuclear reaction
between B and thermal neutrons. This nuclear reaction is as follows:

`B+ 'n 71i + 4He (a) + 2.79 MeV (6.3 %)
7Li* + 4He (a) + 2.31 MeV( 93.7 %)
7- L + 4He (a) + 0.478 MeV

The resultant lithium ions and a particles are high linear energy transfer particles with
relatively high biological efficiency. These particles (a and 7Li) destroy cells within
about 10pim path length from the site of capture reaction. It is theoretically possible to

* Corresponding author: Phone: +81-3-5449-5352, fax: +81-3-5449-5439,
e-mail: yanagie@ims.u-tokyo.acjp / yanagie@kiwi.nejp

International Conference Nuclear Energy in Central Europe '99 709



Neutron Imaging Methods to Detect Defects in Materials

kill tumour cells without affecting adjacent healthy cells, if 1 atoms can be selectively
accumulated in tumour cells. BNCT has been used clinically in patients with
malignant brain tumours and melanoma.

Liposornes have been investigated extensively as carriers for anticancer drugs in
attempts to direct active agents to tumors or to protect sensitive tissues from toxicity.
We have reported that ' 0B atoms delivered by immunoliposomes are cytotoxic to human
pancreatic carcinoma cells (AsPC-1) with thermal neutron irradiation in vitro [2]. The
intratumoral injection of boronated immunoliposomes can increase the retention of ' 0B
atoms in tumor cells, causing tumor growth suppression in vh'o under thermal
neutron irradiation [3].

In this study, we prepared the polyethylene-glycol binding liposomes (PEG-
liposome) as the effective '°B carrier to avoid the phagocytosis by reticuloendotherial
systems (RES) and the bare liposome. We performed a technique of prompt y-
spectroscopy to quantitatively determine the '0B concentration in the organ of mouse.
And also we used a technique of neutron capture autoradiography using Solid State
Nuclear Track Detectors (SSNTDs) in order to qualitatively determine the '1B
biodistribution in whole body samples of mice.

2. MATERIALS & METHODS

2.1. Materials prepareing
Chemicals: Sodium salt of undecahydro-mercaptocloso-dodecaborate

(Na2`1B12 H2l SH) was obtained by Wako Chemical Co. Ltd. (Tokyo, Japan).
Dipalmitoyl phosphatidylcholine (DPPC), distearoyl phosphatidylcholine (DSPC)

and distearoyl phos-phatidylethanolamine (DSPE) were kindly donated by NOF Corp.,
Tokyo. NOF also provided a monomethoxy polyethyleneglycol succinimidyl
succinate (PEG-OSu) of average molecular weight, 2000.

Target Tumor Cells and Mice: The human pancreatic carcinoma cell line
AsPC-1, which produces carcinoembryonic antigen (CEA) was obtained from Dainihon
Seiyaku Co. Ltd. (Osaka, Japan).

Male BALB/c nulnu mice were obtained from Nihon SLC (Shizuoka, Japan)
and used at 6 to 7 weeks of age. The procedures for tumor implantation and sacrifice
of the animals were in accordance with approved guidelines of the Institution's
Animal Ethics Committee.

Preparation of PEG binding liposomes containing B-compound:
Liposomes were prepared from DPPC/DSPC/CH (7:2:1, m/m) and an appropriate
amount of DSPE-PEG by the reverse-phase evaporation (REV) method and extrusion
method [4]. The lipid mixture (5 mg in total lipids) was dissolved in 600 , 1 of
isopropyl ether/chloroform (1:1, v/v) and one-half ml of 120 mM B-compound
(Na 2 'B2 1HItSH ) solution was added.

Liposomes were formed by the REV procedure and extruded more than ten times
through polycarbonate filters (Nuclepore, Nomura Science, Tokyo) to control size.
Uiposomes were sized to 100-120 nm in mean diameter by extrusion, which were
referred to as SUV. The extrusion was performed at 509C in a thermostatic extrusion
device (EXTRUDER, Upex Biomembrane, Canada). Liposome size was measured
by dynamic laser light-scattering measurements using a ELS-800 particle analyzer
(Otsuka Photonics, Tokyo). This admixture was heated at 60WC for 10 min with
intermittent vortex mixing and chromatographed on a BioGel Al. 5m column (2 cm x 20
cm, Bio-Rad). The ' B-entrapping liposomes were finally sterilized by passage
through a membrane filter of 0.45 ym pore size. B entrapped bare liposomes were
prepared as same way without polyethylene glycol.
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2.2. Experimental procedure
Measurement of accumulated B concentration in each organ in vivo.

AsPC-1 cells (1 x 10 ) were injected subcutaneously into the back of male BALB/c
nu/nu mice. At 10 - 14 days after injection, when the estimated tumour weight reached
100 - 300 mg, the recipient animals were injected intravenously into the tail vein with
either '0B entrapped bare liposome ('0 B bare-lip.) or '(B entrapped PEG-liposome
( B PEG-lip.) under anesthesia The ' 0B concentration of 10B PEG-lip. and '`B bare-
lip. were 116 ppm and 160 ppm, respectively. Tumors of this size never regressed
spontaneously. The animals were sacrificed 3, 6 and 24 hours after injection and the
tumors and organs were removed so that B concentration was determined by
measuring the gamma ray at the peak corresponding to a 478 keV area [5, 61. Tissues
were weighed immediately after dissection and recorded as "wet weights". Results
were expressed as [g B / g tissue.

Preparation of sliced mice samples At 10 - 14 days after injection of
AsPC-1 cells, when the estimated tumour weight reached 100 - 300 mg, 0.2 ml of B
entrapped-liposomes (10B bare-lip. / 10B PEG-lip.) were injected to the tumor bearing
mice intraveneouslly. The mice were sacrificed 3 and 6 hours after the injection of

B-tiposome solution, and the mice were frozen at -60 C. Subsequently, the frozen
mice were cut suggitally into 40 Apm thick sections putting on the mending tape, and
freezed dried at -20 C in 2 weeks, and air dried in one more week. Thus, the dried
samples were prepared [71.

Neutron Capture Autoradiography using Track Etch Detectors
In order to examine the biodistribution of the B entrapped liposomes after

intraveneous injectios, we performed the Neutron Capture Auto Radiography(NCAR).
After intraveneous injections of B-liposomes, the tumor bearing mice were sacrified and
frozen. The mice were cut into 40 pm thick sections mounted on a thin 3M Scotch
tape. The whole-body sections (40 pm thick) of pancreatic cancer tumor bearing
mouse were put in close contact with the CR39 detector plate and exposed to a flux of
thermal neutrons in the dry cell of the Thermal Column Neutron radiography facility of
the Ljubljana TRIGA Mark II reasearch reactor of the Jozef Stefan Institute. The
gamma rays were filtered by a provisional 16 cm thick Pb filter made of lead bricks and
the irradiation facility was not optimal regarding the neutron beam intensity and gamma
ray background. The thermal neutron fluences varied regarding the objectives of the
experiments and were as follows:

For B concentration measurement: 6.8 x 1010 neutrons / cm
For Imaging: 4.4 x 10 12 neutrons / cm

For a-autoradiographic imaging including proton of tracks produced by '4N (n, p)
reaction, where '4N is the biogenically abundant nuclide, the CR-39 detector plates were
etched in a 6.25 N NaOH solution at 70 'C for 60 minutes to reveal tracks. The
tracks were automatically measured by the TRACOS track analysis system of the Jozef
Stefan Institute [8].

Evaluation of tumor growth suppression on experimental BNCT: In
order to evaluate the tumor growth suppressive effects of BNCT with 10B liposomal
delivery, we prepare 10B PEG-lip. (6600 ppm) and '0 B bare-lip.(6850 ppm). After
four times intraveneous injections were performed with 6 hrs' intervals, tumor bearing
mice were irradiated for 37 min with the irradiation rate of 9 x 10i ns-1 cm 2 thermal
neutrons (total fluence: 2 x 1012 n cm- 2) at the TRIGA-II atomic reactor of Institute for
Atomic Energy of Rikkyo University. After irradiation, the effect of BNCT was
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estimated on the basis of tumor volume and morphological findings of the tumors at 3-
day intervals [3].

3. RESULTS
Comparison of B accumulation in each organ after injection of B

bare-lip.! B PEG-lip.: AsPC-1-bearing mice (n = 3) were given i. v. injection
jO~~~~~~~~~~~~~~~n

with 0.2 ml of solution of B PEG-lip. or B bare-lip.. The mice were sacrificed at
3, 6 and 24 hrs after injection and the boron contents of tissues were analyzed as
described. Table 1 shows the B concentrations in various organs (tumor, blood,
liver, kidney and heart) after injection of 10B PEG-lip. or 10B bare-lip. B uptake in

10
tumor was higher than the uptake in the liver at 6 to 24 hr after injection of B PEG-lip.
The uptake in the liver was higher than the uptake in the tumor at 6 hr after injection of

B bare lip. and decreased to less than 1.40 ppm 24 hr later. The concentration of B
in tumor after injection of B PEG-lip. was two times higher than that of B bare-lip.
at 24 hrs. The boron content in tumor reached a maximum value at 24 hr, and
increased slightly by retention due to the of circulation with PEG after injection. Our
data indicated that the selective accumulation of B atoms in tumor was achieved by
using B PEG-lip.

Table 1. Measurement of accumulated '0B concentration in each organ after
single intraveneous injection of '0B PEG-liposome in vivo

Boron distribution following injection of `0B PEG-
Organ liposonle / ' 0B bare-liposome (ppm) after:

3h 6h 24h

' 0B PEG-lip tumor 1.57 1.95 2.37
blood 3.41 2.92 1.22
liver 2.52 1.18 1.43
kidney 3.34 1.91 2.45
heart 1.59 1.34 2.20

°B bare-lip tumor 1.09 1.67 1.13
blood 3.41 1.23 1.17
liver 4.41 4.37 1.35
kidney 5.81 1.38 3.03
heart 3.26 1.41 1.76

The boron concentration was measured by prompt gamma-specroscopy method The original 'nB
concentration of `B PEG-liposome and 10B bare-liposome were 116 ppm and 160 ppm, respectively.

Neutron Capture Autoradiography using Track Etch Detectors:
In order to examine '0B-biodistribution in mice, we performed NCAR of sliced

mice samples using CR-39 track etch detector. Proton and a-tracks were measured by
the TRACOS track analysis system. TRACOS is capable of accurate measurements of
dimensions, shape, grey level intensity and accurate position of individual tracks on a
large CR-39 plate. On the basis of local track densities obtained from positional
information of tracks having different origin it is thus possible to make separate digital
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Fig. I a-autoradiographic imaging by NaOH method NCAR images of
whole-body boron distribution obtained by neutron capture autoradiography after 6 hours
intraveneous injection of 3B-Iiposomes. Neutron capture autoraiograph was prepared
from the whole-body section ( 40 gm thick ) of a pancreatic cancer-bearing mouse. The
neutron fluence needed to produce this image was 4.4 x 10`2 nlcm2 . After the irradiation,
CR-39 detectors were etched in 6.25N NaOH solution at 70 'C for 60 minutes. Upper:
'0B-PEG liposome injection, Lower: 'SB bare liposonme injection.

radiographic images. Images of whole body mice by neutron capture autoradiography
were shown in Figure 1.

At 6hr after intraveneous injection of '0 B bare-lip./ tOB PEG-lip., the accumulation
of 10B was found only in the tumor, but not in the liver or kidney. It has the
possibility to escape the uptake of reticuloendotherial systems (RES) in the liver using
PEG-lip.

Growth inhibition of tumor treated with 'OB PEG- liposome: The effect
of ' 0B PEG-lip. and `OB bare-lip. on tumor growth suppression was examined with
thermal neutron irradiation.

The boron concentrations in tumor tissue after injection of '0 B PEG-lip. was 37.3
ppm with four times i. v. injection of '0 B PEG-lip. by plasma emmision sp ectroscopy.
After thermal neutron irradiation of mice injected with '0B PEG-lip. or Bbare-lip.,
AsPC-1 growth was suppressed relative to controls. Intraveneous injection of '0B PEG-
lip. caused the greatest tumor growth suppression and necrosis with thermal neutron
irradiation in Figure 2.
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Fig.2 Tumnor growth suppression or I3NCT with 'WB delivery using PEG-
liposore :Six hours inravencous injection of '13 PEG-liposomes or '30 bareliposomes,
tumor bearingitmice wereirradiaed with thermal neutron (total fluencc: 2 x 1012 nlcm2 ) at the
TRIGA-il atomic reactorin Rikkyo University. (a) Non-treated, (1,) '0B bareliposome treted,
(c) ' PEG-liposome 
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4. DISCUSSION
One of extremely important concerns in BNCT is the '0B delivery system, for

which liposomes are very attractive and interesting. It is commonly told that the size
of multilamellar liposome (MLV) is about 300 nm, so these MLV liposomes are easily
phagocyted by reticulo-endotherial system (RES). So it is very difficult to accumulate
the content of liposome into the target cancers. To escape these phagocytosis of RES,
we have tried to prepare single unilamellar boronated polyethylene glvcol binding
liposomes which is become to use in chemotherapy. We found that the taB PEG-lip.
have the possibility of retention to the tumor cells and providing sufficient '1B atoms for
the BNCT. Maruyama et al have demonstrated that polyethylene glycol binding
liposomes (about 100 nm mean diameter) and rigid lipid composition showed
significantly greater accumulation in solid tumor [9].

The track etch method was applied to observe visually qualitative distribution of
1'B [7]. The image with NaOH etch method is effective to identify the position of tumor,
and can also describe organs in the whole body section by means of proton tracks with
different contrast in comparison to the a track image. The correct ' 0B concentration is
also calculating now using PEW etch method [7] andlor computing automatic image
analysis system TRACOS [8].

BNCT with intraveneous injection of PEG-lip. with a high content of ' 1BSH has
the ability to destroy malignant cells of the tumor mass. The PEG-lip. can easily reach
the tumor tissue with enhanced permeability and retention (EPR) effect than the bare-lip.
We try to prepare boronated transferrin binding PEG-immunoliposomes (stealth
immunoliposomes), and to perform BNCT experiments in vitro and in vivo.
Experiments using systemic injection of inteligent 1 B delivery systems are in progress
for selective targeting of '°B atoms in tumors in the application of clinical BNCT.
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Fast neutron radiography (FNR) and resonance neutron radiography (RNR) are complementary to the
conventional radiography with high energy gamma-rays or brems-strahlung radiation used for the inspection of
thick metal objects. In both non-destructive methods, the contrast sensitivity and the penetration power can be
improved by using higher energy neutrons. At present direct techniques based either on Solid State Nuclear
Track detectors (SSNTDs) or scintillating screens and transfer techniques using activation threshold detectors
and radiographic films are applied for the detection of fast neutron images. Rather low detection sensitivity of
film and SSNTD based fast neutron imaging methods and also rather poor inherent image contrast of SSNTD
pose a problem for FNR in the fast neutron energy region 1-15 MeV interesting for NDT. For more efficient
detection of fast neutron images the use of novel highly sensitive photoluminescent imaging plates (IP) in
combination with threshold activation detectors as converter screens in transfer imaging technique was proposed
by authors and tested at the KFKI research reactor. The conventional IP produced by FUJI Photo Film Co. for
the detection of beta and X-ray radiation were used. The threshold activation detectors were the reactions
"5In(in, r)5mliw, 64Zn(nip) 64Cu, 56Fe(np)5 6Mn, 24Mg(nrp)24Na and "Al(n.X) 24Na. These threshold reactions
cover the fast neutron energy region between 0.7 MeV and 12 MeV. Pure, commercially available metals 0.1
mm to 0.25 mm thick made of In, Zn, Fe, Mg and Al were used as converter screens. The very high sensitivity of
IP , the linearity of their response over 5 decades of exposure dose and the igh dynamic digitalisation latitude
enabled fast neutron radiography of image quality comparable to the quality of thermal NR. In our experimental
conditions (4nt 108 n/cm s, RCd % 2) the neutron exposure and IP exposure periods were still practical and
comparable to the half life of the corresponding reaction products (half an hour to several hours). Even with the
27Al(n.ct)24Na reaction having a 23 WU fission spectrum avaraged cross-section of 0.65 mb useful fast neutron
images were obtained. These preliminary experiments clearly demonstrated the useful imaging properties of IP
in transfer fast neutron radiography with threshold activation detectors. On the basis of this new fast neutron
imaging technique and using an appropriate set of threshold activation converter screens FNR in energy window
between the 0.1 MeV to 20 MeV could be conceived.

1. Introduction

Radiography with thermal neutrons in the energy range of 0.01 eV to 0.3 eV is a well
established non-destructive method [1]. Neutrons of epithermal energies (0.3 eV to 10 keV)
and fast neutrons ( 10 keV to 20 MeV) are used for neutron radiographic examinations in
much smaller extent. However, the use of fast and epithermal neutrons for neutron
radiography is becoming increasingly attractive. The reasons for the increasing interest for
fast neutron radiography (FNR) and epithermal neutron radiography (ENR) are:
* Neutrons of higher energies, in particular 14 MeV neutrons can penetrate thick layers of

bulk materials (more than 10 cm), offering the possibility to inspect larger objects [2-5].
* The radiographic contrasts obtained by FNR are similar and comparable to those obtained

with high energy X- and gamma-ray radiography and in general are smaller than with

* Retired from JSI
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thermal neutron radiography. Poorer discrimination is offset by broader contrast latitude
and low atomic number materials can simultaneously be observed with heavier metals
[4]. However, the neutrons at the lower portion of fast neutron region (< I MeV) can
offer radiographic contrast different from either X-ray or thermal neutron radiography [2].

* Availability of mobile or even portable radioactive and modern accelerator based fast
neutron sources [6-8] in addition to many research reactor based NR facilities, enables
industrial applications of FNR.

The increased interest for FNR is promoting also the search for more efficient fast neutron
image detectors. For the detection of fast neutron images direct techniques based either on
SSNTDs [9] or scintillating screens and transfer techniques based on activation detectors and
radiographic films are in use [1-3]. Rather low detection sensitivity of the film as well as of
SSNTD based fast neutron imaging methods and also rather poor inherent image contrast of
SSNTD pose a problem for the fast neutron radiography in the for the NDT interesting
energy region 1-15 MeV. For more efficient detection of fast neutrons the use of novel highly
sensitive photo-luminescent imaging plates (IP) in combination with threshold activation
detectors as converter screens in transfer imaging technique were proposed by the authors
[10].
In addition to its inherent insensitivity against y-ray background the FNR using transfer
technique with threshold activation detectors has several useful properties:
* The threshold detectors are not sensitive for neutrons below the threshold energy of

relevant nuclear reaction and hence are not sensitive for scattered neutrons moderated
below threshold energy.

* Each threshold reaction has his own characteristic energy window of sensitivity, inside
which the neutrons contribute most to the activation of the detector. This energy window
depends on energy dependent reaction cross-section and neutron spectrum. The neutron
absorption and scattering effects in the investigated objects can significantly distort the
initial fast neutron spectrum and the sensitivity regions depend on the material
composition and dimensions of the object.

* In a single neutron exposure a set of foils of different threshold activation detectors can
be irradiated providing simultaneous fast neutron radiographs through different "energy
windows". Simultaneously the thermal and epithermal neutrons, which are present in the
neutron beam in particular when the fast neutron beams of a research reactor are used, are
inducing thermal and resonance neutron absorption reactions in the converter material.
This can be sometimes of an advantage, however often the unwanted 'parasitic' activities
have to be suppresses by filtering out the thermal neutrons using Cd shields and/or by
selecting appropriate time of neutron irradiation, waiting time before exposing the image
detector and the exposure time.

The reaction cross-sections of threshold detectors are in a millibarn region and orders of
magnitude smaller then the activation cross-sections of conventional converter materials for
thermal neutron radiography. A problem encountered in FNR using radiographic films as
image recorders is an adequate fast neutron beam intensity to produce quality fast neutron
image. According to Berger for FNR using 14.5 MeV neutrons in a single screen transfer
technique with common threshold detectors (reactions in Cu and Al) and radiographic films
the required fast neutron flux to achieve moderate film density 1.5 at still practical exposure
conditions (30 min irradiation time, waiting time 2 min and 'overnight' film exposure) should
be at least of about 2. 107 n/cm2 S [3]. The use of novel IPs instead of radiographic films
would offer several benefits. Compared to radiographic films the IPs have advantages as high

718 International Conference Nuclear Energy in Central Europe '99



Neutron Imaging Methods to Detect Defects in Materials

sensitivity of 102_103 times that of radiographic films, high dynamic range in exposure dose
(more than 6 orders of magnitude), high intrinsic spatial resolution, large area and negligible
spatial distortion, reusability and digital output [11]. In exposure boxes well shielded against
natural background the surface distributions of 14C and 40K radionuclides of few 0.01
Bq/cm2 can be detected by autoradiography using IP as reported by Mori et al. [12].

In this contribution we report on the measurements of the response of various available types
of IP to the /ly/) radiation induced in selected threshold activation detector materials by fast
neutron irradiation in the dry cell irradiation facility of the Ljubljana TRIGA Mark II research
reactor. The use of IP in FNR was successfully tested in rather limited number of experiments
at the KFKI research reactor [13]. The use of IP in FNR with threshold activation converter
screens is discussed.

2. Experimental

2.1 Threshold activation detectors in transfer technique of FNR
The threshold detectors are based on endotherm nuclear reactions induced by fast neutrons in
a suitable materials. They are widely used in reactor physics experiments for fast neutron
spectroscopy and many of them have been used also as converter screens in transfer technique
of FNR [1-3]. Some selected threshold activation detectors, common in FNR and used in our
experiments are quoted in Table 1. Their nuclear characteristics as threshold energy, their
sensitivity energy region and spectrum averaged cross-sections in 235U fission neutron
spectrum and the cross-section values at 14 MeV are presented here. The detectors chosen are
the same as used previously for measurements of fast neutron spectra in Ljubljana TRIGA
Mark II 'dry cell' irradiation facility [14]. The selected threshold detectors cover the fast
neutron energy region from above 0.3 MeV to 14 MeV. The half-lives of the reaction
products range from few minutes to several hours and are suitable for transfer exposure
technique. The converter screen materials are pure (0.999) metals and readily available in a
form of large area thin sheets or foils. They are of natural isotopic composition and hence
during the irradiation with thermal, resonance and fast neutrons significant activities other
then targeted activity are induced. For the measurements of the response of IP foils (0 5 cm)
of Al, Mg, Zn, Fe and In were used, the same, as for the measurements in fast neutron
spectroscopy [14]. The converter screens for FNR were 10 X 10 cm2 foils (0.1 mm thick) of
pure (0.999) Al, Zn and Rh and larger 20 X 20 cm2 screens (0.25 mm thick) of technically
pure Al, Fe and Cu.

2.2 Fast neutron irradiation facilities
To measure the response of IP the threshold detector foils were irradiated in the 'dry cell' of
the Ljubljana TRIGA Mark II reactor in a "broad beam" geometry, since there is no
collimator installed in this facility. The irradiation position was 20 cm from the front end of
the 60 X 60 cm2 graphite thermalizing column using the existing irradiation rig for the
irradiation of the medical samples within BNCT experiments. The integral fast neutron flux
above 0.1 MeV was 1.93 107 n/cm2s, measured by a set threshold detectors. Thermal neutron
flux and Cd ratio (RCd) were 4.9 107 n/cm2s and 34 respectively, measured by Au foils (0.05
mm).
Few trial experiments in FNR were performed in the NR facility of the radial beam port No. 1
of the KFKI research reactor in Budapest [15]. The neutron beam is well collimated (L/D
=170) and with a high content of epithermal neutrons. Here the total thermal flux was 1.0
108 n/cm2 s, Rcd= 8. Fast neutron spectrum was not measured.
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2.3 Imaging Plate Detection System
The imaging system used consists of imaging plates, FUJI BAS 1500 laser scanner and
Raytest UV IP eraser. The imaging plates were FUJI Photo Film BAS IIIS for imaging X/y/j3
radiation and suitable for X-ray radiography and transfer NR, neutron sensitive IP-ND for
direct thermal neutron imaging and IP type TR for imaging of soft X-rays and P radiation
(e.g. for autoradiography of tritium). The IP consist of a plastic support plate covered with
0.13 mm (0.05 mm in case of IP-TR) thick layer of crystals of photostimulable storage
phosphor BaFBr:Eu2 + combined in a plastic binder and covered by a thin layer (0.02 mm) of
plastic protective cover. With IP of TR type the phosphor layer is intended for the
registration of 3H soft P radiation and is hence unprotected and susceptible for surface
damage and wetting. In case of IP-ND the storage phosphor is mixed with gadollinium
oxide (50 %). The BAS 1500 He-Ne laser (632.8 nm) scanner has a pixel size 0.1 X 0.1

2mm, scanning speed 14 ps/pixel and 12 bit digitalisation (4096 grey levels). The inherent
resolution of the system is lower than the pixel size, only about 0.2 mm (with advanced
scanners - 40 pm).
The digital images are handled, processed and analysed by a personal computer and printed
by Epson Stylus Photo printer. The image handling, processing and analysing software is
TINA 2.0 supplied by Raytest (Germany) and Photoshop ADOBE 3.0.

2.4 Measurements of the IP response to the radiation induced in threshold detectors
To measure the response of imaging plates to the /i3ly radiation induced by neutrons a set of
foils (0 5 cm), same as used for fast neutron spectroscopy, was irradiated in the neutron field
of the 'dry cell' irradiation facility. Set of foils was irradiated in Cd pot (1 mm thick) to filter
out thermal neutrons. Three different sets of foils have been prepared: (Al, Mg and Zn), (In,
Fe) and (In, Al). The present experiments did not include Rh and Cu foils. Of each detector at
least 2 foils were irradiated to allow simultaneous determination of the specific saturated
activity of the relevant reaction product by calibrated Ge gamma-ray spectrometer. To
monitor the variations in the reactor power and to measure the thermal neutron flux bare and
Cd covered Au (0.05 mm) and diluted 0.1% Au-Al wires were irradiated together with the set
of detector foils. The irradiation time was chosen to be approximately of the same magnitude
as the half-life (T1,2 ) of the threshold reactions in the set (15 h, 3 h and 0.3 h). The waiting
periods before the exposure of the IP with the irradiated foils was long enough to allow decay
of short living parasitic or unwanted activities. The exposure dose of the IP was controlled by
varying the exposure time. With each irradiation 2-3 exposures of different duration and
waiting period were performed. Each group of IP exposures was performed in exactly the
same experimental conditions and with well known exposure dose (decays/cm2). All
exposures of IP were performed in a light-tight Al exposure cassette, without any
intensifying screens. With each set of foils two different IP were exposed simultaneously in a
cassette. In these experiments it was assumed that the fast neutron attenuation in thin detector
foils is negligible. After the exposure and after waiting period of -10 min the IP were scanned
for read-out. Scanned neutron radiographs of detector were analysed to extract an average
photoluminescent signal (PSL events/mm2) over a large area of detector foil image. From this
value the average background (PSL events/mm2 ) signal was subtracted. The result was
correlated to the exposure dose of the radiation (decays/mm2 emitted in 27r geometry)
computed from the measured value of the relevant specific saturated activity taking into
account the time corrections factors due to the irradiation time, waiting and exposure time.
Due to the small mass thickness of the foils (Al, Zn, Mg) and rather high energy of emitted
radiation corrections for self-absorption of the /l'ly radiation in the foils were not taken into
account.
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2.5 Fast neutron radiography
Few trial experiments in FNR at the NR facility in the radial beam channel No.1 of the
Budapest KFKI reactor were performed. The neutron beam was filtered by Cd plate at the
outlet of the beam. The converter screens of Al, Zn, Fe, Cu and In were usually packed
together in pairs and covered by Cd cover from both sides. Irradiations were performed
'overnight' and irradiation times were typically 15-17 hours. Waiting period before retrieval of
the irradiated screens was about 1 hour to get rid of the short-living unwanted activities in the
detector screens. In case of the 115In(n,n') I5mIn detector the waiting period was greater than
15 hours in order to suppress the 54 min activity of l16mIn to the level much lower than the
activity of the 15mIn. Therefore two exposures were made. The first exposure after few hours
of waiting (cooling!) time and of about few minutes in duration produced neutron image due
to the resonance neutrons at 1.46 eV and second exposure after 15-16 hours with IP exposure
overnight produced fast neutron image. In the case if the neutron beam has a strong
component of epithermal neutrons the choice of In as fast neutron converter for FNR might
not be the best solution. Since at KFKI there was no IP scanner available, the exposed IP were
transferred to US and read out with a delay of 24 hours!

3. Results and discussion

3.1 IP response functions of some threshold activation converters
The response functions PSL signal/cm vs. the exposure dose/surface area (in decays/cm 2 )
of the 24Na radiation due to the reactions 27Al(na)24 Na and 24Mg(n, p)24 Na are in a log-log
scale are presented for the 3 selected types of FUJI Photo Film IP in Fig. 1. The linearity of
the response curves extends over almost 3 decades. The response of the BAS IIIS type IP is
the highest. Somewhat smaller is then the response of neutron sensitive IP type ND,
apparently due to the admixture of insensitive gadollinium oxide. Almost an order of
magnitude less sensitive are IP designed for the detection of tritium radiation, since their
active layer of storage phosphor is much thinner than with the other two types of IP. In case
of the 64Zn(n, p) 64Cu reaction the response curve is no more linear and the response depends
on the waiting time and exposure time. At prolonged waiting times the response is
significantly lower. In addition to the 64Cu nuclide, which is also a ,3+ emitter there is a strong
contribution of 69mZn (13.8 h) and of more short living Zn (55 mm) if radiation with higher
registration efficiency in the phosphor and which are induced due to the resonance neutrons.
In case of performing FNR in the presence of strong contribution of resonance neutrons the
contribution of resonance neutrons to the fast neutron image has to be considered. From the
above measured values of the IP response to the selected threshold activation detectors it is
easy to estimate the required fast neutron flux to obtain a target value of the PSL signal at
prescribed irradiation, waiting and exposure time and for a threshold converter screen of a
given mass thickness. In case of the Al screens used in our experiments and for PSL signal at
10 PSL events/cm2 and for practical irradiation and exposure time of T12 the required flux of
fission neutrons is below 1. 107 n/cm2s.

3.2 Example of FNR using transfer technique and IP
As an example of FNR a fast neutron image of a pneumatic consumption meter is presented in
Fig. 2. Detection system was 2 7 Al(n,)24Na threshold detector (Al 0.25 mm thick) and
sensitive IP BAS IIIS. The object is composed of two parts with very different composition
and different thermal neutron attenuation properties. The upper part is relatively hollow cavity
with pistons encased in an Al casing. The lower part contains dented stainless steel wheels
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encased in steel casing and is relatively opaque for thermal neutrons. The FNR image has
broad latitude in contrast and both dense and hollow Al parts can be observed, including few
mm thick Al casing. In TNR the upper part was overexposed and Al casing could be barely
detected even by contrast enhancement, enabled by this IP based digital neutron radiography.
The FNR could not reveal oil soaked debris in the upper left corner, which was clearly
observed in TNR. The TNR was of better image quality and with better image discernment.
The overall exposure of FNR is not optimal and could be still improved. Detectors with
higher activation cross-section than Al (0.685 mb), as Mg, Fe or Rh could also improve the
image quality, as verified in our work. The FNR enables better visualisation of much denser
lower part made of steel.

4. Conclusions

1. Response of 3 different types of IP has been measured for a set of selected threshold
activation detectors of interest for transfer technique of FNR.

2. Threshold detectors in combination with IP enable to produce high quality images in FNR
at fission neutron flux levels below 1. 107 n/cm2 sec.

3. Using a suitable set of threshold detectors and IP it is possible in a single neutron
irradiation to obtain neutron radiographic images at several energy windows, ranging from
epithermal to fast neutron energies.

4. The transfer technique with threshold activation detectors and using IP can greatly
enhance practical applications of FNR.
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Table 1. Characteristics for some threshold activation detectors for FNR.
Data compiled from ref. [16], 14 MeV cross-sections are taken
from JEF-PC[17]

Reaction Ener. range of
Reaction threshold 80% response'

[MeV] E1lp. - Eo% Half-Life <uf>235 0.14
[MeV] [mb] [mb]

0 3Rh(nri')flO 3m) < 0.1 0.72 - 5.8 56.1 min 699 45

--- min~,n' 110.3 1.1 - 5.9 4.486 h 177 -

Zn(n,p) Cu 1.3 2.6 - 7.5 12.71 h 35.1 193
Al(n~p) Mg 2.6 3.7 - 8.5 9.46 min 4.10 87
Fe(n,p) Mn 4.5 5.8 - 10.2 2.577 h 0.989 118

27Al(n,) 24Na 5.2 6.8 - 11.1 14.959 h 0.685 124.7
24Mg(n~) 2~4 Na 6.0 7.6 - 10.6 14.959 h 1.44 -

-,,C-u(n,2n) Cii 10.0 11. - 17 12.71 h 0.292 93
Cu(n,2n) Cu 11.1 12. - 18 9.74 min 0.075 470

Definitions:

+ 100-x = I dE o-(E) Ofiss(E) | J dE oy(E) fi.(E),
Ex 0

<0>23 5 = 235U fission spectrum averaged cross-section: dE o(E) fi.ssJ E) / dEj r,(E)
0 0

-T4 = reaction cross-section at 14 MeV
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Fig. 1 Measured response of IP as PSL signal/cm2 vs. exposure dose of 24Na ,/y
radiation produced in threshold reactions 27Al(n, () 24Na and 24Mg(np)24 Na.
IPs: FUJI type BAS III S, neutron sensitive type ND and type TR for 3H
autoradiography. Integral fast neutron flux (above 0.1 MeV): 1.93 107 n/cm2s.

Fig. 2 FNR of pneumatic consumption meter, 27A1 (n,a) 24Na detector (0,25 mm A1 foil)
under Cd, KFKI reactor, neutron exposure 1 9h 10 min, waiting period 3 h 35 min. IP exposure 8 h
15min.
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ABSTRACT - Radiographic measurements have been carried out with neutron generators
based on accelerating and plasma focus tubes. The obtained results have experimentally proved
possibility of application of such generators for non-invasive inspection with fast neutrons.
A possibility for imaging with X-ray generated by the same sources has been demonstrated too.

Key words. fast neutron radiography, neutron generator, fast neutron detector

1. Introduction

At present, the prospects of fast neutron radiography application in industry are concerned
with the development of transportable and portable neutron sources. In this respect neutron
generators with accelerating and plasma focus tubes are distinguished by rather high neutron
yield, low weight, operational and ecological safety [1]. The aim of this work was to
investigate salient features of these sources and perspectives of their application in fast
neutron radiography. Due to a rather low life time of a neutron generator with an accelerating
tube it was interesting to estimate low limit of exposure time for radiographic measurements
with such a source. In the case of a neutron generator with a plasma focus tube the aim was to
check a possibility to get a radiographic image in one pulse.
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2. Experimental equipment and conditions

Investigations were carried out with custom made neutron generators developed and
produced by the VNIIA. The ING-103 (Fig.1) is a generator with a plasma focus tube and the
ING-07 (Fig.2) - with an accelerating tube. Specifications of the generators are presented in
Table 1. Fast (14MeV) neutrons are emitted in 4t steradians. Maximum neutron yield
amounts to about 3x109 n/s for the ING-07 and 3x10' 0 n/pulse for the ING-103. It is
important to notice that the generators emit fast neutrons out of a small area. Its size is about
3-5 mm and 1 mm for ING-07 and ING-103, respectively. Thus, in most practical cases these
sources can be considered as point like ones. A short duration of the ING-103 pulse (20 ns)
and rather high neutron yield per pulse are especially of interest for imaging quick processes.
Besides fast neutrons the generators radiate also X-rays with an average energy of about
80 keV.

A low power consumption and dimensions of the generators are very attractive from
the point of view of their use in industry for on site inspection.

Table 1.

Performance data Generator model

ING-07 ING- 103

Neutron Yield, n/s 3xl1o (3xl0'0)
(n/pulse)

Max. Pulse Rate, Hz (20) 0,005
(kHz)

Pulse Width, ps 10-200 0,02

Operating Life Time, h 500 (1000)
(pulses)

Power consumption, kWh 0,15 0,1

Weight, kg 10 200

Radiographic images were obtained with a CCD detector developed in the LPI (Fig. 3) [2].
The detector was of 0150 mm field of view. The fast neutron screen was made of
a composite material consisting of an organic resin and a powder luminophor (Gd 2O2 S:Tb).
A thickness of the used screen was 3 mm.

Due to presence of a powder luminophor in the screen the detector is sensitive also to
X-rays. The measurement of intensities of the signals produced by fast neutrons and
accompanying X-rays in the CCD-detector placed at a distance of 15 cm from a generator
showed that these signals are in a 1:5 and 1:1 ratio for ING-07 and ING-103, respectively.
A ratio of signals produced by fast neutrons and by X-ray is changeable by shielding the
source with a lead screen of an appropriate thickness.
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3. Results of radiographic measurements and discussion

The results of radiographic measurements carried out with the ING-07 are presented in
Figs. 4,5. A fast neutron yield was 3x 1 09 n/s and a source-to-detector distance 15cm. In these
Figs a possibility to get images with both fast neutrons (14 MeV) and X-rays is demonstrated.

In Fig. 4 images of a specimen consisting of polyethylene contaminated with boron and
lead disks are presented. In Fig. 5 images of a lead container filled to certain level with water
are shown. The neutron images have been obtained when the generator was screened by a
1 0 mm thick lead plate. It is seen that light and heavy materials are quite well observed with
X-rays when they are separated in space. Fast neutrons have advantages in revealing internal
content of a specimen when a light material is screened by a heavy one. Exposure time was
2 s for X-ray images and 30 s for neutron images.

Bright spots seen in the images are produced in CCD - matrix by fast neutrons due to a
threshold nuclear reaction Si28(n,p)A12 . This noise is quite significant for small exposure
times. To eliminate the noise a CCD-matrix shielding is being designed at present.

In the case of the ING-103 specific problems concerned with a strong electromagnetic
pickup were revealed and solved. Radiographic images obtained with neutrons emitted in one
pulse were more noisy than in the case of the ING-07 because of comparatively low fast
neutron output (5x10 9 n/pulse) of the generator in the measurements. The obtained results
indicate that perspectives of the ING- 1 03 application for quick processes imaging depend on
the progress in further increase of the generator yield or (and) the neutron detector efficiency.

4. Conclusion

The obtained results have experimentally proved possibility of implementation of
customer made generators of the VNIIA for fast neutron radiography. A quite low exposure
time, weight, power consumption, rather high neutron yield, and environmental safety make
them very perspective for the use in industry.

Imaging with X-ray from the same sources have been demonstrated too. Making
radiographs both with X-rays and fast neutron with the same source and at the same
conditions allows to make a more reliable conclusion about a specimen content.

Increasing an efficiency of the fast neutron detector can obviously improve the equipment
performance. Further improvements of the equipment are concerned with adapting of
generators design and experimental conditions for radiography measurements.
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Figure 3. 1 CCD-detector design. I -CCD-matrix, 2 - lens system, 3 - mirror,
4 - luminescent screen, 5 - sample, 6 - image intensifier
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Abstract
Quantitative measurements of moisture and hydrogenous matter in building materials by neutron radiography
(NR) are regularly performed at TRIGA Mark 11 research reactor of "Josef Stefan' Institute in Ljubljana.
Calibration of quantitative method is performed using standard brick samples with known moisture content and
also with a secondary standard, plexiglas step wedge. In general, the contribution of scattered neutrons to the
neutron image is not determined explicitly what introduces an error to the measured signal. Influence of scattered
neutrons is significant in regions \vith high gradients of moisture concentrations, where the build up of scattered
neutrons causes distortion of the moisture concentration profile. In this paper detailed analysis of validity of our
calibration method for different geometrical parameters is presented. The error in the measured hydrogen
concentration is evaluated by an experiment and compared with results obtained by Monte Carlo calculation with
computer code MCNP 4B. Optimal conditions are determined for quantitative moisture measurements in order
to minimize the error due to scattered neutrons. The method is tested on concrete samples with high moisture
content.

1. INTRODUCTION
Quantitative measurement of moisture in porous building materials is important for civil
engineering and building materials industry. Qualitative detection of moisture by neutron
radiography (NR) is well established. For quantitative measurements recorded neutron image
needs to be corrected for various contributions of neutron beam components. Quantitative
method is calibrated by standards with known moisture content. Using the calibration curve
we can convert the corrected signal into hydrogen concentration values [1]. Influence of
scattered neutrons to the image formation has to be determined and subtracted from measured
signal to obtain the signal of transmitted neutron beam.

Quantitative measurements of moisture and hydrogenous matter in building materials are
regularly performed at TRIGA Mark 11 research reactor of "Jozef Stefan" Institute. Our
quantitative method is calibrated with standard samples with known moisture content and
with a secondary standard, plexiglas step wedge. Contribution of scattered neutrons to the
neutron image is not measured explicitly but is taken into account through the calibration
curve. This simplification introduces an error to the measurements due to signal of scattered
neutrons. This error is low enough for thin samples at low moisture concentrations while at
increased concentrations of moisture the scattered component prevails over the transmitted
component and then the calibration is not correct. Influence of scattered neutrons to the image
is significant in the regions with high gradients of moisture concentrations, where build up of
scattered neutrons causes distortion of the moisture concentration profile [2].

In this paper a detailed analysis of validity of our calibration method for different
geometrical parameters is presented. Optimal conditions for quantitative measurements are
determined by an experiment. The error in the concentration profiles at regions with high
gradients is estimated by the experiment and also by Monte Carlo calculation. Improved
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method with minimized error due to scattered neutrons is tested on concrete samples with
high moisture content.

2. QUANTITATIVE METHOD FOR MOISTURE DETECTION

For quantitative determination of the moisture content at position (x, y) in a thin sample of
well defined geometry and thickness d, the attenuation of a collimated neutron beam (D/(D0 is
ideally correlated with the mass concentration C, of water:

'$(xy) = I00(xly) exp[- (Vtm + GV Cw(xy) ) pm d ] (1),

where 1-tm and Vt, are the neutron macroscopic mass attenuation coefficients of the material
and water, respectively. Using a detector with linear dependence of observed detector signal
on the neutron exposure dose [3] we get:

S=k(t =k(Dotexp[-(I,,m+tCw)pmd] (2),

where S is the detector signal at certain coordinates (in units PSL mm-2 for imaging plate
detectors), k is the detector sensitivity and t is the exposure time. However, in a real case, the
recorded signal S' includes also the background due to gamma-rays, epithermal neutrons and
neutrons scattered in the sample (S,, SCp and S, , respectively):

S' = S + Sy + Sep + Ss (3).

Background components need to be subtracted from recorded signal to obtain S and then log
S is proportional to the moisture concentration C,. The effects of the background due to y-
rays and epithermal neutrons can be estimated by imaging neutron beam, where thermal
neutrons are filtered out with a filter made of boral and gadolinium plates. Results of the
measurements need to be corrected for neutron beam nonhomogeneities. The effect of
scattered neutrons, primarily due to scattering on hydrogen, increases with the mass thickness
of hydrogen. However, the influence of scattered neutrons on contrast becomes small enough
at increased distance between the sample and the detector [4].

2.1. Calibration of quantitative method

Calibration is performed with a series of standard samples with known moisture content (in
the range I to 14 wt % for red brick samples). NR image of the standards is performed in the
same experimental conditions as actual measurements. The homogeneity of moisture
distribution in the standards is checked by NRP and is varying by less than 0.5 wt %. Standards
are enveloped in Al foil to prevent moisture evaporation and the weight control during 1-2
days shows that weight loss of samples is negligible. For routine measurements a secondary
standard is used, plexiglas step wedge (0.5 to 5 mm thick, 0.5 mm steps). Standard step
wedge is intercalibrated with the set of standard building material samples.

2.2. Contribution to the NR image of neutrons. scattered in the sample

Contribution of scattered neutrons to the neutron image is not measured explicitly but is taken
into account through the calibration curve. This simplification introduces an error to the
measurements because signal of scattered neutrons is added to the signal of transmitted
neutrons and detection sensitivity is decreased. This error is negligible small (compared to
contribution of background) for thin samples at low moisture concentrations (1-10 wt % H20
for 2 to 2.5 cm thick red brick samples). However, at increased moisture concentration the
scattered component can prevail over the component of transmitted thermal neutrons and in
such conditions the calibration is not correct. Influence of scattered neutrons to the image is
important in regions with high gradients of moisture concentrations, e.g. at the front of
advancing water in porous sample where build up of scattered neutrons causes the distortion
of the moisture concentration profile. This effect is significant also at low enough moisture

732 International Conference Nuclear Energy in Central Europe '99



Neutron Imaging Methods to Detect Defects in Materials

concentration where our calibration procedure is valid. To diminish the contribution of
scattered neutrons to the NR image appropriate distance between the samples and the neutron
imaging detector must be taken.

3. EXPERIMENTAL

3. 1. Neutron radiographv using neutron sensitive imaging plates

Neutron radiographic examinations of samples are performed in the NR facility in the thermal
column of the TRIGA Mark II research reactor in Ljubljana. Characteristics of neutron source
were described in the literature [1, 5]. For neutron imaging FUJI imaging plate neutron
detector (IP-ND), which is very suitable for quantitative measurements because of the linear
response in wide exposure range, good spatial resolution and high sensitivity, is used.
Characteristics of JP-NDs are presented in literature [1, 3]. Exposure times at thermal neutron
flux of 4105 cm2 s-' ranged from 1 to 60 s. Contribution of gamma ray and epithernal
neutrons to the NR image was found to be up to 14 % of the total signal in the neutron beam.
The statistical error in the detector signal ranged from 1.5 to 3 %.

3.2. Monte Carlo simulation

Monte Carlo (MC) simulations of NR experiments are performed using MCNP 4B computer
code [6]. A parallel neutron source of the same size as the cross-section area of the
investigated object was defined, with the counting resolution of 1 mm. The source with
Maxwell type spectrum with E=0.025 eV was assumed. Statistical error was below 0.5 % for
primary neutron and increases to a few % for neutrons scattered in the area around the sample.
Neutron contributions to the NR image were determined separately as primary (undisturbed or
transmitted) and total neutron flux which is the sum of the primary and neutrons scattered in
the sample. Detected signal was normalized to I source particle.

3.3. Investigated samples and standards

Calibration with standards was performed in investigation of moisture transport in red brick
samples [7]. Standards for calibration were prepared from same material and with the same
thickness and moisture concentrations as investigated samples. Standard step wedge was cut
from commercial plexiglas. Concrete samples were prepared according to standard procedure
for concrete impregnation tests. Samples for MC simulations were defined with the same
dimensions as the samples investigated in NR experiments. Composition of plexiglas and
concrete was taken from literature and samples were assumed to be uniform in the volume.

4. RESULTS AND DISCUSSION

4.1. Error in the calibration curve due to contribution of scattered neutrons
By calibration curve the detector response was correlated with hydrogen concentration in
standards. Calibration curve with standards of known moisture content is shown in Fig. la
and calibration with plexiglas step wedge in Fig. lb. Neutron attenuation profiles (measured
in NR images) were corrected for contribution of background. In Fig. lc calibration curves for
plexiglas step wedge obtained by MC simulation are shown. Object-detector distance in Fig.
Ia varied from 0 to 10 cm, while in Fig. lb and in Fig. lc this distance was 1 cm. From
calibration curves in Fig. Ia it is seen that effect of scattered neutrons build-up increases with
approaching of samples and detector. At distance 10 cm linearity exists up to 10 wt % H20

but at higher concentrations the error in calibration due to scattering is noticed. At short
distances the calibration curves are not linear. The calibration curve in Fig. lb is linear from
0.5 to 4.5 mm thick plexiglas at only 1 cm from the detector. In Fig. lc (MC simulation)
linearity is observed both for transmitted (direct) component and also for the total neutron
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flux. From Figs. lb and lc we can see that calibration is valid in limited range of hydrogen
mass thickness even with scattered component present in NR image. Calibration is valid only
at specific experimental conditions which need to be determined separately for every type of
scattering samples and precise experimental geometry.

4.2. Resolution degradation due to scattering in area of high gradients of H mass thickness
NR and MC simulation images of plexiglas step wedge covered in part by Gd filter are
presented in Fig. 2 together with the measured profiles of neutron attenuation along the wedge
and below the Gd filter. The signal recorded by the detector below the Gd filter in NR image
(Fig. 2a) is caused by neutrons scattered in the plexiglas wedge. Profile of sharp edge of Gd is
distorted due to scattered neutrons. For comparison a MC simulation was performed in the
same geometry as the NR experiment and signals due to transmitted and scattered neutrons
were distinguished. Results of MC simulation in Fig. 2b are very similar (distribution of
scattered neutrons below the Gd filter) to the NR measurements. When object-detector
distance is increased this distorting scattering effect vanishes but at same time NR image
resolution is worsened by the geometrical unsharpness caused by divergence of neutron beam.
Geometrical unsharpness is not seen in MC simulation where parallel neutron source was
defined.

4.3. Comparison of NR experiment and MC simulation

In Fig. 3 images by NR (a) and MC simulation (b) imaging of sharp moisture front in a
concrete sample (7.1 by 3.5 cm, 1.4 cm thick) placed 10 cm from the detector are seen.
Measurement of moisture in concrete is difficult due to nonhomogeneity of material and high
content of bound water in concrete. The MC image profiles taken across the border of wet and
dry areas are shown in Fig. 3c. At this distance from detector the scattering background is
below 10% of total signal and is uniform so we can subtract it from the image. Resolution
degradation is not significant.

This experiment shows the clear advantage of using MC simulation as complementary
method to NR experiments. By MC we distinguish between transmitted and scattered neutron
components and obtain results at better contrast with subtraction of scattered component from
the image. These MC simulations were ideal cases and did not match exactly the real
conditions at NR imaging. Shape of neutron spectrum was not determined and by assuming a
Maxwell type spectrum results differ from the NR measurements. Other simplifications
include the assumed homogeneous composition of investigated materials and their elemental
compositions, which were not determined by elemental analysis.

5. CONCLUSIONS
Results presented in the paper clearly illustrate that neutrons, scattered in a hydrogenous
sample, cause the degradation of contrast and spatial resolution of neutron radiographic
image. Contribution of scattered neutrons may not be neglected in quantitative measurements
and it must be determined separately to estimate the error in measured 1I concentration values
due to scattering component. One way to lower the influence of neutron scattering on image
contrast is by increasing appropriately the object-detector distance. When calibration is
performed with standards placed several cm from the detector the detected signal is linear
with the moisture concentration in wide range but with object and detector in contact, the
scattering component can be greater than the transmitted component making impossible the H
measurement. By MC simulations we found that calibration is valid in limited range even
when scattered neutrons are present in the image what allows H measurement without the
elimination of scattered neutrons from the NR image. In areas with sharp gradients of H
content the resolution is degraded. By increasing the object-detector distance the distortion by
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scattering will decrease but the image resolution is worsened by geometrical unsharpness. As
compromise, an optimal distance has to be determined for every specific hydrogenous sample.

Investigation of scattering in standard hydrogenous objects by NR and MC simulations
showed that in specific experimental conditions the calibration with standard samples and
plexiglas step wedge enables quantitative measurements of H concentration in porous
building material samples. Scattering and background contributions limit the sensitivity of the
measurements. This is a problem when concrete samples with high moisture content and
nonhomogeneous structure are examined. So far NR imaging of concrete was limited to
qualitative or semiquantitative measurements with low resolution. Future work will be to
develop the method to enable NR imaging by subtracting the scattered component what will
increase very much the sensitivity of H detection in concrete and enable quantitative
measurements. MC was found to be a very useful tool in evaluation of the NR results and will
be used in future for simulation of other NR experiments.
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Figure 1. Calibration curves used to determine the correlation between detector response and
hydrogen concentration. Calibration by red brick standards with known moisture content (a),
measured at varying distance from IP-ND. Calibration with standard plexiglas step wedge
0.5-5 mm thick placed 1 cm from detector, obtained by NR (b) and by MCNP simulation (c).
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Figure 2. Degradation of neutron image resolution due to scattering in areas with high
gradients of H concentration. The object is plexiglas step wedge which is filtered by 100 gm
thick Gd stripe in upper part: (a) NR image and neutron attenuation profiles along the wedge
and below single Gd (lower part of wedge is covered by two Gd stripes), b) image by MCNP
simulation. Object-detector distance is 1 cm. Below are shown: (a) the neutron attenuation
profiles and (b) contributions of individual components calculated by MCNP (around the
object the signal is caused only by scattered neutrons).
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Figure 3. NR and MCNP images of wet concrete sample at object-detector distances 10 cm,
contrast is increased: a) NR image of wet and dry concrete samples in close contact to simulate
sharp edge of water front, b) MCNP image of concrete sample wet to 1 half, in c) are shown
profiles of total and scattered contributions. Profiles are noisy due to statistical error.
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Abstract - Neutron radiography provides a very efficient tool for non - destructive testing as well as for
many applications in fundamental research. A neutron beam penetrating a specimen is attenuated by the sample
material and detected by a two dimensional imaging device. The image contains information about materials and
structure inside the sample because neutrons are attenuated according to the basic law of radiation attenuation.
At the Atominstitute of the Austrian Universities neutron radiographic examinations have been carried out for
more than 35 years, mainly with detectors consisting of X-ray films and a Gd - converter enclosed in a vacuum
cassette. Presently a neutron tomography set - up is under development. For high quality 3D image
reconstruction, about 200 digitized neutron transmission images from different angles of the object are
necessary. Therefore the first step was the design of an adequate electronic neutron radiography imaging device.
The requirements for a detector suitable for neutron tomography are: exact and reproducible positioning, easy
handling, high spatial resolution and dynamic range, high efficiency and a good linearity. The key components
of the detector system selected on the basis of this requirements consist of a neutron sensitive scintillator screen,
a cooled slow scan CCD-camera and a mirror to reflect the light emitted by the scintillator to the CCD-camera.
The whole assembly is placed in a light-tight enclosure. In this paper the strategy of the selection of the
individual detector components is described. Comparisons on the influence of the use of different components
on the properties of the whole position sensitive imaging device are demonstrated. Finally the new CCD-camera
neutron radiography detector of the Atominstitute is presented and first results of test measurements performed
at the neutronradiography facility NEUTRA at the continuos spallation source SINQ at Paul Scherrer Institute
are shown.

1 Introduction

At the 250 kW TRIGA Mark II reactor at the Atominstitute of the Austrian Universities two
neutron radiography (NR) stations are available. The main characteristics of these two
facilities are shown in Table 1:

STATION 1 STATION 2
FLUX DENSITY (cM-2SnY ) 3. 1 05i

L/D-RATIO 50 125

BEAM DIAMETER (cm) 40 9

Cd - RATIO 3 20

Table 1: main characteristics of the NR-facilities at the Atominstitute

Since 1964 , NR-activities at the Atominstitute encompass both research oriented work as
well as non-destructive testing for various users [1]. Presently the point of main emphasis in
NR-activities at the Atominstitute is set on the development of an experimental set-up for
neutron tomography. For a 3 dimensional reconstruction of the sample interior, 2 -
dimensional transmission images taken from different view angles are required [2]. The
quality of the tomography depends strongly on the number of images from different view
angles [3]. Good results can be obtained by rotating the object in the beam by 180 degrees
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with 0.9 degree-steps [4]. Hence it follows that for a high quality 3 - dimensional
reconstruction of a sample, 200 2 - dimensional transmission images from different view
angles of the specimen are required. Therefore the experimental set-up for neutron
tomography consists of the neutron source with a collimator, a rotary table for the rotation of
the object, a proper detector and a motion control system which coordinates the rotary table
with the detector.

The detectors presently mainly used for NR at the Atominstitute consist of X-ray films and a
Gd-converter enclosed in a vacuum cassette. After each exposure, the film has to be
developed and the image is digitized by a scanner. It is obvious that such a detector is not the
best choice if an application requires 200 digitized images per sample. Therefor the first step
of the development of an experimental neutron tomography set-up was the selection and
optimization of a proper detector. This paper shows the requirements for a detector suitable
for neutron tomography. It presents the basic principle of the chosen detector system, the
strategy of the selection of the individual detector components, comparisons on the influence
of the use of different components on the properties of the whole imaging device and results
of first test measurements.

2 Requirements for the Selection of Detector Suitable for Neutron Tomography

Due to the tremendous influence of the number and quality of the transmission images of the
object on the result of the 3 dimensional reconstruction, the demands for a proper detector as
one of the key components of the neutron tomography set-up are extremely high:
1. Exact and Reproducible Positioning:
It is evident, that for all exposures of one sample (from different view angles), the detector
needs to be in exactly the same position. Corrections of different detector positions during the
reconstruction calculations would be very time consuming, not precise and for many cases
even impossible.
2. Easy Handling:
The enormous number of digitized images needed for each tomography requires a detector
that can be controlled according to the rotary table by a computer to automate the whole set of
measurements needed for the tomography of each sample. Also the digitization of the image
data should be automated and not cause additional work.
3. High Efficiency:
In order to save time it is extremely important to reduce exposure time.
4. High Spatial Resolution, Large Dynamic Range. Good Linearity:
These items are always very important for the quality of images gained by NR. But the
influence on the quality of neutron tomography is even higher.

3 Selection of the Detector

A comparison of the above requirements with the performance of x-ray film combined with a
converter immediately shows that another detector has to be developed. Exact positioning is
quite difficult as after each exposure the enclosure of film and the converter has to be removed
and opened to change the film. Additionally this is quite a time consuming procedure,
especially as all 200 films have to be developed and scanned. Also the exposure time by using
film is quite high. Dynamic range and linearity are poor. Only the spatial resolution is
satisfying. Other detectors extensively used for NR are neutron sensitive imaging plates (IP)
[5]. They are made of a storage layer (sensitive crystals) doped with Gd. After the exposure a
special scanner is used to read out the information stored in the IP. The advantages of IPs
compared to film are a higher dynamic range, better linearity and a higher sensitivity. The
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spatial resolution is not quite as good as for images taken by film, but it is still reasonable. But
regarding the requirements of exact and reproducible positioning as well as the handling,
almost the same difficulties occur as with the use of the film technique.
Another neutron sensitive imaging device is a CCD-camera combined with a scintillator
screen. It fulfills all the requirements for a detector suitable for neutron tomography
investigations. As the detector has not to be removed between the exposures the demand of
exact positioning during one set of images is fulfilled. The detector is controlled by a
computer and can easily be connected with a computerized motion control system of the
rotary table. Image data are digitized and can immediately be used for the 3 dimensional
reconstruction. Compared to film the efficiency is much higher, the dynamic range is larger
and the linearity is better. The spatial resolution depends strongly on the lens, the size on the
chip and the distance between scintillator and camera. The resolution limit is set by the
scintillator screen in the range of 200gm.

4 Design of a CCD-Neutron Radiography Detector

neutron
beam

object
scintillator

lens

CCD-camera

mirror computer

light tight box

Figure 1: set-up of a CCD-camera neutron radiography detector

The neutron beam reaches the neutron sensitive scintillator screen after penetrating the
sample. The light emitted from the screen is reflected to the camera by a mirror and focused
on the CCD-Chip by a lens. These components are located in a light shielded tube together
with shielding components to protect the CCD-camera from neutron and y-radiation. The
CCD-camera is connected to a computer to read out the information stored by the CCD-Chip
and to reconstruct and process the digitized image data obtained with the imaging device of
figure 1 [6].

5 Selection of the Key Components for the CCD-Camera Neutron Radiography
Detector

Because the CCD-camera is the most sophisticated and expensive key-component of this
imaging device , it has been selected first and the rest of the components have been selected or
manufactured according to the boundary conditions following from the choice of the camera
and from their interactions with each other.

5.1 CCD-Camera
To fulfill the demands of high sensitivity, a large dynamic range and a good signal to noise
ratio, a nitrogen cooled slow scan CCD-camera with a thinned SITe S1502A chip has been
chosen. The pixel array format of this chip is 512 x 512 pixels with a pixel size of (24 x24)
pim. The Quantum Efficiency of the CCD-camera is in the range of 80 - 90 % for wavelengths
from (350 - 800) nrm, as shown in Figure 3. The high precision CCD driver electronics
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provides 16-bit digitization (65535 gray levels). Figure 2 shows the correlation of the
temperature of the CCD-chip with the dark-current. To obtain this curve, images without
neutrons and with closed camera shutter have been made at different CCD-temperatures. For
the ideal case for each image a gray-level close to zero in each pixel is expected (due to
statistics, dark current, read out noise and the influence of background radiation, which causes
white spots in the image, the mean gray-level within a dark picture can never get zero). Figure
2 shows that for ,,high" CCD-temperatures this value is far away from zero, but for lower
CCD-temperatures the value of dark-current decreases rapidly.
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Figure 3: spectral sensitivity function of Figure 2: dark-current depending on the
SITe chips temperature of the CCD-chip

5.2 Lens
As the light transmission should be maximized and picture distortion has to be avoided, the
high quality of the lens is extremely important. The desired image size is about (20-25) cm2.
The available space beside the facility is less than 1.3 m. Based on this boundary conditions a
Nikon NOKT 58 mm F 1,2 lens has been chosen. Figure 4 shows that the light intensity
decreases for smaller apertures. From one aperture to the next one (i. e. from 1.2 to 2) it is
about a factor of two. This means that the sensitivity of the detector increases tremendously if
an open aperture (1.2) is used. But for this case the distance has to be adjusted very carefully,
because with a completely open aperture the image is blurred more easily.

40000

35000 itji _ = -_=

Q 30000 -l _ - _

t 25000 =

20000 f _
C 15000 =_ . -

E 10000 -

5000 -_-_ --____

0 5 10 15 20
Aperture

Figure 4: detected light quantity vs. aperture

5.3 Mirror
The demands for this detector component are a high reflectivity (95 %) of the light emitted by
the scintillator, generation of as few y-rays as possible and no lasting activation of the
materials of the mirror. According to that a 2 mm thick glass plate coated with Al and with
TiO2 as protecting layer was manufactured at the Paul Scherrer Institute (PSI) in Switzerland.
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5.4 Box
A light shielded tube which also serves as a positioning device for the detector components
has been designed according to the boundary conditions given by the size and appearance of
the individual detector components, the desired image size and the space available at the
facility. The material for the whole box is Al to avoid lasting activation. It has been
manufactured at PSI. Light tightness of the box has been successfully tested. The image size
is (21 x 21) cm.

5.5 Neutron Sensitive Scintillator Screen
According to the spectral sensitivity function of the selected chip, a neutron sensitive
scintillator screen with a suitable emission spectrum had to be found. Four adequate neutron
sensitive scintillators have been compared:

1. Bicron 705: ZnS(Ag)-6 LiF
2. Kasei Optonics
3. Levy Hill: ZnS(Ag)-6 LiF
4. NE 427: ZnS(Cu)-6 LiF

The detection mechanism is: 3Li + n 3 H + ' 2He + 4,78 MeV
All test - measurements have been performed at the neutronradiography facility NEUTRA at
the continues neutron spallation source SINQ at Paul Scherrer Institute in Switzerland [7].

neutron flux -3x10 6cm~2s-' 

mean neutron energy 25 meV
Cd - ratio 16

L/D 550
beam diameter 35 cm
y - background 1,5 mSv / h

Table 2: main characteristics of the neutronradiography facility NEUTRA at PSI

The following issues have been investigated separately for each of the four neutron sensitive
scintillator screens:

5.5.1 Efficiency and Linearity

To compare the efficiency and linearity of the whole CCD-camera NR detector depending on
the choice of the scintillator, series of open beam measurements with different exposure times
for each scintillator were made. From each of these images, the mean gray-level was
determined (the gray-level is higher for a brighter image, respectively for longer exposure
times, and vice versa).
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Figure 5: linearity and efficiency: dependency of the mean gray-level on the exposure time
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Figure 5 demonstrates the good linearity of this imaging device independing on the choice of
the scintillator. Small deviations from the linear increase of the mean gray-level with the
exposure time are most likely caused by small neutron flux fluctuations at the facility.
Besides, Figure 5 shows that the detector has the best efficiency with the Levy Hill or the NE
scintillator screen.

5.5.2 Spatial Resolution:
Due to the size of the CCD-chip , (512x24) gm x (512x24) rlm, and the size of the sensitive
area of the detector, (26.3 x 26.3) cm2, the area seen by one pixel is (513 x 513) gm2. As the
inherent resolution of neutron sensitive scintillator screens are usually in the range of 200 pm,
the choice of the scintillator should not affect the spatial resolution of the whole imaging
device. With each of the four scintillators a knife edge-object (edge of a Gd foil) has been
measured. From these images the modulation transfer functions (MTF) were determined and
compared (Figure 6) [8].

1.0v -

0.8- 
0.8 -~ ~ ~ ~ -- BICRON

KASE1
0.6 -+--LEVY HIL

MTF _NE
0.4-

I ~ ' I I

0.0 0.5 1 0 1.5 2.0
1p [mm

Figure 6: modulation transfer functions (MTF) of the detector obtained with different
scintillator screens

5.5.3 Inhomogeneities of the Scintillator Screens

The four neutron sensitive scintillator screens have been compared regarding the homogeneity
of their light-emission. For each scintillator an open beam image has been investigated the
following way: The image has been subdivided in small areas of interest (AO). In each of this
area the mean gray-level had been derived. Figure 7 shows that only the BICRON scintillator
is quite inhomogeneous. The fluctuations of the mean gray-level in the AOIs of the other
scintillators appear periodically and on the same position for each scintillator and therefor
seem to come from the beamprofile.
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Figure 7: homogeneity of the scintillator screens
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5.5.4 After Glow of the Scintillator Screens:

To determine the after glow of the neutron sensitive scintillators, the screens have been
exposed to the neutron beam for one hour. After closing the neutron shutter several images
have been taken with the CCD-detector to observe how long the scintillator emits light after
exposure. Figure 8 shows that the after glow of the scintillators depending on the time after
exposure is quite fast, especially for the Kasei Optonics and the Levy Hill scintillator screens,
and the effect of the after glow as an disturbing effect for the following neutron radiographic
image can be neglected for most applications, as this effect is very small compared to the
range of 65535 gray levels of a neutron radiographic image taken with this detector system.

4500 - i 1 1120

> 430_00 =-cro ____n_______ Kasel1100 -
500 - 1080-

13000 '_-_ 1_000

0~ 200 400 600 800 200 400 600 8001060

2500

! 1040--
(D 2000 -- ____ ___ _ (0

1500 _ __ __1020 -

__ t1000 -

0 200 400 600 800 0 200 400 600 800

time [a] time [s]

2500

2 200 --- _ _ _ _ __ _ _ _ _ _

2000 8200 _______- NE
n 100 -- Levy Hill i 2000 h

-j _ 7 .., ~~~~~ ~~~~~~~~~1800 _ _ _ _ _ _ _
q1000 -. - 1600

6, D a1400 1200

0 .1000

0 200 400 600 800 0 200 400 600 800

time [hd] time [a]

Figure 8: behavior of the emission of light of the scintillators after the exposure to neutrons

After this large series of test measurements and comparisons of different scintillator screens, a
neutron sensitive scintillator by Levy Hill (ZnS(Ag)-6LiF) has been selected for the new
CCD-camera NR detector at the Atomainstitute.

6 Conclusions and Outlook

A new CCD-camera NR detector has been designed, optimized and tested with the aim of
providing a tool for scientific and industrial radiography applications requiring high
quantitative precision as well as for neutron tomography investigations. The detector consists
of the following key components: The selected camera is an Astrocam. nitrogen cooled
slowscan CCD-camera with a thinned SITe S1502A/T chip of the format (512 x 512) pixels
and a pixel size of (24 x 24) Htm 2 and with a Nikon NOKT 58 mm F 1.2 lens. The high
precision CCD driver electronics provides 16-bit digitization (65535 gray levels). A mirror
made of a 2 mm thick glass plate coated with Al reflects the light emitted by a (ZnS(Ag)-
6LiF) Levy Hill scintillator screen to the camera. These components are placed in a light-tight
box, made of Al. The image size is (21 x 21) cm2. One camera pixel faces 410 Vtm 2. The
detector has an excellent linearity and sensitivity. Based on the test measurements performed
at PSI, exposure times of 1-1.5 minutes are expected at the NR facilities of the Atominstitute.
This means that all measurements needed for one tomography can be made during one
working day.
If a zoom lens would be used, the resolution could be improved on the cost of light-intensity
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and image size. For next year the purchase of a Nikon 180mm F 2,8 lens is planned. With this
lens we expect to see an area of about (7 x 7) cm2 (if the distance between scintillator and
camera is not changed). The loss of light intensity compared to the 58mrn F 1.2 lens is
expected to be around a factor of 7. The resolution limit given by the lens / scintillator would
be in the range of 140 rim, but for this case the resolution limit would properly be set by the
scintillator screen in the range of 200 Elm, or even below.

Due to the results of the first test measurements performed at the NR facility NEUTRA at
Paul Scherrer Institute, we are confident of having developed a powerful instrument suitable
for neutron tomography investigations. The imaging device will be transferred to the
Atominstitute this autumn.
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ABSTRACT - The paper considers peculiarities of fast neutron radiography with a two-
dimensional detector. Effects produced by scattered neutrons was simulated for various neutron
sources. Contribution of y-rays generated in the sample was estimated for a fission spectrum of
fast neutrons. Feasibility of fast neutrons collimating by a honeycomb collimator was
considered.

Keywords: neutron radiography, scattered neutrons, fast neutrons

1. Introduction

Application of a two-dimensional detector in fast neutron radiography makes it much
more productive. However in this case an image can be effected by scattered neutrons and
accompanying y-rays emitted from the source or produced due to fast neutrons interaction
with the sample and surroundings.

One of the tasks of this work was to get a quantitative estimation of the effects produced
by scattered neutrons and y-rays induced in the sample taking into account salient features of
fast neutron sources which are available at present. The other task was to investigate a
feasibility of effective screening of fast neutrons scattered in the sample by a honeycomb
collimator.

The following neutron sources were considered: the converter facility of the reactor
FRM-1 (Munich Technical University), a neutron generator based on an accelerating tube
ING-07 (VNIIA) [1] and a neutron generator with a plasma focus tube (VNIIA).

The following simulation were carried out:

1) Spatial distributions of the detector response to neutrons of different origin:

* non-collided (primary) beam.
* beam collided in the sample,
* beam collided in the walls of the experimental room,
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* beam collided in the source.

2) Distribution of mean energy in the detector plane for the above defined neutrons.

To analyse the problem of fast neutrons beam collimation, the effects produced by
samples, collimators and theirs consequent assemblies were considered. The angular
distribution of the neutrons going forward out from the sample and collimator were evaluated
in the performed calculations. It was assumed that both the sample and the collimator were
unlimited in the plane perpendicular to the primary beam direction.

Effect of y-rays on the radiographic image in the case of the FRM-l source was estimated
too. y-rays of inelastic scattering and radiation capture y-rays generated in the sample were
considered.

2. Calculation Procedure and Input parameters for Simulations

The calculations - in the case of the FRM-l - were carried out for the real experimental
conditions of radiographic measurements described in [2]. The neutron beam of fission
spectrum was filtered by a combined filter consisting of lead (12.5 cm) and polyethylene
(2 cm). A source-to-detector distance L was 5.9 m and a so called L/D (where D is the source
dimension) ratio was about 80.

In the case of neutron generators, the calculations were performed for mono-energetic
(14 MeV) neutrons and a point source. The detector, the generator and the sample were placed
in a room (4 m height and 2 m in diameter) along the room axis. It was assumed that the room
walls were of a 0.5 m thickness and made from concrete. The detector position was fixed at a
distance of 0.5 m above the room flour. The calculations were carried out for two source-to-
detector distances (15 and 150 cm).

The test sample used in simulations was a cylinder made of polymethylmethacrylate
(CH 802) of 4 cm in diameter and 10 cm at height. A sample-to-detector distance in all the
cases was 5 mm. Due to the cylinder symmetry a linear detector was used for simulating a
sample image.

Neutrons scattered both in the sample and in some parts of experimental installations of
different kind were differentiated.

It was assumed that sample imaging was carried out by a luminescent detector based on
recoil protons [3]. The screen of this detector is made of a composite material consisting of an
organic polymer and a pownder luminophor Gd2 0 2 S:Tb.

Simulation of the spatial distributions was carried out in the following way. First, spatial
distributions of fast neutrons of different energy groups in the detector plane was calculated
using the MCNP-3b code (F5 detector). Second, a response of the screen lx was calculated as
l.=ZN.(Ei)a(Ei), where x is the detector co-ordinate, i is energy group, N(Ei) is flux of fast
neutrons of energy Es and a(Ei) is cross section of the emitting recoil proton.

A mean energy was calculated as a ratio of energy flux (*F5 detector) to total particles
flux defined as YN,(Ej). To estimate a y-rays contribution to the detector signal energy
depositions in the screen material of the detector coursed by fast neutrons and 7-rays were
compared.
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3. Results of simulations

3.1. Neutron generator

The results of simulations for a custom made portable neutron generator ING-07 are
presented in Figs. l and 2.

As the neutron beam is a divergent beam the image of the sample edge is not sharp. The
region of the edge smearing depends on L. It is about 2 mm for L=150 cm and -25 mm for
L=15 cm. It can be seen that at a distance of L=15 cm a major contribution of scattered
neutrons is concerned with the sample. At a distance of l =50 cm neutrons scattered in the
room walls prevail. Their contribution in the sample shadow exceeds even the contribution of
non-collided neutrons.

Spatial distributions of neutrons scattered in the sample and the room walls are rather
smooth. At the same time it can be seen that neutron scattered in the generator influence the
image too without, noticeably, spoiling it.

An image contrast of the sample determined as (Imax-rnin)/(Imax+Imin) in the both cases is
the same (about 0.25). A contrast in the absence of scattered neutrons could be considerably
higher: about 0.5 for L=150 cm and :0.43 for L=15 cm.

In Fig. 4 a spatial distribution of a mean energy of neutrons scattered in the sample is
presented. It can be seen that a mean energy of scattered neutrons outside the sample is lower
than inside the sample. The reason is that outside the sample there are neutrons which are
scattered at comparatively larger angles and which loose at a collision more energy. Due to
that mean energy of neutrons decreases with an increase of the distance from the sample axis.
Comparing a mean energy at the sample edge and its axis one can see that the mean energy at
the edge is higher than at the axis. This is a result of transformation of neutrons spectrum in
the sample due to two processes: 1) scattering in the sample and 2) escaping the sample. One
has to take into account that the probability to escape the sample is higher for neutrons
scattered at larger angles and nearby the sample edge.

The results for the neutron generator with a plasma focus tube are analogous to those for
the ING-07 despite of a different design. Due to that they are not presented in the paper.

3.2. Nuclear Reactor

The results of the calculations show that the contribution of neutrons scattered in the
filter, biological shielding and experimental room is negligible small. Spatial distributions of
the detector response in this case are presented in Fig. 3. It is very similar to that in the case of
the ING-07 and L=150 cm. The difference is in the contrast value and in the edge width. The
contrast of the sample image is about 0.81. It could be 0.87 in the absence of scattered
neutrons. The edge width was found to be tl mm.

The mean energy distribution presented in Fig. 4 demonstrates effect of neutron spectrum
hardening behind the sample due to reverse dependence of scattering cross-section on neutron
energy.

3.3. y-rays Contribution

Contributions of radiation capture and inelastic scattering gamma rays concerned with the
sample in the case of the FRM-l source were estimated. Energies of y-rays were 2.3 MeV
(radiation capture by hydrogen), 4.4 MeV (inelastic scattering by carbon) and 4.7 MeV
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(inelastic scattering by oxygen). These V-rays generate in the screen Compton electrons and
electron-positron pairs. An energy deposition of Compton electrons and pairs was compared
with an energy deposition of recoil protons generated by fast neutrons. Calculation gave the
following values of mean energies for the particles: -0.96 Mev and rz2.62 Mev for Compton
electrons, 1.3 MeV and ,3.4 MeV for pairs, respectively. A mean energy of a recoil proton is
1.67 MeV (half of a neutron mean energy, see Fig. 4). The results of calculations shows that
contribution of radiation capture y-rays to the detector signal can amount to about 20% of the
total neutron signal. It was found to be about 1,5% for y-rays of inelastic scattering.

3.4. Feasibility of Fast Neutrons Collimating by a Honeycomb Collimator

Evaluated tallies in the performed calculations were angular distribution of the neutrons
going forward out from:

* a sample unlimited in the plane perpendicular to the primary beam direction,
* a honeycomb collimator of reasonable opening made of densely packed tubes,
* a sample and collimator placed in consequence along the beam direction.

Table 1. Parameters of honeycomb collimators.

Wall thickness,

Material Length, mm Tube opening, mm
mm Type A Type B

Polyethylene 300 2 1 5

Iron 300 2 1 5

PE & Fe collimators 150 (PE) + 150 (Fe) 2 1 5
in succession

Simulations of angular distributions were carried out for samples made of iron and
polyethylene of thickness in the range frorn 5 to 15 cm and collimators listed in the Table 1. It
was assumed that samples were illuminated by a non-divergent beam of fission neutrons.

The obtained results are very similar for any combinations of a sample and a collimator.
They are demonstrated in Fig. 4 for a polyethylene sample of 10 cm thickness and a
honeycomb collimator of B type made of iron. It is seen that the angle distribution of neutrons
scattered in the sample is very wide. At the same time a thickness of the collimator walls
along a scattering angle direction is too small to screen these neutrons.

4. Conclusions

The following general conclusions have been drawn out from the obtained results:

* Scattered neutrons influence a contrast and practically do not spoil a spatial resolution of
the image.

* A contribution of a particular source of scattered neutrons depends on experimental
conditions.

* A honeycomb collimator of any reasonable opening has too thin walls for effective
screening of neutrons scattered in the sample.
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* A primary beam in the case of a two-dimensional detector can be effectively collimated
only due to a larger collimator-to-detector distance and a smaller angle aperture of the
beam intercepted by the detector.

* All potential sources of scattered neutrons should be taken into account when planning
radiography measurements with fast neutrons or interpreting an image.

* Evaluated y-rays contribution is noticeable. The measurements of intensity of y-rays
emitted by the sample are necessary to qualify the value of this contribution.
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Figure 3. Spatial distribution 1(x) of various components of the sample image in the detector
plane for the FRM-1. Contributions of neutrons collided in the sample, non-collided neutrons
and sum of collided and non-collided neutrons are presented.
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Figure 4. Spatial distribution of mean energy E(x) for neutrons of different origin in the
detector plane. Left axis - mean energy of neutrons collided in the sample, non-collided
neutrons and their sum for the FRM-1. Right axis - mean energy of neutrons collided in the
sample for the ING-07.
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ABSTRACT

Based on the present status of neutron radiography facilities and techniques in European
countries, some new options and developments in this field are described. Although some
of the applied methods are very common in the different labs, new detectors and new
demands from industry might bring a "renaissance" in neutron radiography by its inherent
possibilities. It depends on the facilities' users effort to take this opportunity by
implementation of the right and adapted solution of the industrial problem.

1. Introduction

The inspection of material samples by neutrons is a technique successfully applied in different
branches for many years. Most efficient is the study of moisture and corrosion in aircraft
components, the inspection of nuclear fuel and the observation of explosives concerning their
adequate functioning [1].
As tool for non-destructive testing neutron radiography (NR) is in competition with other
established and improved methods such as X-ray, ultrasound and eddy current. Because high
resolved images can only be obtained at strong neutron sources, the applications in NR are
mostly immobile, i.e. have to be performed at the source site. For future developments in the
field of NR it will become very important to exploit the inherent methodical advantages of
neutrons: high penetrability through thick layers of metal (especially heavy metals such as
lead and uranium) and the high sensitivity for detecting hydrogen. For some other
applications, also the high absorption rates can be used efficiently (boron, gadolinium,
cadmium, indium).
On the other hand, new detection systems based on imaging plates, high efficient scintillators
in connection with sensitive camera systems are improving the obtained information about the
observed objects in qualitative and quantitative direction [2]. Due to the wide dynamic range
and the high linearity of such systems, hydrogen contents in the ppm range can be measured.
The improvements in the field of computer technique made it possible to provide computed
tomography with neutrons as standard tool at different facilities in Europe. Although the
obtained spatial resolution will be in the order of 0.3 mm only, this method becomes an
important tool for reverse engineering (to make technical drawings from an existing object)
and rapid prototyping of special objects in industry [3]. In the field of time resolved
measurements, advantages will also be obtained for weak neutron sources using highly
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efficient intensifiers. With a flux level of 1(6 neutrons cm-2 s_ about 50 frames per second can
be measured in good quality [4].
It is an important task for scientists and technicians active in NR to transmit the mentioned
advantages and improvements to the industry in the right and efficient way. This should be
done by publications in the specific journals, lectures for special industrial communities and
direct contacts to the development departments of companies. During the visits of branch
exhibitions the demands of industry can easily be observed.
This article describes some of the industrial related problems in more details and gives some
insight into the specific solutions.

2. The Situation in Europe

In 1998, a framework was founded for the small groups in Europe which are active in NR.
Initiated by different specialists, the COST-524 programme represents now a formal basis for
co-operation among the 10 participating countries (IT, FR, DE, AT, SI, CZ, UK, SP, CH, HU)
under the "umbrella" of the European Commission [5]. Although not all countries are able to
operate their own neutron source and NR facility it is possible to be active in this field by
making investigations and developments at other places utilising them as "user lab". On the
other side, some NR (DK, SV, NO) stations with good performances have not yet joined the
action.
The NR stations operated by the COST members have very different performance parameters.
As an example, this situation is illustrated by a comparison of the collimation characteristics
(UD) and the neutron flux level in Figures 1 and 2, respectively.

LD-values
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300

200 --

100

01

fl . , , X ' _ ,

_ _ :. 6' ;' 6' 6" 6" i: iP i : f., .D

~~~~~~~~~~~~100 _ -a

Fig. 1: Comparison of the collimation ratio at different neutron radiography stations in Europe

Therefore, it becomes clear that limitations exist at different sites concerning the obtainable
spatial (via low collimation) or time (via low flux level) resolution. Differently spoken, the
special facility should be optimised for those applications for which the properties of the
beam will be advantageous.
The second aspect for practical NR beside the beam performance is related to the detector
properties. Some new developments as imaging plates [61 or camera based systems [7]
provide the possibility of improved sensitivity (compared to traditionally used film), dynamic
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Fig. 2: Neutron flux levels for thermal beams for different European radiography stations

range and digitised information. Due to the good reproducibility for obtaining images in a

reasonable time, it becames possible to make tomography with neutrons with good quality.

However, there is a strong demand to improve the application range of existing detector

systems, to understand all of their inherent properties and to look for other new options, as

semiconductor based detector arrays.

3. Application Range of Neutron Imaging

The majority of the NR facilities apply thermal neutrons for investigations, only a small

amount of systems is designed for cold [8] and fast neutrons [91. Therefore, the thermal

neutron cross-sections are valid for discussing the practical application fields for inspection of

objects. The balance between the contrast to distinguish between different material zones and

the penetrability of the samples are the two main aspects for the useful application of NR.

Compared to x-ray measurements, some important differences occur for hydrogen, other light

materials and strong neutron absorbers. Most of the metals can he penetrated well, especially

heavy elements such as lead, bismuth and uranium.
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Beside the material choice (an example is given in Figure 3), some other boundary conditions
are given by the neutron properties. Because most of the NR stations are stationary, the
samples have to be investigated there, an in-situ inspection will not be possible with neutrons.
Another aspect is the ability of neutrons to create long-living activation in material samples.
Therefore, materials with high absorption cross-sections and half-lives longer than hours (e.g.
Co, Hg, Ag, W) should be avoided to investigate. Due to the higher efficiency of new detector
systems, a neutron fluence of about 108 cm-2 can be sufficient to obtain good images. More
than ten times longer exposure was necessary in the past with the film method.
In the industry, the number, the diversity and the complexity of new technical products is
improving and the reliability should remain constant or be improved. A good example are the
airbag systems (see Figure 3), commonly used for motorcars for several years. The number,
quality and performance is increasing now in order to protect drivers in accident conditions as
good as possible.
A good direct dialog to industrial partners is required to understand the technical problem and
to adapt the appropriate method for neutronic inspection.

4. Examples of NR Measurements at the NEUTRA Facility at PSI

A wide range of investigations was possible during the first period of operation (started in
1998) of the new facility NEUTRA [10] at the spallation neutron source SINQ [11].

Fig. 4: The cooling equipment of a vacuum system consisting of copper block with penetrations for the cooling
water were inspected with neutrons. A nearly intact device is shown on the left side, but strong
corrosion was found in the part on the right side.

C-

Fig. 5: A honeycomb arrangement with aluminium as structural material was investigated at an angle of view
of about 450 to be able to see both adhesive connections of the outer layers. Only the organic glue is
visible in this image which has some non-horogeneity in the medium area.
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As indicated by Figures 4 to 6, inspections of metallic sample made of copper, aluminium and
steel were done successfully and the accumulation of hydrogen, oxygen or carbon could be
visualised in its distribution. Reasons for possible failures in the past or future could be found
in this way.

Fig. 6: The jet of an oil burner was
assumed to be affected by the
accumulation of combustion
products (coke). With neutron
inspection, this material was
localised on the inner surface of
the equipment.

However, it was not only the. simple transmission image which could provide the answer to
the question of material damage. In some cases it was necessary to use the numerical
information of the obtained images for a further improvement of the search for a deviating
samples' behaviour. Because the data of our digital images have a dynamic range of 16 Bits
(corresponding to more than 65000 grey levels), small differences can be distinguished much
better on the numerical level than by eye inspection using image post-processing tools. Such
an example is shown in Figure 7 for a high voltage isolator having a small defect on the inner
penetration which cannot be seen in the image but in the vertical profile.

_ ' indication for defects

|~~~~~~~~~ _ _ 1

e d o us l o o 2CC t O T CC C

Fig. 7: Inspection of an high voltage isolator utilising the help of the numeric information from the digital
image

5. Detector Development for Neutron Imaging

The neutron sensitive detectors in use for NR have different properties in respect of spatial
resolution and image acquirement time. Mostly efficient are camera systems which are
capturing the light emission of a neutron sensitive scintillator. Depending on the flux level of
the beam several frames per second are possible with a reasonable quality. The limitation in
spatial resolution of camera systems is given by the pixel size, the scintillator blurring and the
interference by "white spots" (saturised pixel by gamma events). An additional source of
unsharpness comes from the increased noise signal if an intensifier is installed for light
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amplification. Improved detector systems have to be developed by optimising all single
components (scintillator, camera, intensifier, software and electronics).
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Fig. 8: The working area of different detectors applied at NEUTRA (PSI) shows what advantages and
drawbacks must be considered for an efficient choice of the most usable system for a given application.

Imaging plates become more and more a standard device as high resolution detector for
neutron imaging due to its advantages compared to film. Their high sensitivity helps to reduce
the exposure time significantly. However, they have also a relatively high sensitivity for
gamma radiation. Therefore, the application of this method is limited at beam lines with high
gamma background.
Although there are some disadvantages in the use of etched track detectors (CN-85, CR-39)
by the low achievable contrasts and the long exposure and etching time, this method is the
best option for the investigation of highly activated samples if the raw images on the foils can
be digitised in the right way t12y. Furthenmoye, some microscopic studies concerning the
distribution of boron in metallic surfaces can be done with these foils and grain sizes can be
localised [131.
Two-dimensional arrays of amorphous silicon systems with pixel sizes of about 150 sum are in
use more and more for X-ray imaging. In principle, the step toward neutron imaging can be
done by changing and adapting the primary scintillation detector. Only the possible damage of
the system at long term neutron exposure might be a limiting factor in the practical
application of such a device.

6. Status of Neutron Tomography (NT)

The 3D investigation of samples can be performed by the measurement of many transmission
images (about 200 and more) where the object will be rotated around its vertical axis. The
three dimensional material distribution (expressed by the local attenuation coefficient g
(x,y,z)) can be obtained by different reconstruction algorithm.
Detector systems based on CCD cameras are mainly in use for this type of measurements.
Several countries in Europe are using this set up with satisfactory results (DE, CH, IT).
The limiting factor for increasing the spatial resolution is the light emission characteristic of
the neutron sensitive scintillator and the amount of data needed to be handled for the
reconstruction and the visualisation. The last problem can be overcome by more powerful
computers. Adapted new scintillators emitting light spots smaller than 50 gim should be
considered.
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A nearly perfect detector for high resolution tomography might be the amorphous silicon
array because it unites the advantage of reproducibility and small pixel size in an ideal
manner. However, no company is providing such a system on a commercial base up to now.

Fig. 9: The presented image is the view into
the innards of a hard disk drive
obtained with neutrons after the
reconstruction of 200 projections of
this object. The voxel size is in the
order of about (0.5 mm)8. As the
inherent resolution given by the beam
properties is much higher there is a
potential for quality improvement for
this method.
The work was done as a collaboration
between PSI and TU Munich.

Some methodical problems in NT remain. Especially for thick samples, high absorbing
materials or such with a high hydrogen content the simple assumption of exponential
attenuation of the neutrons in the beam fails more and more. This error will create visible
artefacts in the tomography images.
A careful and iterative correction will be necessary to overcome this mistakes. This can be
done by Monte Carlo simulation of the neutron transmission process as done in [14]. This
procedure becomes more difficult if unknown materials or complicate material distributions
are within the samples.

7. Outlook to Future Activities

In the previous chapters it was intended to demonstrate by several examples that there are
some principle advantages for using neutrons in material studies and non-destructive testing.
In addition to the more technical orientated investigations described here, medical or
biological studies can be performed under certain circumstances. Although such type of
samples usually contain large amounts of hydrogen (which becomes a drawback for thicker
layers) some high quality images can obtained by dried animals, as shown in Figure 10.

Fig. 10: The neutron images
of this Piranha
(prepared by
drying) is
demonstrating the
high resolution and
the good contrast
obtainable at the

-. ~~NEUTRA station
of PSI.
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Higher contrasts and more dynamic range will be obtained by neutron radiography compared
to X-ray images for such biomedical objects. Several studies are in progress with dental
samples where high spatial resolution is necessary, which can be provided with the traditional
film method in conjunction with a transmission light scanners.
Competing and alternative investigations in comparison to other techniques can be provided if
a radiography facility with good beam performance and state of the art detectors will be used.
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ABSTRACT - X-ray radiography is an advanced non-destructive technique to visualize and
analyze the different damages of the investigated objects. An oxidation phenomena in severe
accident was simulated by the CODEX AIT-2 test facility. The placement, the extension and
features of the damages were discovered by radioscopy and film technique before cutting into
slices the AIT-2 boundle.

Keywords: X-ray radiography, radioscopy, film technique, oxidation phenomena, severe
accident simulation, damage discover

1. Introduction
X-ray radiography has proved to be highly useful in non-destructive testing inves-

tigations. It makes it possible to visualize the inner structure and the different damage of the
covered investigated object. Both radioscopy and film technique were able to show the
damages of the CODEX AIT-2 test facility after the air ingress experiments, before cutting
the boundle into slices.

2. Experimental facility
The X-ray radiography investigation was performed at Dynamic Radiography Station

(DRS)[1] of the BUDAPEST (10MW) research reactor. This working place is available to
make the neutron -, gamma - and X-ray radiography inspection, as it is seen in the Fig. 1. The
source of the X-ray radiation is a portable industrial X-ray generator, its maximum power is
300kV and 5mA. The dimension of the beam was optimized by an aperture of the source.
Objects with a surface area of 700 x 1000 mm2 and weights of up 250kg can be investigated
and are manipulated into correct position of the beam by means of a remote control
mechanism The transmitted X-ray image of the object is converted into light by a ZnS
scintillation converter screen and the "light image" is detected a low-light-level (LLL) TV-
camera (104 lux for type TV1 122). The imaging cycle is 40 msec . The resolution of the
detected radioscopy picture is about 100Ogm. The radiography images are displayed on a
monitor, stored by an S-VHS recorder and for further analysis, an image processing system is
used (type Sapphire 5.05 by Quantel). A hard copy of the processed picture is provided by a
video printer. Higher resolution pictures are detected by X-ray films placed before the
scintillator screen. The resolution of this method is 40pm. Naturally in this case the exposure
time is longer than the previous one, about several minutes.
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Fig. 1.- Arrangement of the Dynamic Radiography Station at the Budapest research reactor
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3. Investigated object
The CODEX facility was built for the investigation of the behaviour of small fuel

bundles in severe accident conditions. The main component of the facility is the test section
which can incorporate the fuel bundle to be investigated (Fig. 2). In the Air Ingress Test (AIT)
tests 9-rod PWR type bundles were used[2,31. The rods are arranged on a square lattice, 8
peripheral rod are electrically heated with tungsten bars. The central rod is not heated, it is
used for instrumentation. Two spacer grids are applied to fix the bundle.The heated length of
the bundle is 600mm. The cladding material is Zircaloy, the shroud part is made of a 2mm
thick Zr2%Nb alloy. Inside of the fuel rods annular U0 2 pellets are placed between the heater
bars and the cladding. The depleted fuel has 0.2% enrichment. Around the shroud ZrO2
thermal insulation is added. The test section is connected to the preheater and to the cooler
sections as coolant inlet and outlet respectively. Additional junction is connected to the
bottom part of the bundle to inject cold air (room temperature). The preheater unit is able to
supply either hot gases or steam to the test section. The outlet temperature of the preheater can
reach 800 'C. The off-gas streaming out of the test section is cooled down by the
cooler/condenser unit and before releasing it into the atmosphere it is conducted through an
aerosol trap and filtered by a special filter system. For the investigation of the aerosol release
a cascade impactor system is connected to the upper plenum of the cooler and two pipelines
allow the continuous measurement of aerosols by means of laser particle counters.

TES-T SECTION

e 1~c trocde 

pyrometers-< I i =-L

0-P ~ ~ ~ ~ 0

ola

LI) 0~~~~~~~~~~~~~~~L

Fig. 2. CODEX AIT-2 facility
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The test started with a preheating period using hot argon and electrical heating. The bundle
temperature was stabilised at '-600TC.

The fuel rod cladding was oxidised in steam atmosphere in two steps: at 820TC and
950TC to give an oxide layer thickness of 20-25 microns. Both steps lasted 30 minutes. The
temperature stabilisation was reached with manual power control. Then the steam injection
was stopped and the temperature decreased to -800TC. Due to a valve leak a small amount of
air flow joined the steam/Ar mixture during the preoxidation period.

The air ingress phase started with the injection of 2.5 g/s cold air and with a linear
increase of electrical power of 2 W/s to give an initial heating rate of 0.53K/s. Temperature
excursion was observed on the fuel rods to a maximum indicated temperature of 1900 TC.
Similar excursion took place on the shroud as well. The air injection was stopped when the
temperature in the central elevation reached 1700 'C, indicating the melting process.

isoo SH2 I
U ___-~SHi

0 - 4 6OW 1000 120 14

Times

CODEX AIT-2 (Jan.22, 1999)

Fig. 3. Shroud temperatures at different elevations in the CODEX-AIT-2 test:
SH4-450mm, SH3-300mm, SH2-150min, SH1-5Om_

The time variation the most important parameter during the test is shown in Fig.3. The
working time is delineated by the horizontal coordinate in seconds, the temperature is written
by the vertical coordinate in Celsius degree. Four curves were registred at four different
elevations of the CODEX AIT-2 test facility.

The SH4 was measured 45amm from the inlet of the heated lenght,
SH3 was measured 30omm from the inlet of the heated lenght,
SH2 was measured 150mm from the inlet of the heated lenght,
SH1 was measured 50mm from the inlet of the heated lenght.

4. Experimental results
As the first step video imaging was used by the LLL TV -camera. In order to increase the

quality of the picture 800 images were integrated. For these measurements the parameters of
the X-ray generator were 300kV and SniA. The damaged parts of the test facility were
distinguished by this method. In the second step - in order to obtain better resolution pictures
film imaging technique was used with Structuri D7 Pb type X-ray films. In this case the X-ray
power was 220kV and 2mA, the exposure time was 6 minutes.
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The application of X-ray radiography provided a detailed vertical picture of the AIT-2 bundle.
In Figs. 4-6 the structure and the distribution of materials can be seen. The upper spacer grid
remained in its original position. Below the spacer grid severe fuel damage can be seen, the
fuel rods were fragmented. Large part of the fuels fell down to the lower elevations. In the
central part some pieces got stuck. The lower grid stopped most of the fragmented fuel and
cladding pieces. Above the lower spacer grid a debris bed was formed, which included the
intact lower fuel rods as well. The visual observation of the bundle showed strong oxidation
and damage both of the shroud and fuel rods. Horizontal cross sections were prepared from
the bundle for detailed analysis. The examination of cross sections confirmed that above 280
mm elevation the degradation was strong. The fuel rods fragmented, the broken pellet and
cladding pieces fell down. In the lower part of the bundle the debris accumulated and formed
blockage on the spacer grid. Some small fragmented pieces could pass through the spacer grid
and were collected in the lower chamber of the test section. At many places only the naked
W-rods indicate the original position of the rods. The photos of the whole cross sections are
shown in Fig. 4 for elevations -20, in Fig. 5 for elevations 150, 280 and 375, moreover in Fig.
6 for 450, 535 and 555 mm, together with the bundle X-ray radiography.

5. Conclusion
The X-ray radiography, both radioscopy and film technique, was useful method to study

the CODEX AIT-2 test facility after the air ingress experiments . It was able to discover the
placement, extension and the characteristic feature of the damage before cutting into slices of
the bundle (test facility).

6. References
[1] M. Balask6, E. SvAb "Dynamic neutron radiography instrumentation and application

in Central Europe" Nucl. Instr. Methods A 377, 140, 1996
[21 CODEX-AIT-2 Test Data Report, Budapest, April 1999
[3] CODEX-AIT-2, Post Test Examination, Part 1 :Investigation of the Aerosol Samples,

Budapest, May 1999
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Vertical View 555mm
of X-ray
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Fig. 6. X-ray radiography of the CODEX-AIT-2 bundle
and cross sections at 450mm, 535mm and 555mm elevations
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PERFORMANCES OF SOME MOBILE NEUTRON RADIOGRAPHY SYSTEMS
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Abstract: Present paper describes shortly three different mobile neutron radiography systems
in term of characteristics, performances, flexibility, and their main applications for non
destructive testing of materials, devices and structures. Examples of application in different
fields, with particular attention to aeronautics (early corrosion detection, turbine blades quality
control inspection) and pyrotechnic devices / specific parts inspection, are presented.

1. INTRODUCTION

Neutron radiography, invented in Germany in 1930 and further developed in United
Kingdom, France and the United States in the sixties, is recognised as a powerful method, but
a demanding method due to the practical problems associated with neutrons (safety and
radioprotection). Beginning of seventies, mobile systems were proposed [1,2] where reactor
neutron source is replaced either by small accelerators or by isotopic sources. The application
of new technologies in aircraft airframes and devices, as well as the increase in aircraft service
life, are examples of specific needs for "smart" mobile systems [3].

Mobile systems including Californiurn sources [4-7] have proven their suitability for non
destructive inspection in aeronautics and more generally in industry, including aerospace,
automobile, plastic and explosives. Nevertheless, such systems are now less interesting, while
environmental laws as well as handling and storage rules related to isotopic sources become
more severe. Modem mobile neutron radiography systems include now switchable, and even
pulsable, neutron sources such as small accelerators [8] and sealed tube neutron generators [9-
15].

Main applications of such systems are related to an easy detection of hydrogen, oxygen and
carbon based materials when using thermal neutrons. Neutron radiography is useful for a
number of inspections, for instance:

- non destructive testing of thin films of glue in honeycomb or fiber glass epoxy structures,
- inspection of composite materials, carbon fibers, and ceramics,
- inspection of metallic or concrete block assemblies,
- early detection of moisture or corrosion,
- study of films and lubricants,
- pyrotechnic devices inspection,
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- turbine blades quality control inspection.

In this paper three mobile thermal neutron radiography systems, one using Cf-252 isotopic
neutron source, one using a small size accelerator, and one using a sealed tube neutron
generator, are shortly described.

2. SYSTEM BASED ON CF-252

Recent work on the use of neutron radiography has led to the design and operation of a
practical inspection facility for aircraft maintenance [4] at Mc Clellan Air Force Base in
California, U.S.A.

Beside a reactor based system, a robotic system was built for inspection of components of
aircrafts by neutron radiography. This manoeuvrable neutron radiography system includes a
neutron head with Cf-252 assembly on the robotic arm.

Neutron source is a combination of 3 to 6 sources of 252 Cf, 10 mg to 15 mg each. Effective
output is in the 10" n/s range, emitted at neutron energy of 2.2 MeV. Neutrons are then
thermalized by successive energy transfer in a hydrogen based material, up to a low level
above thermal energy, say 0.1 eV. Common materials to thermalize neutrons are heavy water
(the best), graphite, beryllium, oil, polyethylene, or water. In the present case, graphite and
polyethylene are a good compromise, taking into account physical and economical aspects.
The neutron source is surrounded by the moderator. A filter is placed between the fast neutron
source and the beam exit port to help to remove gamma rays. An exit channel permit neutrons
that have scattered in that direction to emerge in a divergent beam. In order to have nearly
parallel neutron beam, a collimator is installed to remove neutrons in the wrong directions.
Divergent collimator is used here, the thermal neutron beam divergence is characterised by the
L / D ratio. In low flux mobile systems, L / D is low, between 10 and 50, corresponding to a
quite large divergence and then to a limitation of the geometrical resolution of the system. As
a consequence, expected spatial resolution with such systems (as well as any other mobile
system) is 100 - 200 jim;

The advantages of the Cf-252 based system are nearly no power consumption, a good
mobility in spite of the neutron head weight (- 500 kg), and an acceptable compromise
between exposure time and resolution.

The disadvantages are: no switch off capability, safety problems, and change of highly
radioactive material each year (half life of 252 Cf = 2.6 years). Different kind of detectors
were used during years at this installation, showing very interesting results.

3. SYSTEM BASED ON ACCELERATOR

The second system is based on a RFQ small accelerator neutron source [16]. The entire
system was designed for a high detection efficiency.

The accelerator, an Accsys Technology DL-1, is a compact radiofrequency quadrupole ion
accelerator which produces 0.9 MeV deuterons striking a beryllium target. Neutrons with an
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energy spectrum up to 5 MeV and with an average energy of 1 MeV are produced through the
reactions Be (d, n) B. These neutrons are then thermalized in a moderator-collimator
assembly. When the accelerator delivers 2.109 n/s into 4 xt, tlhell flux at the detector screen is
estimated to be 2.104 n / cm2 s at low L/D ratio.

The image detection system is a CCD camera based unit, consisting of a LiF -ZnS scintillator,
20 x 20 cm2. NE - 426 type, viewed through a front surfaced mirror at 45°. Camera includes a
cooled CCD matrix (-50 0C), 22.5 jlm pixel size (-160 pm in object space), with 1242 x 1152
pixels. Neutron detection efficiency of this device is approx. 15 %.

Dominant limitation is the neutron statistical noise, and not the performance of the CCD
system. Despite the low fluence, useful images may be obtained, showing for instance an

amount of corrosion at about 100 gm thick.

This system is more flexible than the first one (switch on/off capability), in spite of a higher
weight and in spite of the requirement to deal with target refurbishment.

4. SYSTEM BASED ON NEUTRON GENERATOR

The third system is based on a sealed tube neutron generator. The DIANE l system is an
example of this technology [9-12], developed in the frame of a European Program (EUREKA,
EU-22); The whole system was designed and manufactured by SODERN , in association with
IABG in Germany, and L T V in the U.S.A.

The sealed tube neutron generator in a GENIE 46, delivering up to 4 x 1011 n/s at the energy
of 14 MeV. The tube itself is a small sealed accelerator, without any external pump. A beam
of deuterons and tritons (D +T),is accelerated at 225 kV toward a target loaded with
deuterium and tritium (D +T), and neutrons are emitted mainly from the fusion reaction
T (d, n) He4. Neutrons are then thermalized in a moderator / collimator assembly. When the
tube delivers 2 x 1l 1 n/s into 4 a, thermal flux is approx 105 n/cm2 .s for an effective L / D
ratio of 25, or 2.8 x 104 n/cm 2 .s for an L / D ratio of 60.

The DIANE system is available with different imaging devices. Using a conventional
TRIMAX-2 converter (Gd 202s) in conjunction with a 3M -FM film, exposure time is approx.
15 min at L / D = 25 [10]. Other film + converter devices are available; i.e. NE 426
scintillator and D8 Agfa film for a shorter exposure time (3 min), or Gd metal and D7 film for
better resolution at higher L / D but longer exposure time (I h). A conventional 30 x 40 cm2

Li/ZnS scintillating screen associated with a cooled CCD matrix camera is available. In
addition, the camera for tomography designed and manufactured by Lebedev Institute [14]
was successfully tested in the case of turbine blades.

Using a very similar design, W.E. Dance [3, 17] has made a neutron radiograph of aircraft
honeycomb panel indicating corrosion and moisture (see Fig 1), and another corroded part
associated with standard image quality indicators (see Fig.2). Radiographs from the existing
DIANE systems were previously published [10, 12, 13].

' EUREKA project, supported by ANVAR - MRT - SERICS
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More generally speaking, the standard method for determining image quality was the ASTM-
E545, using two main indicators (see Fig 3): a beam purity indicator (BPI) and a sensitivity
indicator (SI). We have add a third specific indicator for pyrotechnic devices, in which gaps
are to detect for resolution evaluation. Performances as obtained with the DIANE system are

- from BPI : thermal neutron content 70 %O,

scattered neutron content 1.2 %,
gamma content < 0.2 %,
pair production content < 0.2 %.

- from SI : gaps detected up to 13 gm,
3 low contrast holes 0.5 mm diameter detected.

These performances are very close to performances as obtained on TRIGA reactor based
neutron radiography systems.

This system is very flexible, while running in a steady state or in a pulsed mode, and able to
be switched off. Tube replacement is made by the manufacturer.

5. CONCLUSION

On the basis of the results of this study, it is possible to consider mobile neutron radiography
as an available and effective non destructive testing method. Three kind of neutron sources are
proposed, and a wide range of detection devices is available, for a good technical and
economical optimization of the system.
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Fig. [:Early detection of corrosion using thermal neutrons and Gadolinium
converter/film cassette, on an F 15 structure part

Fig.3: Image quality indicators
from left to right

* beam purity indicator,
* sensitivity indicator

(achieved resolution for
a given L/D),

* pyrotechnic device
resolution indicator

Fi~ 2: Corroded parts, shown with image quality
indicators (LTV photo, ref. 6)
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The Neutron Capture Autoradiography (NCAR) using various Solid State Nuclear Track Detectors (SSNTDs)
is a well established and accurate method to detect and measure the distributions of '0B in the ppm range on
macroscopic and microscopic level in biological samples, such as histological sections of tumours loaded with
1°B compounds used for BNCT (e.g. 1,2). Recently a new technique of NCAR using sensitive
photoluminescent Imaging Plates (IP) has been proposed to detect 1°B distributions in histological sections
(3), exploiting excellent detection properties of IP systems such as very high detection sensitivity and
quantum detection efficiency, broad linear response and dynamic range, very small image distortion,
reusability of IP and possibilities of digital autoradiography. The advantage of IP-NCAR vs. NCAR with
SSNTDs should be the much lower neutron fluence ( 107-109 vs. 1010_1013 n/cm

2 with SSNTDs) , no
intermediate chemical treatment (track etching ) and direct and fast computational handling and evaluation of
the digitized autoradiographic image. However, the spatial resolution of the present available IP detection
systems is somewhat lower (-0.04 mm) than with SSNTDs (-0.01 mm ). Another problem with IP NCAR is
rather high sensitivity of IP to all types of ionizing radiations. Therefore the background of direct and induced
gamma-rays as well as of epithermal and fast neutrons has to be filtered out of thermal neutron beam to be
used for IP-NCAR. To improve the signal/background ratio and to increase the detectibility of '0B we propose
to use clean cold neutron or clean thermal neutron beams for the IP-NCAR of 10B distributions in histological
samples in BNCT experiments (4,5). In the present work the recent results of experiments in IP-NCAR with
cold neutrons from the neutron radiographic channel of the ORPHEE reactor in Saclay and with the rather
clean thermal neutron beam of the NEUTRA neutron radiography facility of the PSI (Villigen) will be
presented. For the calibration of the NCAR histological samples of chicken liver with well known
concentration of '0B were used and the limit of 10B detection in tissue samples down to at least 5 ppm has
been demonstrated.

1. Introduction

Neutron Capture Autoradiography (NCAR) using various Solid State Nuclear Track
Detectors (SSNTDs) is a well established and accurate method to detect and measure the
distributions of 10B in the ppm range on macroscopic and microscopic level in histological
sections of tissues loaded with l B compounds used for BNCT [1,2]. The SSNTD
techniques require relatively high neutron fluences, chemical etching and somewhat time
consuming quantitative evaluation. Two exposures are normally needed- one for B
distribution visualization (102_10 3n/cm2) and second, 2-3 orders of magnitude lower, for
quantitative boron determination by various track counting techniques. Recently a new

Retired from JSI
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technique of NCAR using sensitive photoluminescent storage phosphors (Imaging Plates or
IP) has been proposed to detect heavy charged particles from the ' 0B(n, a )7Li reactions for
the topography of '°1 distributions in histological sections [3]. The new method exploits
excellent detection properties of IP systems such as very high detection sensitivity and
quantum detection efficiency, broad linear response and dynamic range, very small image
distortion, reusability of IP and possibilities of digital autoradiography and immediate
quantitative evaluation [4,5]. A severe problem for using IP in NCAR is their high
sensitivity to all types of ionizing radiation and hence the background of direct and induced
gamma-rays as well as of epithermal and fast neutrons has to be suppressed or filtered out
of the neutron beam. To improve the signal/background ratio and to increase the
detectability of ")B we proposed the use of rather gamma ray free cold neutron beams for
the IP-NCAR of '0B distributions in histological samples [6]. In the present work the first
results of preliminary experiments in IP-NCAR with cold neutrons (IP-CNCAR) from the
neutron radiographic channel of the ORPHEE reactor at Saclay are presented. In the first
batch of experiments the cold neutron source was rather remote from the IP laser scanner
(at 1JS, Ljubljana). The time lag between the IP neutron irradiation and the read out
amounted several days greatly increasing the background due to cosmic and environmental
radiation and preventing the correct assessment of the detectability of the method. The
number of NCAR images produced in total was only 12, produced in 3 separate sets of
irradiations. However, the preliminary results were encouraging enough and enabled a
comparison with the existing NCAR techniques. In the second batch of only 2 day
experiments the IP scanning was performed in Saclay immediately after the irradiation,
greatly reducing the gamma-ray background. New standards of freeze dried histological
samples of chicken liver with known B concentrations were prepared instead of previous
standards made of the filter paper. In the paper experiments are described and some
characteristics of the IP-NCAR using cold neutrons for B detection are presented.

2. Methods and Materials

Neutron Capture Autoradiography
The procedure for NCAR with IP is practically the same as used in NCAR with SSNTDs.
The freeze-dried whole body histological sections of mice were put directly on the
unprotected surface of the imaging plate, wrapped by light tight thin plastic cover and sealed
after evacuating air by vacuum pump. By this way an intense tight contact between the IP
and the sample was achieved. The use of thin light tight plastic foil as irradiation cassette is
essential for IP NCAR as the IP has to be protected from the light (in particular UV) and all
types of ionizing radiation. The use of thin low Z -cassette" materials with a low neutron
absorption cross section is important to minimize the production of neutron and y-ray
induced secondary ionizing radiation. The wrapped IP/sample assemblies were air mailed to
Saclay and after neutron irradiation immediately returned back for reading. The time lag
between the preparation of the sample/IP assembly and read out was typically 6-8 days and
the time elapsed after the neutron irradiation was 4-6 days. Due to transport time the signal
faded for a factor 2-2.5 and the background due to cosmic and environmental radiation
increased for about factor 25! This drawback was removed by performing experiments and
read-out of IP directly in Saclay during 2 days of experiments.

Cold Neutron Source
The neutron irradiations were performed on the neutron radiographic facility at the cold
neutron guide G4 of the research reactor ORPHEE (Saclay, France). The cold neutron flux is
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approximately 9.108 n/cm2 s and the average energy of the neutrons is 0.003 eV. The neutron
beam has a square profile 25 mm by 150 mm. The profile of the neutron beam is skewed for
about 7 % in both X- and Y- axis. The samples are irradiated by moving the irradiation rig
along the X-axis and the neutron fluence has to be corrected relevant to the irradiation
position along the vertical axis. Neutron fluences for IP based cold neutron capture
autoradiography (IP-CNCAR) varied between 1.0 - 5.0 109 n/ cm2 . The y-ray background is
considered to be negligible [7]

Imaging Plate Detection System
The imaging system used consists of FUJI Photo Film imaging plate type BAS IP-TR, FUJI
BAS 1500 laser scanner at US ( FUJI BAS 1800 scanner at Saclay) and Raytest UV IP
eraser. The digital images are handled, processed and analyzed by a personal computer and
printed by Epson Stylus Photo printer. The image handling, processing and analyzing
software is TINA 2.0 supplied by Raytest (Germany) and Photoshop ADOBE 3.0.
The IP-TR type consists ofa plastic support plate (12.7 cm X 12.7 cm) covered with 0.05
mm thick layer of crystals of photostimulable storage phosphor BaFBr:Eu2+ combined in a
plastic binder. The phosphor layer is intended for the registration of 3H soft beta radiation
and is hence unprotected and susceptible for surface damage and wetting. The thickness of
the active layer of the phosphor is much thicker than the range of a and 7Li particles in the
phosphor (few Sim).
The BAS 1500 He-Ne laser (632.8 nm) scanner has a pixel size 0.1 mm X 0.1 mm, (0.05 X
0.05 mm with BAS 1800) scanning speed 14 pts/pixel and 12 bit digitalization (4096 gray
levels). Scanners with pixel size 25 Etm X 25 plm and digitalization of 16 or 32 bits are
commercially available. The inherent resolution of the system is lower than the pixel size,
only about 0.2 mm (with advanced scanners 0.05 mm).

Standards and histological samples
The standard samples with known concentration of 10B were prepared by pouring
10 ptl drops of sodium borocaptate (BSH) solution in water on the filter paper ( B impurity
below detection limit 3 ppm) forming stains of -I cm 2. The B content of the BSH solutions
was measured by plasma emission spectroscopy. The measured 10B concentrations (in ppm)
were: 841±28, 248±8.7. 84.6±1.5, 25.2 ±0.32, 8±0.3. Boron concentration on the filter
paper wvere determined by digesting the paper samples in 65% HNO3 , diluting by pure
water for factor 1 0 and measuring again by plasma emission spectroscopy. The measured
' 0B concentrations were 483±15., 176±3.0, 73.5+6, 19.1+2.0 and 7.3±4. ppm. The B
detection limit was at -4 ppm. It would be useful to measure B content in this indicator by a
PGAA method nondestructively.
New standards made of thin (0.025 mm) histological freeze dried chicken liver with known
'0B concentration were supplied by one of us (D. Gabel). The concentration values were (in
ppm): 150. 100, 50, 25. 10, 5.0, 2.5, 1.75, 1.0, 0.5 and 0.1.
Three different samples of whole body histological sections of a mouse were supplied by
two of the co-authors:
-Whole body section of the tumor bearing mouse sacrificed 31 after the intravenous
injection of 10BSH solution (1.5246%, PGAA result) and another section of a mouse
sacri'iced 6` after injection of 013 conjugated liposome/PEG liposome. In the former
sample high B concentration was found in the liver and to smaller extent also in the tumour
and kidney. In the later case the B was localized only in the tumour at low concentration, as
confirmed by subsequent NCAR with SSNTDs. The thickness of the samples was about
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0.04 mm and were freeze-dried mounted on 3M scotch tape. Details of the preparation of
the samples can be found in the literature of the relevant group [3,8].
- Whole body section of the mouse with B16 melanoma, sacrificed 1h after the
intraperitoneal injection of 2 mg 10BSH. The thickness of the sample was 0.05 mm.

3. Results and Discussion

The IP-CNCAR images of new chicken liver 10 B standards are presented in Fig. la. The
surface distribution of B in each liver standard is not uniform and an average signal from
the whole surface area of the liver section has to be determined using tools of the TINA
software and correlated with the B content. The average signal of photostimulated
luminescence (PSL) above the average of the local background is proportional to the B
concentration of the relevant standard. The calibration curve relating PSL signal above
background to B content is presented in Fig. lb.
From Fig. I a it is evident that B content of at least about 5 ppm can be easily detected. The

detection limit is in this case possibly still below 5 ppm, since the relevant standards with B
concentrations below 5 ppm can be observed and the signal can be discerned from
background noise. This can be concluded also from Fig. lb, where the points with the B
concentration of 0.1 to 5 ppm are showing significant scatter in the signal. However, the
calibration curve ( PSL signal vs. 10B conc.) does not cross axes at 0 indicating the presence
of some unresolved background. Increased nitrogen concentration in liver in comparison
with the support layer would offer possible explanation. An experimental verification of the
B concentration values by a reliable analytical and non-destructive method (e.g. PGAA or
SSNTD NCAR) would be most helpful, while nitrogen content in the liver vs. support layer
can be evaluated by the selective autoradiography with SSNTDs [10].
In IP-(C)NCAR the background due to protons from neutron captures in nitrogen and heavy
particles and gamma rays from neutron absorption in hydrogen, oxygen and Li and B
impurities in tissue is rather high and signal/background ratio is much worse than with
NCAR using SSNTDs. The SSNTDs are sensitive only for heavy charged particles above
certain threshold energies and offering the possibility of particle track discrimination by
properly selecting the etching conditions[l], etchant [8,9] and in addition by automatic
image analysis by measuring track dimensions, their shape and optical properties [2,10].
However, for complete visual and quantitative image evaluation in SSNTD NCAR two
exposures are needed. Computerized track discrimination and counting requires fluences
more than 2 orders of magnitude lower (-2. 109 nth/cm2 ) than required for visual image
observation (_ 1(02 n12n/cm

2 ) in order to prevent track overlapping. With IP-(C)NCAR as
digital autoradiographic method quantitative evaluation and visual observation can be
performed simultaneously.
In Fig. 2 the IP-CNCAR image of whole body section of a mouse prepared to put high B
concentration in the body organs is presented. The distribution of B in the organs and
tissues is clearly observed as well as differences in B content of different organs. In Fig. 2
the high B concentration is in liver and at much smaller concentration in tumor, bladder and
intestines. Using an appropriate calibration curve for B concentration monitoring prepared
in the same way as actual samples and using similar tissue it could possible immediately to
determine the B content in selected regions. The spatial resolution is fair (0.2 mm with BAS
1500) but with modern scanners (e.g. FUJI BAS 5000) it can be improved down to - 40
pm, close to that of the whole body NCAR using SSNTD ( 10-20 pm ) [1,2].
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4. Conclusions

The digital NCAR using clean cold neutron beams and IP as detectors has a potential to
detect °B in histological sections of tissue at the level lower than 10 ppm and with the
spatial resolution of - 40 1tm. Using calibration curves prepared by tissue standards with
known B content and in the same way as actual histological samples for BNCT studies the
method enables immediate and simple quantitative analysis. The advantage of IP-NCAR vs.
NCAR with SSNTDs should be the much lower neutron fluence ( 10 -109 vs. 1010_1013
n/cm2 with SSNTDs) , no intermediate chemical treatment (track etching ) and direct and
fast computational handling and evaluation of the digitized autoradiographic image. Further
experiments in optimal experimental conditions are required to estimate accurately the
detection limit of this technique of B in tissues and to estimate the signal/background ratio.
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Neutron radiography at the
"Institut de Maintenance Aeronautique"

Serge Cluzeau, Institut de Maintenance Aeironautique, Merignac, France

Abstract
Recently the French Instilut de Maintenance Aeronautique (IMA) decided to open a new field of research
specially devoted to the inspection methods that should be used by the aircraft overhauling industry. Taking into
account its proved ability for an early corrosion detection, neutron radiography (NR) was selected as an
inspection method to be appraised. This paper presents the approach that IMA intends to follow for achieving
this objective and involving selection of equipment, design of the facility and research program.

1 Introduction of the "Institut de Maintenance Aeronautique".
The French "Institut de Maintenance Aironautique" (IMA), is a Physics Branch

Department of the Bordeaux-1 University. It is located in Meirignac, a city in the district of
Bordeaux, quite near to the International Mirignac Airport. Its activities are developed in
aeronautic field through four different ways.
a-First, IMA is a training center for turning out executives of the aircraft overhauling
industry. It leads its students to the title of engineer at the master degree level. The training
course meets the level C of the new JAR' 66 regulation
b-Secondly, IMA is a center for designing and producing new educative tools. For instance
RMA supplied the Airbus Training Center with interactive computer based teaching aids.
c-Thirdly, IMA fulfills research and development studies for the benefit of small and middle
companies, thanks to its laboratories specialized in engines, mechanics, hydraulics, and so on.
d-Last but not least, JMA is also a center for technology transfers from University to industry.
An international society called Specialized Training in Aeronautics and Research (STAR),
was created so as to make easy the cooperation between University and private companies.
STAR is an Enterprise-University Training Partnership (EUTP) in the field of space and
aeronautics. It is the only EUTP supported by the European Union (Comett Program) in this
field of activity. It includes more than 200 industrial and university members located in 18
countries. STAR, as well as the French STAR society have their headquarters at IMA. By
the way of STAR and with the help of its partners, IMA has implemented several projects
leading every time to an additional expertise.
At the present time, three new projects are to be started subject to get the necessary budget:
1- The use of modern teaching tools for pilot training (multimedia, simulator,..)
2- Practice of LASER in aeronautics and space industry.
3- Practice of neutron radiography in aeronautic and space industry.

' The "Joint Aviation Requirements" ( JARs) are the new European standards for airlines taking effect from
2.000/2.001. The JAR 66 is related to the training of engineers.
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2- Neutron radiography at IMA.
As said before, IMA is an institute mainly devoted to the training of aircraft

overhauling agents. These people are educated in many technological fields but usually they
have a poor knowledge in Nuclear Physics. Then, when IMA decided to fit out a Non
Destructive Testing Laboratory (NDT Lab.) with a neutron radiography (NR) ability, the
project manager in charge of this action looked for an equipment easy to use and
characterized by the less possible safety nuclear constraints. With such a requirement, a small
machine based on the use of a sealed-tube neutron generator (STNG) was a good choice. This
neutron source is indeed very similar to an industrial X-ray generator quite usual in NDT
implementation. Both these equipment are on-off sources emitting ionizing radiation and need
a specific shielding moreover they are built with the same architecture and operate with the
same ergonomy as well. Then, IMA got in touch with the SODERN French company which
could supply it with a STNG or even with a small NR system (DIANE system). Recently a
cooperation agreement has been reached, by which this company will place its own STNG
prototype, type GENIE 46, [ 1], (see Figure 2a), and its imaging systems [2] at the disposal of
the future NDT Laboratory. For its part, IMA will build a facility, (see Figure 1 and 2c), and
manufacture a DIANE equipment with an upgraded design [3], (see Figure 2b). At the present
time, this project is supported by the University of Bordeaux-1 and submitted to the French
Department of Education and Science for an official recognition. At the same time the first
steps was taken to get the necessary budget with a good hope to succeed.

3- Applied research program at IMA.
Subject to get its NDT facility, IMA intends to undertake applied research that meets

unsatisfied requirements of aircraft overhauling activity in cooperation with maintenance
industry. Whatever study is begun, the corresponding research program will be lead in
cooperation with a company acknowledged as a major in the approached field. This
partnership will make sure that the problem to be solved is actual and the expected solution is
acceptable by industry. At the same time the cooperation will be extended to any appropriate
laboratory if a specific expertise is needed, what is expected in many cases. A first list of
subjects supposed to be of interest for industrial companies has been drawn in two classes
involving either the "NDT implementation" or the "Improvement of the inspection tools".

3-1 NDT implementation.
Three subjects are expected to be initiated in this class.
a-Detection of hidden corrosion in aeronautic structures: In some already known cases,
corrosion attacks cannot be effectively detected with the usual NDT methods (X-ray,
ultrasonic, eddy current). It is the case for instance for the intergranular corrosion or for
corrosion which lies between two thick overlapping metallic plates. Many times such a
corrosion hits aging aircraft due to material fatigue under mechanical strains. This worrying
phenomenon caused several aeronautic disasters in the last fifteen years and remains difficult
to detect at the present time even thought it was very soon proved that NR could help to solve
this problem [4]. After the above mentioned crashes, the FAA lead a tremendous program in
USA called the "National Aging Aircraft Research Program Plan" (NAARPP) and, in a
former step, the study of NR capabilities was considered, but later, this field of research was
withdrawn, probably due to the lack of industrial equipment but to the lobbying of "green
party" as well.
In this field IMA will aim to identify which parts are better inspected with NR than with usual
alternative methods, the wanted result being a reduced inspection cost due to an earlier
detection or a faster testing. This subject includes several intermediate issues such as: choice
of the best implements, setting up of the testing process, design of standards, method
acceptance test by the authority, and so on....
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b-Inspection of aluminum honeycomb structures: In this case it is very well known that NR
and X-ray inspections complement each other strikingly. Then, the same kind of research as
above should be fruitful, peculiarly for moisture and corrosion detection which are hardly
seen with usual NDT methods.
c- Inspection of parts made of composite materials: More and more aircraft parts are made
of composite materials even though they are difficult to be inspected and that rather few
information is available about the aging effects. Taking into account this fact, it should seem
reasonable to explore the potentiality of the NR inspection in this field.

3-2 Improvement of the inspection tools.
Taking into account the design of its NR equipment, IMA will favor the research concerning
the systems using a sealed-tube neutron generator but the resulting issues should be of interest
for all of the low output systems. It is worth pointing out that from a social point of view, to
maintain a very low output is the best way for making it possible and safe the in-plant use of a
neutron source. So, from a technical point of view, researches aiming an image improvement
are vital for putting up an acceptable performance in the widest possible application field. In
this field the study is expected to bear on the thermal neutron source, the imaging systems,
and the image processing taking into account the "optical transfer function " of each part of
the equipment. Another very interesting study would be to set up some "diagnosis aids" such
as computed virtual inspections of sample, or fusion of inspection results from all of the
performed methods. In every cases the goal should be a better detection defect, a more
accurate measurement or an inspection with a reduced exposure time, but in any way, the
actual industrial goal remains a reduced expenses as explained above.

4- Conclusion.
To conclude this paper, it is worth pointing out that the implementation of a so wide

research program needs a good knowledge in many specific scientific and technologic fields.
That is why IMA intends to be open to any offer of cooperation concerning such a program.
From now on for instance, IMA intends to be a partner of the 524-COST Action if agreed by
the Management Committee and the French Authority.
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whole of the Europian nuclear industry.
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860AHistory of Mochovce NPP is quite long and reflects political changes that happened in Europe in the end

of 80'ties. The plant site was chosen in south-west of Slovakia in the frame of Nuclear Industry
Development Plan adopted by former Czechoslovak government in 70'ties. In that time was decided to
build in Mochovce four VVER 440/213 units together with other NPP's (Dukovany, Temelin, Kecerovee).
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860^Only two organizations are actively producing standards which are used in neutron radiology (NR): the

American Society of Testing and Materials (ASTM) and the International Organization for
Standardization (ISO). Six ASTM standards exist that address the neutron radiography method. Two of
the ASTM standards have been extensively used world-wide. ISO has a working group which is
developing three standards that also address the neutron radiography method. Two of these are
currently making their way through the ISO approval system. No ASTM or ISO standards exist for the
neutron radioscopic method. Future ASTM standards will address the neutron radioscopic method and
neutron radiologic system characterization. It is expected that similar efforts will be undertaken in lSO.



Given the relatively small community providing neutron radiologic services, international cooperation
and the need for ISO standards will most likely continue to grow.(author)
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860Slovenia as a member of the first group of candidates countries which started the accession negotiations

with the European Union. The extensive work started in 1998 to align the domestic legislation with the
legislation of the European Union. The activities related to the accession of Slovenia to EU in the area of
nuclear legislation are carried out in different national working groups. The main part of activities is in
working groups: energy and environment, but there are some topics, which are covered in other groups,
like control of dual-use materials in the group of External Relations, research in reactor physics, nuclear
engineering and fusion in the group Science and Technology.
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860APresented are the activities for NPP Krsko modernization project which covers Steam Generators

replacement ant power increase for 6 %.
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860AThe new program system CASCADE-3D (Core Analysis & Safety Codes for Advanced Design

Evaluation) links some of Siemens advanced code packages for in-core fuel management and accident



analysis: SAV95, PANBOX/COBRA and RELAP5. Consequently by using CASCADE-3D the potential
of modern fuel assemblies and in-core fuel management strategies can be much better utilized because
safety margins which had been reduced due to conservative methods are now predicted more accurately.
By this innovative code system the customers can now take full advantage of the recent progress in fuel
assembly design and in-core fuel management.(author)
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860"ln the WIMS-D library the important fission products are treated explicitly. The remaining ones are

lumped into a single pseudo fission product. The methods and the criteria for defining the pseudo fission
product data are described. The data based on ENDF/B-V1 and JEF-2.2 evaluated nuclear data files are
processed and the WIMS-D library is updated accordingly. Some preliminary results of the NEA/OECD
Plutonium Recycling Benchmark are presented.(author)
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860A0ur recent analysis showed that from the criticality standpoint of view it is possible to increase capacity

of the NPP Krsko spent fuel pool by reracking to accommodate spent fuel assemblies for plant lifetime.
The reracking will also effect the radiation dose rates in the vicinity of the NPP Krsko spent fuel pool. In
this paper we have investigated the radiological impact of reracking using SAS sequences of the SCALE
code system. Gamma and neutron dose rates are calculated at different positions close to the spent fuel
pool surface for current and reracked spent fuel pool configuration. A comparison of the calculated dose
rates and the dose limit in 10 CFR 20 for the restricted work area has been performed.(author)
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8601The nodal diffusion code LEM has been extended with the power feedback option. Thermohydraulic and

neutronic coupling is covered with the Reactivity Coefficient Method. Presented are results of the code
testing. Verification is done on the typical non-uprated NPP Krsko reload cycles. Results show that the
code fulfill objectives arising in the process of reactor core analysis.(author)
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860The shielding ability and other properties of new high performance neutron shielding materials from the

KRAFTON series have been recently published. A comparison of the published experimental and MCNP
results for the two materials of the KRAFTON series, with our own calculations has been done. Two
control modules of the SCALE-4.4 code system have been used, one of them based on one dimensional
radiation transport analysis (SASI) and other based on the three dimensional Monte Carlo method
(SAS3). The comparison of the calculated neutron dose equivalent rates shows a good agreement
between experimental and calculated results for the KRAFTON-N2 material.. Our results indicate that
the N2-M-N2 sandwich type is approximately 10% inferior as neutron shield to the KRAFTON-N2
material. All values of neutron dose equivalent obtained by SASI are approximately 25% lower in
comparison with the SAS3 results, which indicates proportions of discrepancies introduced by one-
dimensional geometry approximation.(author)


