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1. INTRODUCTION

The aims of the Second Research Co-ordination Meeting (RCM) of the Coordinated
Research Programme (CRP) were to report on and review progress against the work
program set at the beginning of the CRP and to discuss the work plans for the second
half of the program. In particular the emphasis of the meeting was to ensure that the
overall program is coordinated and that relevant links are established. The technical
background of the CRP is described in the "Scientific and Technical Background" for
the meeting, which is given in appendix 1. The meeting was attended by 15 participants,
one observer and IAEA staff members. Unfortunately Dr R. Lanza (USA) was unable to
attend this RCM. The list of participants is given in appendix 3 and the meeting agenda
is given in appendix 2. The list of project titles is given in appendix 4 and the individual
project reports are given in appendix 5.

Dr F. Brooks was elected to be Chairman of the RCM and Dr B. Sowerby was elected
to be Rapporteur. The Scientific Secretary for the RCM was Mr U. Rosengard, Physics
Section, NAPC, IAEA. The coordinators to review the individual work programs were:
Dr M. Bartle (coordinator - program 2.1)
Dr V. Mikerov (co-ordinator - program 2.2)
Dr A. Shaikh (coordinator - program 2.3)
Dr G. Csikai (coordinator - program 2.4)

2. DISCUSSION OF RESEARCH PROJECTS

2.1 NEUTRON TRANSMISSION, SCATTERING AND ACTIVATION
TECHNIQUES

2.1.1 Overview

In this area, thirteen interesting projects covering a wide range of applications were
reported by the participants. Progress has been excellent with most work plans covered
in-depth or at least to challenging levels by the contractors. Work plans for the coming
year have been proposed, based on the directions indicated in the earlier work. The
participants have carried out their work plans enthusiastically, and there is excitement
about the anticipated outcomes for the proposed new work.

Visits to other member countries were conducted by Dr. Bartle (Japan and Thailand)
and Dr. Csikai (Cuba) during the period.



The discussions held on the list server (established by Dr. Hussein) were of excellent
value. In the coming year there should be even more discussion by this means, with more
participants being able to join the server.

There was strong support for the need to compile examples of successful industrial
promotions and commercialization of neutron and related gauges. This may include the
benefits perceived and utilized by industry, and those industries where interest is highest.
Promotional material could also include brochures based on this CRP and information
on the Internet.

2.1.2 Individual Projects

Bartle (New Zealand) - The Neugat work is progressing well and targets for the past
year have been met. The project covers many facets including collaboration, licencing,
manufacture and marketing. The future is now largely in the hands of the licencees and
out of Bartle's direct control. The major task for the next year is in promoting the
woodchip moisture gauge to industry.

Hussein (Canada) indicated that the challenge he identified last year to measure slow
neutrons in the presence of a fast neutron flux has not yet been solved. However he has
revised his thinking on the experimental design and expects better progress over the next
year. Shaikh offered assistance with this problem if required.

Ishikawa (Japan) indicated that the redevelopment of the new digital pulse shape
discrimination (PSD) system has been postponed but is expected to be complete by
March 1999. He plans to submit details on the list-server for comments.

Sowerby (Australia) stated that progress over the past year has been according to plan.
A new on-belt cement analyser has been tested in the laboratory, the feasibility of a new
on-belt coal analyser has been examined and a low frequency microwave moisture
analyser has been installed in industry. Over the next year CSIRO expects to install a
new on-belt cement analyser, to evaluate 14 MeV neutron generators for coal analysis
and to further develop microwave moisture analysers for on-belt applications.

Balasko (Hungary) has conducted work on the application of neutron methods for
measuring the flow of hydrogen-containing materials in closed systems. Progress to date
has been according to plan and this work will continue over the next year.

Brooks (South Africa) reported good progress with the development of the fast neutron
scattering method for the detection of contraband in luggage, etc., particularly regarding
the effects of multiple scattering that was raised at the previous RCM. In addition a new
project on the detection of land mines was added during the past year. In the year ahead
it is proposed to conduct detailed Monte Carlo calculations and to take both the luggage
inspection system and land mine detection monitor to prototype stage. The main
development relevant to the land mine detector has been a contrast enhancer that was of
widespread interest to a number of participants. Links with Csikai have been particularly
useful.
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Chim-Oye (Thailand) has set up a laboratory neutron analyser and used it to conduct
preliminary measurements on durian fruit. Collaboration with Hussein (neutron
reflection), Sowerby (microwaves) and both Bartle and Sowerby (fruit evaluation
methods) is proposed for next year.

Csikai (Hungary) reported good progress against plans for last year plus significant
additional activity, particularly on neutron backscatter for bulk hydrogen, Monte Carlo
calculations and bulk hydrogen by a thermal neutron technique. In the next year he
would like to extend the work on the electronic collimation of neutrons and to extend
neutron spectrometry to (d,t) neutrons. The application of neutron techniques to
moisture in roadways, etc. is proposed for the next year.

Cywicka-Jakiel (Poland) reported excellent progress over the past year on modelling
calculations for a fast neutron gamma transmission (FNGT) gauge for the determination
of moisture in coke in bins. The next phase of the project is aimed at developing a
FNGT gauge to replace thermal neutron gauges in Polish steel plants but she is awaiting
industry funding for this work. In the next year it is planned to conduct experimental
work supported by modelling. Cywicka-Jakiel is keen to continue collaboration with
Sowerby and Bartle.

Subasi (Turkey) reported good progress over the past year although he was not
successful in achieving the required time resolution of <1 nanosecond. For the next year
it is expected that the transition to applications will be slow, particularly because of
further work to improve time resolution and spectral unfolding. Subasi is keen to
collaborate with Brooks and Csikai due to interest in similar applications.

Jonah (Nigeria) has set up a laboratory facility and tested it for the determination of
hydrogen in a range of petroleum products. He is currently setting up a PGNAA system
in the laboratory and is keen to get collaboration from Hussein (MCNP code), Sowerby
(coal analysis) and Csikai (thermal neutron reflection cross section measurement).

Mikerov (Russia) briefly discussed the wide range on neutron analysis work being
conducted in Russia.

Padron-Diaz (Cuba) reported good progress over the past year using a number of
methods including FNGT using an accelerator source. Over the next year he plans to
optimise the FNGT system using Monte Carlo modelling and to try to develop some
industrial applications, Linkages have been established with Csikai, Hussein (MCNP)
and Bartle (FNGT). In addition Hussein mentioned the possibility of joint Canada/Cuba
funding.

Ionita (Romania) stated that he would encourage his colleagues to get involved in
industrial application work.
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2.2 DIGITAL NEUTRON IMAGING

2.2.1 Overview

The development of digital systems for imaging thermal, epithermal and fast neutrons is
in progress. Two complementary approaches have been used for the development of the
imaging systems for thermal and epithermal neutrons. It is the use of a CCD-camera for
the dynamic neutron radiography and the use of an image plate for static systems. A
CCD-based system has been developed for fast neutron imaging. The results obtained
have demonstrated a high performance of the system and feasibility of fast neutron
radiography with a portable neutron source.

A major problem concerned with the work on digital imaging is a relatively high price of
commercially available CCD-cameras. The other one is the necessity of a more efficient
fast neutron screen. The further work will be concentrated on solving these problems.

2.2.2 Individual Projects

Mikerov (Russia) is developing a portable neutron imaging system based on a charge-
coupled device (CCD) and a fast neutron generator. Fast neutrons were selected rather
than thermal in order to have sufficient penetration for large objects. Applications are
envisaged in areas where the components to be inspected are large. The neutron
generator with output 1011 neutrons/sec is not portable and therefore not suitable for
industrial applications. A 109 neutron/sec generator is better suited to industrial
application but requires the use of improved detectors. In the next year it is proposed to
develop a portable imaging system. He is interested in collaborating with Lanza on the
development of lower cost imaging sensors and associated electronics and with others
interested in neutron sources.

Shaikh (India) reported on work with a digital imaging system utilising an image
intensifier. The image intensifier is required as the reactor produces approximately 106

n/cm2/s at the sample. One problem is that the image intensifier is shared with others in
his Institute and in the next year he would like to establish a permanent system. Shaikh
was hoping for a CMOS device from Lanza and in its absence has requested an image
intensifier from the IAEA. Collaboration with both Lanza and Mikerov would be useful.

Balasko (Hungary) reported on work with an imaging plate system. These plates have
excellent spatial resolution, but at present he does not have the required laser reader for
the plates and thus must transport them to Ljubljana, a six hour trip, for processing. This
year he purchased a CCD camera but has yet to obtain a high speed Pentium computer.
It is proposed to set up this system during the next year.

2.3 HYDROGEN DETECTION BY EPITHERMAL NEUTRONS

2.3.1 Overview

As per the scientific scope and proposed program goals of this CRP, under the area 2.3,
the work has been initiated in the development of the techniques. Good progress has
been made in the first year of the project.



2.3.2 Individual Projects

Ishikawa (Japan) reported no progress for the past year. His attempts to contact people
involved in the HYSEN method (hydrogen sensitive epithermal neutron radiography)
was not successful. Ishikawa (Japan) reiterated his interest in establishing the HYSEN
technique and he plans to put in some effort in the second half of the CRP.

Balasko (Hungary) reported on the development of a new state-of-the-art digital
imaging system based on epithermal neutrons applying Indium foil. He has designed and
put in use equipment that allows the collimation ratio of the epithermal neutron beam to
be changed. Using this beam diameter changer and In/Cd filter, HYSEN radiographs
were recorded. Establishing and further developing of HYSEN technique and its
application using imaging plates will be continued in the second half of the CRP.

Brooks (South Africa) had shown interest in establishing a facility using monoenergetic
eV and keV neutron sources based on resonance scattering and detecting neutrons
scattered from hydrogen in sample, by means of energy loss in scattering. Mikerov
reported that an eV system is already in existence at Munich. No specific plans are in
place for work by Brooks in the next year.

Shaikh (India) has set up a HYSEN radiography technique with filtered reactor neutron
source beams from the existing neutron radiography facility at the APSARA reactor
(BARC). The imaging system consists of a 250 u.m Indium converter screen and a Cd/In
filter with object placed between the filter and converter screen. HYSEN radiographs of
this specimens (e.g. 1-, 2-, 3-, 4-, layer of hydrogen adhesive tapes) could be recorded in
5-10 hr. of exposure with a neutron flux of 106 n cm'V. Improvement on the technique
and the use of an electronic imaging camera for recording the radiographs and
establishment of epithermal neutron beams using filter techniques will be carried out in
the second year of the project. He is trying to obtain a digital electronic imaging system
and will consult with Balasko.

2.4 MICROSCOPIC BEHAVIOUR OF HYDROGEN IN BULK MATERIALS

2.4.1 Overview

According to the scientific scope and proposed program goals of the IAEA CRP on bulk
hydrogen analysis, methods used for the study of the microscopic behavior of hydrogen
in bulk materials were improved, and new results have been achieved.

2.4.2 Individual Projects

Csikai (Hungary) has measured the accumulation of deuterons in metals, alloys,
semiconductors and metallic glasses using accelerated D+ ions in the 60-180 keV energy
range. Kinetics of the retention has been monitored by the detection of protons and
neutrons produced in the 2H(d,n) and 2H(d,p) reactions. Retention probability, saturation
yields, concentration profiles were determined for a number of samples. Deuterons were
considered as tracers for hydrogen to study the changes of some physical parameters of
solids caused by the high hydrogen concentrations. The concept of the thermal neutron
reflection cross section has been introduced by Csikai and Buczko (Hungary) and this



data was measured for a number of elements and compounds. Free and structure water
in chemical compounds can be determined, in addition to the measurements of hydrogen
in solids. The physical parameters which can characterize the accumulation of hydrogen
in solids using deuterium as a tracer were determined. Further investigations are planned
by Csikai to improve the determination of the depth profile of neutrons in solids.

Ishikawa (Japan) is interested in the investigations of microscopic behaviour of
hydrogen in bulk materials. The development of an imaging method of high sensitivity is
in progress using electronic imaging for low neutron flux. The technique based on
photon counting will be tested in co-operation with an industrial institution in the near
future.

Shaikh (India) has applied the neutron diffraction method for the determination of the
concentration of hydrogen and the phase identification of zirconium hydride in zirconium
matrices (zircaloy strips). Good progress was reported as his Institute is very strong in
this area. Neutron diffraction patterns were recorded by Shaikh on zircaloy-2 pressure
tube coupons in which hydride blisters were generated in the laboratory, and also
zircaloy-2 pressure tube coupons uniformly charged with hydrogen. The diffraction
pattern confirmed the hydride formed to be in 5-phase that is ZrHi 66. The diffraction
data is being further analysed for separating the two phases, namely zircaloy and
zirconium hydride. Quasi Elastic Neutron Scattering (QENS) experiments were also
performed on these samples to know whether hydrogen exists in free or bound state and
to observe the line broadening in diffraction profile. Further work to study diffusion of
hydrogen in the zircaloy material is planned by neutron diffraction and QENS
experiments.

Padron-Diaz (Cuba) reported collaborative work with Csikai (Hungary) on the
implantation of 27 metal samples with deuterium using a rotating target. The accuracy of
the accumulation of deuterons in solids could be increased by using a rotating target.
The collaboration between Padron Diaz and Csikai is continuing.

Jonah (Nigeria) proposes to use the activation method for the measurements of the
thermal neutron reflection cross section.

Subasi (Turkey) reported that before work on deuterium implantation can proceed he
will need to analyse the deuterium beam.

Ionita (Romania) has joined this CRP aiming to use a specific diffraction method to
characterize the ZrH samples. Stress determination by line shift and H concentration by
line integral intensity are planned in the first step. One problem is the unsuitability of
current Rietveldt programs for this type of problem. The existence, at the Institute of
Nuclear Research, Pitesti, of high resolution focusing powder diffractometers is critical
for this work.

3. GENERAL DISCUSSIONS

As a group, the participants of the RCM possess a large body of expertise in the area of
neutron analysis for hydrogen and moisture detection. Despite this it is clear that
individual participants need and have requested assistance and advise on certain areas



e.g. detector selection, electronics and related issues such as maintaining gain stability.
This RCM provides a good opportunity for participants to network and obtain advice
where they need it. The setting up of the List Server has been very successful in this
regard and many participants are using it.

The general topics raised by participants at the first CRP meeting and confirmed at the
present meeting were :

neutron sources:
- relative merits of different means of neutron production for their application

detectors:
- selection of detectors

electronics:
- gain stability of particular interest

other techniques:
- access to non-neutron techniques, to enable comparison of techniques

modelling codes:
- advice on suitable codes for participants applications

data analysis:
- advice on analysis methods and possible collaboration.

industry contact:
- advice on industry interaction e.g. how to approach or write a proposal to the

industry

communications:
- establishment of list servers

marketing:
- the importance of marketing was emphasised by several participants. Laboratory

work should run parallel with an on-going customer contact, a consideration of how
an analysis method is going to be used and the benefits which will flow from its use.

4. GENERAL CONCLUSIONS AND RECOMMENDATIONS

4.1 MARKETING

As stated in the previous report, effective marketing is the key to identifying and gaining
the support of our customers. The aim of marketing is to ensure that products meet the
needs of customers. Communication with actual and potential customers should occur at
all stages of the research and technical development. The present RCM identified
partnerships via the CRP as an important aspect to be considered in marketing our
activities to potential users.



There are important strategies that can be used in making presentations to industries.
These include ensuring that the industry contact is able to follow each step and responds
with an affirmative "yes" to key questions. Recommendations ('tips') for good
marketing are given in section 5.1.2 of the previous report of this CRP.

It is important to remember that gaining a commitment and funds from the industry may
be easier than first thought. Committed managers and engineers in industry seek
solutions to problems they encounter day by day. If the product matches their needs the
commitment will often follow.

Traditionally our scientific research has been aimed at meeting the needs of high
scientific interest without much consideration of the industrial interest. However, the
market focus for work in the CRP will be aimed primarily at areas of high industrial
interest. The actual market opportunities may require innovative low cost solutions to
industrial problems.

4.2 PLACE AND DATE OF THE THIRD RCM

It was stated that IAEA policy was that it was now possible to hold RCM meetings
outside Vienna, provided due consideration is given to factors such as geography,
facilities, visa requirements and availability of resources to run the meeting. It was also
noted that the IAEA would allow for an editor to participate in the next meeting and to
spend about 1 week after the meeting to prepare the final report.

After much discussion, it was agreed that the CRP participants were prepared to
consider holding the next meeting outside Vienna, preferably at one of the participating
organisations. Six possibilities were identified, namely Australia, Canada, Cuba, India,
New Zealand and South Africa.

The date for the final RCM is proposed to be in mid-2000.

4.3 COMMUNICATION

The list server has been successfully implemented and is being used. The list server
facilitates rapid email between the group as a whole and between individual researchers.
Questions and discussions are available to all. At present all but 5 of the CRP
participants are on the list server. Hussein undertook to send notices to all participants
on the list server requesting confirmation of receipt.

It was suggested that participants fully utilise the list server to facilitate information
exchange, particularly by placing copies of papers, reports and conference
announcements on the server.

The meeting noted that we are still considering a web site as noted in the previous
report. Any suggestions regarding the web site are to be placed on the list server. The
website would facilitate the dissemination of technical information, meeting information
and other information that may be useful to the researchers and also to industrial users.
It was pointed out that exchange visits between laboratories are an effective means of
improving communication between participants.
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4.4 STRUCTURE OF THE FINAL CRP REPORT

It was recommended that the final CRP report should take the form of an IAEA
TECDOC and be structured as follows:

1. Standard cover page
2. Contents page
3. Introduction
4. Reports on areas 2.1, 2.2, 2.3 and 2.4
5. Summary
6. Conclusions and recommendations

4.5 ADDITIONAL PARTICIPANTS AND OBSERVERS

It is recommended that two additional scientists be invited to participate in the CRP next
year:
Dr. E. Svab (Hungary) has shown interest in the determination of hydrogen in ZrH
systems by neutron diffraction method. Dr Svab has indicated that she would like to
participate in the CRP next year.
Methods based on imaging plates and proton counter telescope are successfully used by
Prof. M. Baba of Tohoku University, Sendai (Japan) for hydrogen depth profiling. It is
recommended that Prof. Baba be invited to participate as an observer at the next CRP
meeting.

4.6 PUBLICITY

A number of alternative method of publicising the CRP were discussed, including a
possible article on the IAEA Bulletin, the possible preparation an IAEA-based brochure
on the market features of the CRP's products, and promotion via a web site. The
marketing strategy should allow an individual to be able to draw on resources of the
group. It is also of value for individual areas of the CRP to develop advertising
brochures.

5. RECOMMENDATIONS TO THE IAEA

That consideration be given to holding the final meeting of the CRP outside Vienna in
mid-2000 with appropriate support from the IAEA.

That partnerships be set up within the CRP as an important aspect of marketing our
activities to potential users

That Dr Svab (Hungary) be invited to participate in the CRP next year.

That Prof. Baba (Japan) be invited to participate as an observer at the next CRP
meeting.

That the IAEA consider coordination the procurement of tritiated Ti targets for neutron
generators for CRP participants.
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Appendix 1
The second Research Coordination Meeting within the

Coordinated Research Programme on
'Bulk Hydrogen Analysis, using Neutrons'

17-20 November 1998
IAEA Headquarters, Room C0249

SCIENTIFIC AND TECHNICAL BACKGROUND

The measurement of hydrogen in materials is an endeavor common to several areas. In
metallurgy, for example, the presence of hydrogen in metals and alloys causes structural
weakness ('hydrogen embrittlement1) in aircraft components and in pipe systems of nuclear
and petro-chemical plants, etc. Similarly, the detection of hydrogen is required in systems
which measure the moisture content of materials, for example in mineral ores, industrial
powders and agricultural products (crops, grains, fruits etc.). A further (indirect) application
is the measurement of the fat content of meat.

In most of these cases, hydrogen is required to be measured in a bulk medium, rather than
merely at a surface. For this reason, neutrons are used because of their high penetrating
power in dense material. In addition, the mass attenuation coefficient for neutrons in
hydrogen is significantly larger than for other elements, meaning that neutrons have a higher
probability of interacting with hydrogen than with other (competing) elements in the sample
matrix.

Four areas where neutrons have been used for bulk hydrogen analysis are:

1. Fast Neutron Transmission, Scattering and Activation Techniques (NTSA)

In the fast neutron and gamma-ray transmission technique (FNGT), neutrons and gamma-
rays from a radioactive source, mostly Cf252, are passed through a sample. (In industrial
situations, the sample is typically on a moving conveyor belt). The transmission of the fast
neutrons depends predominantly on the hydrogen concentration and on the sample mass per
unit area, whereas the gamma-ray transmission depends solely on the sample mass per unit
area. Combining measurements of neutron and gamma-ray transmission therefore permits
hydrogen (and, in most cases, moisture) in the sample to be determined, independently of
sample mass per unit area. This technique uses portable neutron sources, which can be
located in industrial plants. It does not use nuclear reactors.

2. Digital Neutron Imaging

The nondestructive evaluation of hydrogen in metals and alloys is a major challenge, with
significant impact for the prevention of catastrophic failure in critical engineering structures.
Radiography using neutrons has previously exploited the large neutron-hydrogen cross
section to visualize corrosion products and moisture in metals; however, the method is
limited due to the effective averaging of the hydrogen density over the entire particle path
length: thus, internal details may be hidden in thick components. A technique called digital
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II

neutron imaging has been developed specifically for the detection of hydrogen. This
technique uses charge coupled devices (CCDs), which may be thought of as 'neutron
cameras' capable of detecting single neutron events and which can determine hydrogen
spatial distribution with a position resolution of 0.1 mm.

3. Hydrogen Detection by Epithermal Neutrons

Hydrogen belongs together with boron, cadmium, samarium and gadolinium to the class of
elements with very high mass attenuation coefficients for neutrons. Therefore, even small
quantities of these materials are easy detectable by neutron radiography. With conventional
neutron radiography techniques, the best results of hydrogen detection is obtained with sub-
thermal neutron beams. When resonance detectors are employed, in neutron radiography, a
substantial increase in neutron detection can be achieved. Indium is such a detector with
resonance's in the 1 eV to 1 keV range, which compares to the epithermal neutron energy
range. Already in 1971 work on the HYSEN technique (i.e. HYdrogen Sensitive Epithermal
Neutron Radiography) using an indium detector and epithermal neutrons was reported.
Because much progress has been made in neutron radiography systems, neutron filtering
techniques and image analysis, and also because there is a need for a modern hydrogen
sensitive detection method, it is recommended to set-up and study the HYSEN method with
presently available equipment and techniques.

4. Microscopic Behavior of Hydrogen in Bulk Materials.

At the microscopic level, as hydrogen concentration in materials builds up, the following
effects can take place:
(i) Hydrogen can go to interstitial locations in the lattice and at fairly high concentrations

(few percent) resulting in local stresses and strains,
(ii) Hydrogen can migrate from its location due to various temperature dependent

phenomena,
(iii) Hydrogen can form stoichiometric and nonstoichiometric compounds with the parent

metal or alloy locally. Due to this phenomenon, heterogeneous phases evolve which can
lead to local blisters, etc.

Medium flux research reactors can be used quite easily for a variety of studying these
phenomenon's.

SCIENTIFIC SCOPE AND PROGRAMME GOALS

The setting up of a CRP on the topic 'Bulk Hydrogen Analysis, using Neutrons' was
unanimously recommended by the five experts at a consultants' meeting called to
consider this question (Agency HQ, Vienna, 6-8 December 1995). Within each of the
four areas described above, it was recommended that work should be done to further
develop the techniques and to extend them to new applications.

12
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Appendix 2
The Second Research Co-ordination Meeting on

Bulk Hydrogen Analysis Using Neutrons

17-20 November 1998
IAEA Headquarters, Room C0249

AGENDA

Tuesday, 17 November 1998

09:00 - 09:30 Registration
09:30 - 10:30 Opening of the Meeting

Announcements
Election of Chairman and Rapporteaur
Discussion of the Agenda
Approval of the Agenda

10:30- 11:00 Coffee break
11:00 - 12:30 Individual Presentations (Research Agreements)

Dr. Bartle (New Zeeland)
Dr. Hussein (Canada)

12:30- 14:00 Lunch Break
14:00 - 15:30 Individual Presentations (Research Agreements)

Dr. Ishikawa (Japan)
Dr. Sower by (Australia)

15:30- 15:45 Coffee break
15:45 - 18:00 Individual Presentations (Research Contracts)

Dr. Balasko (Hungary)
Dr. Brooks (South Africa)

18:00 - 19:30 Cocktail Reception, VIC restaurant

Wednesday, 18 November 1998

09:00 - 10:30 Individual Presentations (Research Contracts)
Dr. Chim-Oye (Thailand)
Dr. Csikai (Hungary)

10:30- 11:00 Coffee break
11:00 - 12:30 Individual Presentations (Research Contracts)

Dr. Cywicka-Jakiel (Hungary)
Dr. Subasi (Turkey)

12:30 - 14:00 Lunch Break
14:00 - 15:30 Individual Presentations (Research Contracts)

Dr. Jonah (Nigeria)
Dr. Mikerov (Russia)

15:30- 15:45 Coffee break
15:45 - 18:00 Individual Presentations (Research Contracts)

Dr. Padron-Diaz (Cuba)
Dr. Shaikh (India)
Dr. Ionita (Romania)
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Thursday, 19 November 1998

09:00- 10:30 Discussion
10:30- 11:00 Coffee break
11:00- 12:30 Discussion
12:30- 14:00 Lunch Break
14:00 - 15:30 Discussion and drafting of the meeting report
15:30- 16:00 Coffee break
16:00 - 17:30 Discussion and drafting of the meeting report

Friday, 20 November 1998

09:00 - Drafting and finalising of the meeting report
Presentation of the meeting report
Final considerations
Closing of the meeting
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Appendix 3 LIST OF PARTICIPANTS

Dr. M. BALASKO

Dr. CM. BARTLE

Dr. F. BROOKS

Dr. T. CHIM-OYE

Dr. G.J. CSIKAI

Dr. T. CYWICKA-JAKIEL

Atomic Energy Research Institute
Konkoly Thege Str. 29-33
H-1525 Budapest, HUNGARY
Fax: +36-1-3959162
Phone: +36-1-3959220/14-34
Email: svab@power. szfki. kfki. hu

Inst of Geological and Nucl. Science Ltd.
Isotope Applications Centre
P.O. Box 31 312LowerHutt
NEW ZEALAND
Fax: +64-4-5704657
Phone: +64-4-5704669
Email: m.bartle@gtis.ch.nz

University of Cape Town
Private Bag Rondebosch 7701
SOUTH AFRICA
Fax: +27-21-6503342
Phone: +27-21-6503325
Email: brooks@physci. net. ac. za

Dept. of Physics Thammasat University
Rangsit Center, Khlongluang Pathumthani
12121 THAILAND
Fax: +66-2-5160979
Phone: +66-2-5165365
Email: tchimoye@alpha. tu. ac. th

Dept. of Neutron Physics, Kossuth University
Bern ter 18/a
H-4026 Debrecen, HUNGARY
Fax: +36-52-315087
Phone: +36-52-415222
Email: csikai@fa/con. atomki. hu

Institute of Nuclear Physics
ul.Radzikowskiego
31-342 Krakow,POLAND
Fax: +48-12-6375441
Phone: +48-12-6370222
Email: cywicka@alf.ifj.edu.pi
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Dr. E. HUSSEIN

Dr. I. IONITA

Dr. I. ISHIKAWA

Dr. S.A. JONAH

Dr. V MIKEROV

Dr. I. PADRON-DIAZ

University of New Brunswick
P.O. Box 4400, Fredericton, N.B.
E3B 5A3 CANADA
Fax: r 1-506-4535025
Phone: +1-506-4534513 or 4473105
Email: Hussein@unb.ca

Institute for Nuclear Research - ICN
Triga Reactor Dept. P.O.B. 78
Pitesti
ROMANIA
Fax: +40-48-262449
Phone: +40-48-213400
Email: onu. cc. nuclear, com

Japan Atomic Energy Research Institute
2-4 Shirane, Shirakata, Tokai-mura
Naka-gun, Ibaraki-ken 319-11
JAPAN
Fax: +81-29-2648483
Phone: +81-29-2648405
Email: isanm@popsvr. tokai.jaeri.go.jp

CERT Ahmadu Bello University
P.M.B. 1014Zaria
NIGERIA
Fax: +234-69-32780
Phone: +234-69-51397
Email: jonah@abu. edu. ng
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ABSTRACT

This research programme is designed to develop industrial measurement systems utilising
simultaneous transmission of neutrons and gamma rays (Neugat method). Descriptions of these
systems have been given in reports and magazine articles, and industrial site trials have been
undertaken.
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1 INTRODUCTION

On-line continuous methods of industrial product measurement offers many advantages over
periodic sampling methods. The New Zealand Ministry of Health has accepted that radiation
transmission methods deliver negligible doses to any product and are suitable for food quality
measurements. This paper describes such a solution for on-line measurement utilising
neutron/gamma transmission method (here called the Neugat Method - for Neutron-Gamma-
Transmission). The method has been discussed previously by Tominaga et.al. [1], The solution is
now part of a total packing system being marketed in the meat industry. Applications to other
industries such as the specification of wood chips in pulp and paper production is being evaluated.

2 SCIENTIFIC RATIONAL AND PROGRAMME DESIGN

(a) GENERAL OVERVIEW

On-line non-invasive bulk measuring systems for the agricultural industries are uncommon. The
approach here is based on detecting the variation of the bulk hydrogen as an indicator of the
composition of binary materials.

In the meat industry, measurement of the fat content of boned meat determines both the true
commercial value of the manufactured product and ensures the farmer is correctly compensated. In
turn, knowledge of the meat composition assists the fanner to select his breeding stock for best
returns.

(b) STRATEGIC AND TACTICAL RELEVANCE

Strategic research relevance applies to the priorities of the NZ government. This programme
supports the NZ government priority themes and strategies such as value creation for industry and
sustaining resources.

Tactical relevance refers to producing desirable products for industry. We have been successful in
gaining financial input and usage in our radiation based instruments, particularly in the meat and
wood based industries.

(c) INFORMATION, TECHNOLOGY TRANSFER AND FUTURE PLANS

The principle market applications are through the processors and marketers of primary products.
We endeavour to understand the needs of industry by carrying out regular discussions, publishing
our work in trade journals and international publications [2-6] Related commercialisation
processes in a number of industries widens our scope in finding customers.

Markets have been established for non-invasive measuring systems based on low intensity radiation
transmission. Future development and sales will be based on market forces which are not fully
explored.



3. BASIC ELEMENTS OF THE SYSTEM

(a) DESCRIPTION OF THE TECHNIQUE

The general experimental geometry for Neugat systems [2-6] is illustrated in discussed in the
references. For a narrow neutron and gamma ray beam transmitted through a material, composed
of components x and y, the relationship between the numbers of events detected with and without
the material present can be written:

In = Ino exp[ - [u.axmx + m my]] (1)

Ir = IY0 exp[ - [u^m.s + |%mv]] (2)

where iVc, M-ny are the apparent neutron mass attenuation coefficients for the two components, x
and y, composing the mixture. The quantities I,,, Ino are the numbers of events detected in a
prescribed period with the material present, and absent, respectively. Corresponding gamma ray
components are u^, u ,̂., Ir and I/o. The quantities mx and mv, are the masses of x and y per unit
area, respectively.

By solving eqns. (1) and (2) for mx and my, the wt% of component x can be determined from the
expression:

w = 100 mx/(mx + my) (3)

and the density of the mixture can be determined from the expression:

p = (mx + my)/t (4)

where t is the material thickness.

As shown in the references, the uncertainity in the wt% and the density can be readily expressed
using the propergation of error approach based on AIn (the error in 1,,) and A1T (the error in IY)
being typically the counting statistical errors, Vln and Vly, respectively. The Neugat signature is
distinctive for x and y as long as F = u^u^y - M-nyM̂  •?• 0. For best measurement conditions p, F
and the neutron and gamma ray integrated counts in a prescribed period should be as large as
possible. The magnitude of F is influenced by the gauge geometry and electronic settings.
Experience has shown that the simple model is still useful for broad divergent beams used in
practice.

(b) BASIC EQUIPMENT

The radioisotope sources used in Neugat gauges are 252Cf and Am-Be. The detectors are large
liquid scintillation detectors which detect both neutrons and gamma rays simultaneously, with both
high efficiencies (-50%) and high rates up to 106c/s.



(c) SENSITIVITY OF THE NEUGAT SYSTEM

Typical F values for dairy product combinations in order of reducing values or increasing difficulty
of measurement are listed in Table 1. For the mixtures at the top of the list a counting rate of about
100 kHz is required to achieve a precision of composition measurement of about 1 wt% in 20
seconds. For reduced F value's longer counting times are needed. For example, an F value
reduced by a factor of two requires four times the counting period to achieve a given precision [2].

TABLE 1: F values for measurements on small dairy samples using a 2s2Cf source

Combination

Fat/Skim milk (also a lean meat/fat mix)
Fat/Water
Butter/Water
Cream/Skim milk
Cream/Butter
Cream/Water
Water/Cheese
Water/Skim Milk

F [xlO5| m'/kg2

0.8
0.8
0.3
0.2
0.2
0.2
0.1
0.03

4 MARKETING ASPECTS OF NON-INVASIVE METHODS.

(a) FEATURES OF NON-INVASIVE METHODS IN INDUSTRY

Currently in most industries, key parameters of primary materials are determined by sampling
methods. This involves periodically removing samples of the product, taking the samples
away to a remote laboratory which may be off-site and then analysing the samples by
conventional chemical analysis methods. It is often assummed that these samples are
representative of the product as a whole. The difficulty of this approach is that only a very
small portion of the product is tested (so the results obtained may not be representative of the
product as a whole), the determination of the results is much slower that the production
process (so direct feed back to control the production process is usually not possible) and the
procedure is labour intensive.

Benefits of non-invasive methods include automatic immediate measurements on a large
percentage of the product while maintaining production speed, and subsequent control of the
composition produced in the production process No labour intensive activities are required.

(b) NEUGAT INDUSTRIAL APPLICATIONS

The simultaneous transmission of neutron and gamma rays is basically a simple method for the
measurement of key parameters for industrial and primary product materials [2]. Inherently,
neutron transmission is sensitive to the fractional mass of light elements in the material,
particularly hydrogen, whereas the gamma ray transmission is sensitive to the total mass.
Because the same radioisotopic source usually provides both the neutron and gamma ray
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beams, these beams are geometrically coincident thus ensuring the same sample volumes are
spanned.

An attractive feature to users is the independence of the composition measurement to the
product mass (e.g. see eqn.3). Insensitivity of the wt% measurement to sample temperature is
often an important feature in promoting Neugat systems.

5 CURRENT NEUGAT INTERESTS

(a) MEAT INDUSTRY UPDATE

A typical calibration curve for fat measurement [4] in boneless meat is given in figure 3.

80
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FAT
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20 30 40 50

CALIBRATION FAT (YTI7.)

FIG.3 Measurement of fat in meat using a Am-Be source

A major goal for the meat industry is to be able to automatically pack meat to a certain fat
value at high rates. The Neugat system has been integrated into an automatic packing system
called 'Beast-to-Box' (BTB) through sponsorship by the Australian Meat Research Council
(now called the Meat and Lifestock Association). The BTB system uses a process chain of a
dicer, a measurement system (Neugat system called 'Meatscan 150T'), a meat sorter (under
development), and associated computerised process control systems to pack into boxes (27
kg) at rates in excess of 10 tonnes per hour. A Neugat measurement has been built and
demonstrated by Australian groups Scantech and Vormax using over 1500 meat samples.
They report being able to measure fat content to 0.4% (one standard deviation) in about 30
seconds. It is planned to promote BTB in an Australian meat plant demonstration over the
next 2 years, and worldwide sales of at least 60 systems are anticipated particularly in the USA
and South America.



(b) PULP AND PAPER INDUSTRY UPDATE.

A Neugat gauge has been installed on a wood chip conveyor at the Carter Holt Harvey Pulp
and Paper mill at Kinleith, New Zealand. We have used the gauge to measure the dry wood
content and bulk density of wood chips being carried on a conveyer to a continuous digester.
The dry wood content (OD%) is measured to about 1 wt% (one standard deviation) precision.

. Typical calibration curves are given in fig.4.
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FIG.4 Calibration for water measurenient in wood chips using a Cf-252 source.

(c) CHALLENGES IN RAW WOOL MEASUREMENT

Raw wool is a complex material containing wool, suint (animal sweat-like material), water,
dirt, grease, and vegetable matter. Wool can significantly change its water content with
changes in atmospheric humidity. The industry would like to be able to measure the
marketable content of raw wool, variously expressed as the 'wool yield' of the 'wool base'



depending on the market requirement. We have reported trials of a Neugat system to the
measure of'wool yield' based on using the binary model expressed in Sec. 3a [5]. Twelve
mini-wool bales covering the wool yield range 55 to 85 wt%, from random origins
(geography, breed, fleece position), were provided by the New Zealand Wool Board (now
Wools New Zealand). We found the wool yield of raw wool is poorly correlated with the
Neugat signature (i.e. fractional weight in terms of hydrogen). In fig. 6 we see an example of
this poor correlation between the laboratory values and the Neugat binary model results.
Basically this product does not behave like a binary mixture, and indeed is not a binary mixture
in reality.
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FIG.5 Application of a binary Neugat model to raw wool (12 mini-wool bales).

(d) POTENTIAL FOR LIQUID MIXTURE MEASUREMENT

The Neugat method can analyze with ease large product volumes, say of the order of 10 L,
continuously on a production line and is insensitive to temperature. We have demonstrated an
ability to measure the composition of liquids where the components may have very small
density differences [6].

6 CONCLUSION

We have focussed particularly on Neugat transmission gauges in the meat industry and in the
pulp and paper industry. There is considerable potential for applications in other industries
(e.g. dairy, liquid mixtures) where changes in hydrogen content can be reliably correlated with
composition. There are exceptions such as raw wool, where for obvious reasons the Neugat
measurement of yield using a binary model may be inadequate. Neugat gauges satisfactorily
operate at high count-rates and sensitivity.
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The method is attractive to industries because it can be applied automatically to a large
percentage of a industrial material at production speed. This allows the correct commercial
value of the material can be determined and production can be made more efficient by the
introduction of feedback mechanisms to control quality.
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Fredericton, N.B., Canada E3B 5A3

1. INTRODUCTION

Fast-neutron scatterometery relies on measuring the slowing-down, and subsequent
scattering, of fast-neutrons for bulk hydrogen analysis; thus taking advantage of the fact that
hydrogen is the most effective nuclei for neutron moderation. Scattering offers flexibility in
positioning the source and the detector, as thus allowing the inspection of inaccessible, thick,
or extended objects by monitoring back- or side-scattered neutrons. Since the slowing-down
of neutrons by metals is insignificant, compared to that of hydrogen, this technique can be
used in the presence of metallic objects, present as containers, inclusions, or structure
matrices. Our approach in the past has relied on measuring the amount of slowed-down
neutrons, produced as a result of the scattering of fast neutrons. Slow-neutron detectors are
widely available and it is most efficient to measure neutrons at low energy. Our experience [1-
11] indicated that this method is sensitive to the presence of very small amounts of hydrogen
in the inspected material. Accurate detection of such small amounts of hydrogen requires,
however, a low background counting signal.

Eliminating the background component of fast neutrons is relatively easy, as one can
line the surrounding walls with a thin sheet of cadmium to absorb all neutron of energy below
the cadmium cut-off energy of 0.5 eV. Eliminating the background due to faster neutrons
proved, however, to be a challenging task. This is because of the 1/v dependence, where v is
the neutron velocity, of the cross-section of almost all elements used in the detection of slow
neutrons. Nevertheless, various types of available and conceivable slow-neutron detectors
were assessed, in terms of their sensitivity to slow-neutrons in comparison to that of fast-
neutrons.

We had a particular application in mind. It is a neutron scatterometer designed for
measuring the void-fraction (steam fraction) in the channels of the RD-14M
Thermalhydraulics Test Facility of the Whiteshell Laboratories of Atomic Energy of Canada
[3,4]. This facility and the scatterometer's design are described in the next section, along with
the detection challenge associated with this device. Section 3 examines the cross sections of
typical and conceivable slow-neutron reactions for their suitability to meet the detection needs
of the scatterometer. In Section 4, detectors employing these reactions are simulated using the
Monte Carlo method. The results of the simulations are presented, indicating the need to
specifically design particular detectors for such an application. Section 5 examines the effect
of detection range, e.g., pressure (density) of a gaseous detector or thickness of a solid

' Report submitted to the Second Co-ordinated Research Meeting on "Bulk Hydrogen Analysis, using
Neutrons", Co-ordinated Research Program, International Atomic Energy Agency, Vienna, Austria, 17-20
November, 1998.



detector, on the sensitivity of various detectors, and provides recommendations for a suitable
detector type and design. The last section of the report summarizes its findings.

2. SCATTEROMETER

The RD-14M Thermalhydraulics Test Facility at Atomic Energy of Canada Limited,
Whiteshell Laboratories, is a full-elevation model of the heat transport loop in a CANDU
reactor. It consists of ten parallel horizontal high-pressure flow channels, each containing
electrically heated fuel element simulators (FES) in the form of seven-element rod-bundles, a
cross section of which is shown in Figure 1. The pressure tube has a 57.2 mm o.d. and 44.8
mm i.d., each FES is 13.1 mm in diameter. Fast-neutron scattering is particularly suited for
this application because of the large amount of metal present in this channel, and is also
advantageous giving the limiting accessibility to all sides of each channel.

HEATING ELEMENT, 13.1 mm OD

PRESSURE TUBE, 57.2 mm OD, 44.8 mm ID

Figure 1. Geometric cross-section of an RD-14M channel.
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The designed scatterometer is schematically shown in Figure 2. It consists of a fast
neutron source (californium-252) positioned at the side of the channel and two pairs of slow-
neutron (helium-3) detectors. The detectors are arranged such that one pair is located at the
top of the channel and the other at its bottom, to allow for the identification of flow
stratification. However, by averaging the readings of the top and bottom detectors the effect
of flow stratification on the neutron count rate can be reduced, which further minimizes the
dependence on flow regime configuration (phase distribution). Cadmium sheets were used to
surround the detectors and the shielding walls in order to minimize the number of background
slow- neutrons within the detection cavity. The scatterometer is designed such that it has a
linear response (for ease of calibration) and is not very sensitive to flow-regime variations
[3,4]. A prototype scatterometer was constructed and successfully tested on the RD-14M loop.

The scatterometer was installed during a natural circulation test on the RD-14M loop.
The scatterometer was mounted at about the middle of the heated section of the flow channel.
Some other measurements were used during the test to help verify the scatterometer's signal.
These measurements are normally used to infer the value of the void fraction in the heated
section. A gamma-ray densitometer was used to measure the void fraction at the outlet of the
channel, in the absence of the rod bundle. A single-phase flow-meter provided the
volumetric flow rate, at the inlet of the channel. Figure 3 shows the results obtained for the
scatterometer, gamma-ray densitometer and a flow meter at the channel inlet, during the entire
test period.

The results of the scatterometer are the average of the response of individual detectors.
The response of the gamma-ray densitometer is the output voltage of a detector facing a
central radiation beam; the voltage is approximately proportional to the void fraction in the
test section. A comparison of the three graphs of Figure 3 indicates that both the
scatterometer, gamma-ray densitometer and the flow meter reflected the same trend, given the
time delay caused by the difference in positioning of the measuring devices. Further
consistency verifications of the scatterometer's performance against other independent
measurements are given by Han et al. [3].



Cadmium Aluminum Detectors Steel

#2

Source /Polyethelene/Heat Insulating Material

Figure 2. Schematic of the RD-14 M neutron scatterometer.



The void-fraction, a, is calculated from the average count rate, C, of the four detectors
of the scatterometer using the relationship:

Ca) (1)

where Co is the count rate for a full channel (a = 0) and C is that for an empty channel (a =
1). The statistical uncertainty associated with the estimated value of a depends on the
measured count rate C, since both Co and C, are calibration values measured off-line to a great
certainty. Therefore, it is desirable for the scatterometer to provide a high counting rate, which
can be achieved using as large as practically possible source strength and employing detectors
with high efficiency. Even with this, there are situations where flow transients occur so fast
that it is impractical to obtain measurements with good counting statistics within the required
sampling period. Currently, the stated requirements for the RD-14M Test Facility are ±10%
accuracy at a sampling rate of 10 Hz during blowdown loss of coolant accident experiments.
The scatterometer was originally tested with a 1 jj.g Cf-252 source for a counting period of 10
s (i.e., 0.1 Hz sampling rate) and provided a maximum error in void fraction of about 8%.
Although, there obviously room to increase the source strength, as the scatterometer's
shielding was designed to accommodate up to 10 |ug source, it is estimated that, assuming
Poisson counting statistics, a sampling rate of 10 Hz would result in an error in the void
fraction of about 80% per ug of source. Therefore, the source strength needs to increase to
about 64 jag to produce a 10% error in void fraction at 10 Hz sampling frequency. Such a
source strength will not only increase the cost of the device, but it will also result in an
increased radiological shielding, making the device bulky and cumbersome to handle.
Alternatively, one can increase the detector efficiency, to increase count rate per unit source.
An increase of about 64 in detector efficiency would be required, per unit source. This is
likely also to result in an increase in the background count rate; unless an effort is made to
reduce the latter. A combination of an increase in the source strength and the detector
efficiency is also possible. While these options are being considered, emphasis was also put
on enhancing the contrast of the scatterometer, i.e., its ability to distinguish between two close
values of the void fraction. This in turn will enable monitoring large changes in boiling
conditions within a short period.
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Figure 3. Test results for the scatterometer (positioned at about the middle of the flow
channel), gamma-ray densitometer (at the channel outlet) and flow meter (at the
channel inlet).



The contrast-ratio of the scatterometer is defined as:

Contrast Ratio = Co / C, - 1 (2)

The scatterometer tested on-line at RD-14M [3,4] gave a contrast-ratio of only 4.8%, a
relatively poor one. The contrast ratio, as Eq. (2) shows, can be improved by either reducing
C,, which is in effect a background count rate (for an empty channel) and/or increasing the
count rate for a full channel. A thorough examination of the scatterometer's design [12],
using Monte Carlo simulations, indicated that fast neutrons scattered by the surrounding
shielding, as well as those source neutrons that succeeded in directly reaching the detectors,
are responsible for the poor contrast of the scatterometer. Emphasis was then put on finding a
way to detect slow neutrons without detecting fast ones; in other words one need to
discriminate against fast neutrons. This can be done by a differential method, in which two
measurements are recorded: one with the detector covered with a cadmium sheet (to count
only sub-cadmium neutrons), and the other with the detector uncovered (to provide the total
count). Then the difference between the two obviously provides a sub-cadmium (slow-
neutron) count rate. This differential method improved the contrast ratio to 37.6%. Although
this method was successful, it requires placing over each detector, and then removing, a
cadmium sheet, which is impractical when considering a rapidly evolving fluid flow.
Therefore, it is desirable to have a detector capable of directly measuring only slow neutrons,
with minimum sensitivity to fast neutrons.

3. DETECTION CROSS-SECTIONS

For the detection of slow neutrons, the following reactions are typically used:
• The l0B(n,oc)6Li reaction, where highly enriched I0B is used in the form of a BF3 gas in a

proportional counter.
• The 3He(n,p) 3H reaction, with a 3He gas in a proportional counter.
• The 6Li(n,a) 3H reaction, typically in lithium-containing scintillators, such as the 6LiI

crystal.
• The 235U(n,fission) reaction, also, 233U and 239Pu can be used, typically as an inner coating

of an ioninzation chamber.
• With the other possible, but not common detection reactions, of neutron capture in the

highly absorbing elements of gadolinium and cadmium. The gamma-rays released
following neutron absorption can be detected by scintillation.

A good slow-neutron detector should have a high detection efficiency and low
sensitivity to gamma radiation that almost always accompanies neutron production. In
addition, the detector should have a large efficiency at low-neutron energies and a low
efficiency at high energies, so that the obtained signal is truly indicative of the slow-neutron
fluence. The latter characteristic should facilitate obtaining high contrast in the scatterometer
described above; without the need to measure the energy spectrum and subsequently isolate
the fast-neutron component, or to perform differential (with and without cadmium covering)
measurements.

The efficiency of a detector depends not only on the microscopic-cross section of the
detection material, but also on its atomic density and on the length of the detection (sensitive)
zone. However, when comparing the sensitivity of detectors to slow and fast neutrons, the



31

effect of the cross-section should dominate. Therefore, the microscopic total cross sections
for the above listed detection elements were plotted and shown in Figure 4. It should be note
that in this Figure and the ensuing discussion, the isotopic abundance of natural gadolinium
and natural cadmium is used. Figure 4 shows, although some elements have higher cross-
sections than others, in all elements the 1/v trend of change in cross-section with energy
prevails; if one ignores the resonances observed around the keV range. This shows that the
relative contribution of fast to slow neutrons is about the same for all detection elements. To
further quantify this, two representative energies for slow and fast neutrons are considered,
respectively, to be 0.26 eV (average between the thermal energy and the cadmium cut-off
energy of 0.5 eV) and 1 MeV (most probable energy emitted from a californium-252 source).
Figure 5 shows a chart of this discrimination ratio at these two representative energies for the
six-detection elements considered. The Figure shows that, among the conventional detectors,
10B provides the best discrimination between slow and fast neutrons, while 235U has the lowest
discriminability. This is while, the least common detection elements, gadolinium and
cadmium, have a good discrimination ratio.

Although, according to Figure 5, the BF3 detector should have provided a higher
scatterometer's contrast, than a 3He detector, experiments evidence was to the contrary . A
BF3 detector gave a contrast ratio of only 0.8% [12], which is lower than the of 4.8%
measured with a 3He detector. This measured low value was attributed to the sensitivity of
BF3 detectors to gamma rays and the pile-up effect they have on the count rate.

Another useful indicator is the ratio between the reactive cross-section and the total
cross-section. This ratio takes into consideration the fact that not all neutrons interacting with
an element produce a charged particle or a photon, useful for detection, as some neutrons
may be simply absorbed. This ratio is shown in Figure 6 for the various detector elements.
As one expect for a good slow-neutron detector, all elements, except 235U, give a ratio close
to unity at low energy. As the energy increases, this ratio drops drastically. At high energy
most of the elements have a ratio lower than 0.1, except for 235U and 3He. Therefore, one may
conclude that as far as the scatterometer's contrast is concerned, based on this parameter, 235U
is again one of the least suited detection elements, while Gd and Cd are very attractive.

The above parametric analysis, although useful, does not include effects such as escape
of neutrons before detection, occurrence of multiple interactions, or in the case of 235U
multiplication of fission neutrons. Therefore, a more thorough Monte Carlo analysis was
performed.
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4. MONTE CARLO SIMULATIONS

The MCNP code [13] was used to set up a numerical experiment to compare the
performance of various detector types. These simulations were performed with a sufficiently
large number of random walks to obtain results of 5% or less statistical variability. The virtual
experiment consisted of a disc source and a cylinder detector facing each other. The source
used in the experiment was a 10 mm flat disc, emitting mono-directional neutrons incident on
one of the flat surfaces of the detector. The energy spectrum of the neutron fluence incident on
the detector was taken from previous, and separate, Monte Carlo simulations of the
scatterometer [12], and listed in Table 1. This Table shows the challenge of this problem:

• The slow-neutron component, e.g., the sub-cadmium (neutron of energy of 0.5 eV and
less), constitutes a small portion of the entire spectrum; or in other words higher-energy
neutrons constitute a large background component of the desired low-energy signal.

• The scatterometer can provide a contrast ratio as high as 91%, if only sub-cadmium
neutrons are detected, and has a very poor contrast ratio when all neutron energies are
considered; explaining the low values experimentally obtained for the contrast ratio.

An obvious way to increase the contribution of the slow-neutron component is to soften
the energy spectrum of the neutron source, i.e., reduce its energy, say by moderating the
neutrons emitted from the 252Cf source. This will come, however, at the expense of losing the
linear response of the scatterometer and increasing its sensitivity to changes in the phase
distribution [10]. In addition, reducing the energy of the source will also reduce the energy of
neutrons scattered off the surrounding shielding, hence increasing their detection efficiency
(due to the typical 1/v change in the cross-section response of the reactive elements in the
detector). This may, in turn, further enhance the contribution of the undesirable faster-neutron
component in the spectrum of the neutrons incident on the detector.

Initially, the size of each detector was chosen so that the volume of the reactive material
in each detector was similar to that available commercially. All detectors were given the same
diameter, equal to that of the 3He detector used in the scatterometer. The length was then
adjusted so that the amount of reactive material is equivalent to that of a comparable
commercial detector.
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Table 1. Energy spectrum of neutron fluence incident
on a scatterometer's detector.

Energy, MeV Fluence (neutrons / cm2)
per unit Source

(Upper Limit)

14.1
3.0
1.4
0.90
0.40
0.10
1.7e-2
3.0e-3
5.5e-4
1.0e-4
1.0e-5
3.0e-6
5.0e-7

Total
Sub-cadmium
Contrast (Sub-Cd)
Contrast (Total)

Full
Channel

1.56451E-04
2.50353E-04
1.24237E-04
1.62463E-04
1.12760E-04
5.07003E-05
2.99519E-05
2.59451E-05
2.27085E-05
2.68666E-05
1.41830E-05
1.49690E-05
2.79105E-06
9.94379E-04

0.28%
91
0.

Empty
Channel

1.56667E-04
2.55874E-04
1.25459E-04
1.60217E-04
1.09364E-04
4.72071 E-05
2.81761E-05
2.48303E-05
2.29159E-05
2.69282E-05
1.35244E-05
1.38792E-05
1.45870E-06
9.86501 E-04

0.15%
.34%
80%
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The detector used in the scatterometer was an LND-25332 detector, with a diameter of
50 mm and a length of 165 mm; containing a 3He + CO2 gas at a pressure of 10 MPa, giving
a density of 0.0121 g/cm3. The simulations, tallying the interaction rate for the (n,p) reaction
in this detector; gave a contrast ratio of 6.85%, which is close to the 7.095% value found
during the bench-top testing of the scatterometer. This provided confidence in the adequacy of
the Monte Carlo simulations.

A BF3 detector was also previously tested [12]. This was an LND-2027 detector,
containing a boron trifluoride gas at a pressure of 53.3 kPa, giving a density of 1.93*10"*
g/cm3, and having 24 mm and 200 mm, in diameter and length respectively. The equivalent
dimensions used in the simulations were 50 mm diameter and 45 mm in cylindrical length.
Scoring the (n,a) reaction gave a contrast ratio for this detector of 14.59%. This contrast
ratio was much higher than that observed in the experiments, likely due to the pile-up of
gamma-ray counts in the experiments and the fact that the simulations did not take into effect
the present gamma-ray field.

Lithium glass scintillation is usually used for detection of slow neutrons, such as the
GS20 (NE905) model of BICRON, which has a thickness of 1.3 mm. In this work, a detector
50 mm in diameter, thickness of 1.3 mm, and density of 0.595 g/cm3, was simulated. The
interaction rate of the (n,a) reaction was scored in the simulations. The 6Li detector was found
to have a contrast ratio of 8.03%, which is a slight improvement over the helium-3 detector.

For the ionization chamber detector, an LND-30783 235U fission counter, was
simulated. This fission counter has a diameter of 50.8 mm and an active length of 203.2 mm,
and is coated with 243 mg of uranium-235. A detector, with a radius of 25.4 mm and a
cylindrical length of 0.0006277 mm at a density of 19.1 g/cm3 was used in the numerical
simulations; in which the fission reaction rate was scored. A contrast ratio of 7.36% was
obtained, which is a slight improvement over the helium-3 detector.

Gadolinium- and cadmium-based detectors are not readily available. However, they
are considered here due to their high affinity to absorbing slow neutrons. In the simulations,
each detector was given the dimensions of 50 mm diameter and a cylindrical length of 2.5
mm. A density of 8.65 g/cm3 was used for Cd and 7.89 g/cm3 for Gd. The scoring was done
by tallying the interaction rate of the (n,y) reaction for both detectors. This resulted in a
contrast ratio of 18.9% for a cadmium-based detector, which is a great improvement over the
helium-3 detector. For the gadolinium detector, the contrast ratio was 8.1%, which is a slight
improvement over the helium-3 detector.

Table 2 summarizes the Monte Carlo results for the above considered detectors. The
results show that all detectors provide a contrast ratio for the scatterometer that is comparable
to that of the helium-3 detector; except for the BF3 and the cadmium-based detector. However,
one should keep in mind that BF3 detectors are sensitive to gamma rays, and the fact that a
cadmium-based detector will also be sensitive to gamma rays (given the high atomic number
of Cd and the fact that such a detector will be based on detecting gamma-rays released
following neutron capture). These factors will tend to lower the measured contrast ratio, as
already indicated by Gallent [12]; unless effort is made to significantly reduce the gamma-ray
background. In addition, it showed be noted that the low gas pressure in BF, detector and its
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relatively low slow-neutron cross-section (Figure 3), leads to a low neutron-detection
efficiency.

Table 2: Monte Carlo results for various detector types.

Interaction Rates
Full Channel
Empty Channel
Contrast Ratio (%)

Helium-3
6.03E-03
5.65E-03

6.48

1
8

BF3

.01E-03

.82E-04
14.59

Detector Type
Lithium-6
2.69E-02
2.49E-02

8.03

U-235
1.44E-04
1.34E-04

7.36

Gadolinium
2.66E-02
2.46E-02

8.11

Cadmium
9.00E-03
7.57E-03

18.9

5. EFFECT OF DETECTION RANGE

The above analysis considered various detector types, with particular dimensions, in an
attempt to find an element that is significantly less sensitive to fast neutrons than it is for slow
neutrons. Another way for reducing a detector's sensitivity to fast neutrons is to reduce its
detection range, i.e., its effective detection length. A detector with a short range will capture
more of the low-energy neutrons, while allowing more fast neutrons to go through undetected.
Thus, one can design a particular detector that enhances the contrast ratio of the scatterometer.
Of course, one cannot reduce the range indefinitely, as one will also lose sensitivity to slow
neutrons if the detector's range becomes too small. In this section, the detection range of
various detector types is reduced by decreasing the pressure (density) of gaseous detectors, or
the thickness of solid detectors. The Monte Carlo setup described in the previous section was
used to determine the contrast ratio, if such a detector were to be employed in the
scatterometer.

Figure 7 shows the contrast ratio of a helium-3 detector obtained at various gas
densities. As expected, the contrast ratio decreased with increasing density. However, below
a density of about 0.0003 g/cm3, the contrast ratio remains relatively constant, indicating that
decreasing the density leads to decreasing sensitivity to both slow and fast neutrons at about
the same rate. The detector used in the scatterometer had a density of 0.0121 g/cm3

(corresponding to an ideal gas pressure of 10 MPa). Figure 7 indicates that even a ten-fold
decrease in this detector's density will lead to an increase in the scatterometer's contrast ratio
of only 12.68%.

For a BF3 detector, Figure 8 shows a trend similar to that obtained for the helium-3
detector. The maximum contrast ratio which can be reached by this type of detector is about
15%, which is very close to that obtained for the equivalent LND-2027 detector discussed in
the previous section (which had a density of 1.93* 10"4 g/cm3).

The lithium-6 detector is a solid-state detector, thus the thickness of the detector was
changed, not its density. Figure 9 plots the contrast ratio calculated at various thicknesses for
this type of detector, showing a trend similar to that observed for the helium-3 and the BF,
detectors (Figures 8 and 9). The highest contrast ratio is approximately 14%. The GS20
(NE905) typical detector discussed earlier had a thickness of 1.3 mm and gave a contrast ratio
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of about 8%. If this detector's thickness is decreased by a factor often, Figure 9 indicates that
its contrast ratio can be increased by a factor of 1.5 to about 12.

The thickness of the 233U detector was also changed to determine the most efficient
thickness for best contrast ratio. It should be noted that the thickness considered is an
equivalent thickness corresponding to the density of coating of the chamber's inner walls by
235U. As Figure 10 shows, no significant change in the contrast ratio was observed, as it
stayed at about 7.2% for all thickness considered (the typical detector considered above had
an equivalent in thickness of 0.0006277 mm at a density of 19.1 g/cm3). This trend indicates
that changing the density of 235U coating does not affect its contrast ratio. This is because the
density of uranium is so high that a small amount is sufficient to detect most fast, and hence
slow, neutrons passing through it.

The contrast ratio for a gadolinium-based detector was determined for thickness of
0.000001 mm to 10 mm, leading as Figure 11 shows to contrast ratios between 4.62% for the
largest thickness to 56.8% for a thickness of 0.00025 mm or smaller. The high contrast ratio
can be attributed to the decrease in the probability of interaction at high neutron energies, as
indicated by the drop in its reactive-to-total cross section ratio shown in Figure 6. The typical
detector, discussed in the above section had a thickness of 2.5 mm, which is in the range that
provided a minimal contrast ratio. Therefore, a detector with a much smaller section is
desired.

A cadmium-based detector provided the highest contrast ratio for all detector types. As
Figure 12 shows, a contrast ratio as high as 117% can be achieved. This actually higher than
the theoretical contrast ratio of 91 %, calculated based on sub-cadmium fluence and given in
Table 1. This can be explained by the sensitivity of a the detector to some of the useful low-
energy neutrons, particularly those slightly above the cadmium cut-off energy of 0.5 eV, as
can be seen in the 1/v behaviour of the Cd cross section plotted in Figure 4. The typical
detector considered in the above section had a thickness of 2.5 mm, which was in the range of
lower values of the contrast ratio. This suggests the use of a smaller thickness, which will also
be beneficial for reducing the detector's sensitivity to gamma rays. The sudden drop in the
contrast ratio shown in Figure 12 can be attributed to the peak in the Cd cross section at the
cut-off energy of energy of 0.5 eV (see Figure 4), which skews what would have been
otherwise a well-behaved decrease in detector efficiency to slow neutrons with decreasing
thickness (and hence decreasing effective energy of absorbed neutrons; the larger the length,
the higher is the energy of neutrons that can be captured within the detector).

The results presented in this section indicate that, in all but one detector, an increase in
density or thickness decreases the contrast ratio. The results for the fission counter show that
a change in thickness does not affect the contrast ratio. Gadolinium- and cadmium-based
detectors, with small thickness (or density), are the best detectors for providing a high
contrast ratio for the scatterometer. A cadmium-based detector, if commercially available,
can provide a contrast ratio up to 117%, a value not matched by any other detector. By proper
choice of the detector thickness, the increase in contrast ratio need not come at the expense of
reduced detection efficiency. This can be done by choosing the detector thickness so that it is
slightly below the plateau in contrast ratio observed for the detectors considered, to avoid
decreasing the efficiency for detecting low-energy neutrons.
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6. SUMMARY AND CONCLUSIONS

Previous work [12] showed that fast neutrons were heavily contaminating the slow-
neutron signal that the measurements of a neutron scattering device (scatterometer) uses to
determine the void fraction in a rod-bundle channel [3,4]. The helium-3 detectors used in the
device were sensitive to the high fast-neutron field, as well as to slow neutrons, resulting in a
low contrast-ratio (sensitivity to changes in hydrogen content). Although, high-energy
neutrons can be discriminated against by taking the difference between the total count rate and
that measured with the detector covered with a cadmium sheet, such a method of
discrimination is impractical for use in an on-line device. Therefore, a better method of
discrimination was sought.

This report examined a variety of slow-neutron detectors for their low sensitivity to fast
neutrons. In addition to 3He, detectors employing IOB, 6Li, 235U, Gd and Cd, were considered.
The nuclear cross-sections for these detection elements were examined, and Monte Carlo
simulations employing a beam rich in fast neutrons and poor in slow ones were performed.
The results showed that most detection elements were about equal in their relative sensitivity
to slow and fast neutrons. However, it was shown that the performance of a detector can be
improved when the detection range (determined by the detector's thickness and the density of
the reactive material) is small enough so that most fast neutrons pass through the detector
without interactions, but is sufficiently large to absorb most slow neutrons. With this
process, it was found that detectors employing cadmium or gadolinium can be made to be
very insensitive to fast neutrons, while maintaining high sensitivity to slow neutrons. Another
advantage of cadmium- and gadolinium-based detectors is that they are based on detecting
secondary photons, typically using a scintillating material in conjunction with a
photomultiplier tube. This allows current-mode operation, rather than count-rate sampling;
which is advantageous in an on-line device particularly to monitor fast transients. Current-
mode can also be used with a fission chamber. It should be noted that this study did not
include the sensitivity of such detection elements to the gamma radiation that almost always
accompanies neutron emission; but with a detector with a small detection range to neutrons,
the effect of gamma rays is expected to be minimal.
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1. INTRODUCTION

Most of industrial nuclear gauges are based on the use of radiation transmission
through matter. In moisture gauges for a big volume of object, a simple technique of neu-
tron moderation is usually employed. Neither technique could be applied to determination
of hydrogen or its compounds in a small volume of metallic sample.

2. THICKNESS GAUGE FOR COMPLEX STEEL PLATE (area 2.1)

A new technique has been developed [1-3] for measuring the thickness of a thin
layer of 30-200/* m thick plastic, which is sandwiched with two sheets of 0.6-4.2mm in
total thickness. In this complex steel plate as a new material with the properties of
suppressing vibration and preventing noise in some portions of buildings etc., the
measurement of the plastic layer thickness and its homogeneity is needed for quality
control, whereas there has been so far no nondestructive measurement technique. To
obtain a sufficient sensitivity in the thickness measurement, a source-sample-detector
arrangement and its surrounding structure were specially devised, where multiple
scattering of neutrons and efficient generation of slowed-down neutrons from the plastic
layer of a sample were utilized.

In a final design of the measuring head of the thickness gauge, two iron blocks as
fast-neutron reflectors were placed on both the upper and lower sides of a 252Cf- neutron
source with a small gap. An appropriately thick polyethylene sheet (3mm) as a neutron
moderator was placed on one side of the gap. A 3He proportional counter was located
close to the 252Cf source. A sample to be measured was inserted into the gap.[4]

In the structure described above, at the first glance, the polyethylene sheet may
look like an unfavorable choice that merely increases the background in the neutron
counting, since its thickness is larger than one order of magnitude over that of the plastic
to be measured. In practice, however, the sheet plays an important role in generating
thermal neutrons efficiently from the plastic to be measured owing to multiple reflection
of neutrons through the sheet and sample in the gap with the aid of iron reflectors. A
precision of about 10// m was attained in one minute measurement with a 252Cf source of
40MBq. The proposed gauging system will be planned to set up in the near future.
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3. MOLTEN STEEL REFINING VESSEL (area 2.1)

For monitoring the decrease of residual moisture in wet refractory newly coated
on the inner surface of a molten steel vessel from its outside through a thick steel
plate(~35mmt) during the period of flame drying of the refractory, the sensitivity of
moisture measurement was enhanced by a factor of 2-2.5 at least compared to conven-
tional neutron moisture gauges by placing small graphite blocks at the two sides of a 3He
counter. Figure 1 shows the arrangement of experimental appratus for residual moisture.
A precision of 0.1- 0.2wt% moisture would be obtained in a measuring time of 5 minute
with a 3.7 MBq. 252Cf source.

A Monitor for Residual Moisture

s
«. * » • •

A

•polyethylene plate (simulated for water)

steel plate (vessel)

graphite (moderator).

He prop.

steel(reflector)

Cf-252 source

firebrick

FIG. 1 Arrangement of the Apparatus for a Residual Moisture Monitor.

4. HIGH ACCURACY COKE MOISTURE GAUGE (area 2.1)

The steel industry in Japan is a big user of radiation applied gauges, which have
contributed to the mass production of high quality steel products. The steel industry still
has potential requirements for more advanced instrumentation to achieve improved
operations in various processes. Conventional neutron moisture gauges usually used for
the coke to be supplied to blast furnaces, utilizing thermalization of neutrons, have a
weakness for measurement accuracy due to the spatial variation of moisture and bulk
density in a large coke hopper.



For saving on the use of coke and for strict control of furnace heating in the
iron-making process, a new type moisture gauge was developed using simultaneous
measurement of both fast neutrons and gamma-rays from 252Cf. The measurement is
made by observing the transmission rates of both the fast neutrons and gamma-rays
through coke falling at the exit gate of a weighing hopper. The moisture content and the
bulk density are determined by solving a simultaneous equation, moment by moment.
The average value of the moisture content for a batch of coke is given at the time when
the fall of the batch is completed.

In the novel moisture and density gauge, a single organic scintillator system was
adopted which could detect fast neutrons and gamma-rays separately by means of pulse
shape discrimination [5-8]. A fast and stable digital pulse-shape discriminating unit has
been developed for the moisture gauge [9]. This was an important key in developing the
new gauge and the first successful trial in the field of industrial measurement.

The improvement in accuracy and precision of the moisture determination was
about four times that of existing neutron moisture gauges. The economic benefit from the
use of the new gauge, when compared with the existing gauges, was estimated at 57
million yen as an annual saving mainly due to saving of coke. Four units of this gauge are
successfully in routine use in Kimitsu Works, Nippon Steel Corporation, since 1982.

At the present time we are develop ing a new version of a pulse-shape discrimi-
nating unit. The new one has the characteristics which contain the easiness of operation
and the stability.

5. ELECTRONIC IMAGING FOR Cf-252 BASED NEUTRON RADIOGRAPHY
(area 2.4)
K. MOCHIKI, H. AKAIKE, Y. MURATA,

Musashi Institute of Technology, Tamazutsumi, Setagaya-ku, Tokyo 158-1111, Japan

I. ISHIKAWA AND T. MOKI

Japan Atomic Energy Research Institute, Oarai, Ibaraki-pref. 311-0396, Japan

The study of neutron radiography (NRG) using a low flux neutron source is
considered to be very important for develop ing new fields of the application of NRG.
Nuclear reactors provide high fluxneutron beams and can be used for visualization of
dynamic phenomena. However, the cost of facilities and restriction on inspecting objects
are limiting the application field of NRG. Small accelerators and radioisotopes have been
used as neutron sources for static NRG using films or very sensitive electronic imaging
systems. A 252Cf neutron source was installed in a transportable exposure module for
NRG and has been used in the inspection of aircraft corrosion. As an imaging method for
the low flux neutron beam, the electronic imaging has great advantage of high sensitivity
and it has been progressed by the development of photon counting technique. The
photon counting technique is the most sensitive imaging technique and achieves the
highest utilization rate of incident neutrons. An ordinary electronic imaging system for



thephoton counting met hod consists of an image intensifying device and also a very
sensitive imaging device. In case of an imaging tube, neutron signals can be recognized as
bright spots in each frame. The frame data is transferred to binary data and the gravity
of each bright spot. That is, the coordinates are derived to increment a counted number
in an image memory. In some imaging device based on a position sensitive detector, each
neutron pulse is processed pulse by pulse and its coordinates of the gravity are calcu-
lated. In this paper [10] an attempt to improve the photon counting method will be
presented. Several signal processing modes havebeencomparedusingtheMusashi
Dynamic Image Processing System (MDIPS) for Cf-252-based NRG. A 2s2Cf
neutron source of Japan Atomic Energy Institute was used. The characteristics of the
NRG facility were the following: the thermal neutron flux was 800 cm at L/D of 25, D
was 20mm, the collimator outlet diameter was 200mm, the n/gamma ratio was 3x10 cm
mR, and the thermal neutron component was 75%. The imaging part consisted of a
Fujinon CF-50L lens (F0.7), an image intensifier Hamamatsu Phonics C2166, and a TV
camera equipped with a Chalnicontube. A Kasei Op tonics LiF/ZnS fluorescence
converter was used. The video signal was converted to a digital value of 10 bits and
digital image data were processed with MDIPS. The digital part consisted of a TV
camera controller for non-standard beam scanning, a digital data transformer, a digital
filter, a data acquisition memory, a multi-screen monitor and a host computer. The TV
camera controller was designed to adapt p ixel number of image data, sampling clock
frequency of video signal and frame blanking rate to exp erimental conditions and re-
quirements. The frame blanking was a technique to improve the SN ratio. In this operat-
ing mode a scanning beam was periodically blanked within specified frames to accumu-
late signal charge on the tube target. In this experiment, Operating parameters were
following; the filed size was 10cm x 10cm, the image size was 256 x 256 pixels, the pixel
samp ling frequency was 6MHz, the frame rate was about 27 frame per second and
maximum measuring was 6 MHz, the frame rate was about 27 frame per second and
maximum measuring time was 8 hours. Cadmium and Polyethy lene step-wedges were
used to evaluate the performance of data processing modes. In this experiment two
function of the MDIPS were used. One was binary image transformation and its thresh-
old and its threshold level was selective to any value by the host computer. The other
was a minimum filter which is a kind of separate ranked-order filters and the window
size was 3x3.

At the present time, we are going to try Neutron Radiography System using a
small neutron source (252Cf, 3.7 MBq.). The following tables show a specification of the
system.

TABLE 1. Specifications of the CCD camera ( MCD400S)

Format
Pixel Size
Arrav Size

Bit Resolution A/D Converter
Readout Rate

336x243 [pixels]
10xl0[um2]

3.3x2.4[mm2]
16

100lkUopi.\els/sec]



TABLE 2. Neutron beam characteristics at the experimental filed

LTD ratio
Field area

Thermal neutron flux
Inhomogeneity of the beam
intensity
Thermal neutron ratio

n/gamma ratio

25 (20mm)

20* [cm]

320 Tn cm-V1]
75-100%

75±5%
2.9xlO4[cm-2mR-1]

TABLE 3. Characteristics of the imaging system

Thermal neutron flux

Sampling clock frequency

Exposure time

Radiographic field size

Sample size

Number of accumulated frames

320[ncm-Y1]
125[kHzl
10|"msl

5.5x4[cm2l
336x243[pixels]

7800[framesl
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ON-LINE ANALYSIS OF HYDROGEN AND OTHER PARAMETERS IN THE
MINERAL AND ENERGY INDUSTRIES

B.D. SOWERBY

Division of Minerals
Commonwealth Scientific and Industrial Research Organisation (CSIRO)

Private Mail Bag 5, Menai NSW 2234, Australia

1. INTRODUCTION

The objective of the project is the development and industrial application of nuclear
and microwave techniques for the on-line determination of hydrogen, moisture and other
parameters. The stated objectives for the first stage of the project (subject to industry
funding) was to:

• Manufacture improved laboratory facilities for neutron/gamma analysis of bulk coal
and mineral samples for elemental determination including hydrogen.

• Test samples on new neutron laboratory facility using backscatter and transmission
geometries, employing Am-Be, Cf-252 radioisotopes and neutron generator.

• Compare the use of a neutron generator and radioisotope sources for elemental
determinations.

• Develop and implement advanced spectral analysis techniques
• Develop new laboratory low frequency microwave transmission gauge. The gauge will

improve the dynamic range of the present commercial analyser and allow operation on
high thickness, high moisture samples

• Assess accuracy of prototype microwave gauge on a range of samples including black
and brown coal and iron ore.

• Investigate other applications of the fast neutron and gamma ray transmission (FNGT)
gauge. Present commercial gauge is only used for coke feed to a blast furnace in an on
belt geometry.

Progress with respect to these objectives is discussed below.

2. ON-CONVEYOR BELT DETERMINATION OF ASH IN COAL

A laboratory feasibility study has been carried out on new and advanced neutron
and gamma ray analysis systems for the direct on-conveyor belt analysis of ash in coal.
Such an analysis system could deliver the combined advantages of a direct on-conveyor
configuration with new and accurate analysis techniques. A survey of the Australian coal
industry has indicated that accurate on-belt ash analysis is of the highest priority.



Subsequent laboratory work has focussed on the investigation of methods with the
potential for improving the accuracy of ash content measurement relative to existing on-
belt systems. Existing on-belt ash analysers based on dual energy gamma-ray transmission
(DUET) are affected by changes in ash composition and furthermore they analyse only a
small section of the coal on the belt as the coal passes the instrument.

A laboratory prototype gauge has been developed comprising an241 Am-Be neutron
source and multiple detectors to simultaneously measure neutron inelastic scatter and
thermal neutron capture gamma rays from bulk coal samples. Measurements have been
made on 24 bulk (about 70 kg) coal samples of thickness from 100 to 300 mm and ash
from 8 to 31 wt.%. The samples comprised 12 samples of run-of mine (ROM) coal from
Mt Thorley and 12 samples of product and ROM coal from Camberwell Coal. Four
methods were used to analyse this data, namely multiple linear regression/spectral
windows (MLR/SW), artificial neural network/spectral windows (ANN/SW), partial least
squares (PLS) and principal Components analysis/ANN. Of these methods, the ANN/SW
and MLR/SW currently give the best results. However, the measured accuracy of any
experimental technique will be limited by the accuracy of the chemical laboratory
measurements on which the calibration is based. In the present case, we have been able to
achieve calibration and cross-validation rms errors of between 0.46 and 0.55 wt.% ash
using either MLR/SW or ANN/SW on a suite of coal samples for which the standard
deviation of the chemically measured ash values has been estimated to be 0.5 wt.% [1].
Application of the Grubbs Estimator method indicates gauge errors of about 0.40 wt.%
ash. The present results suggest that these techniques are capable of significant
improvement in accuracy but are currently limited by the sampling and chemical
laboratory error.

Currently investigations are proceeding on improving the spatial response of the
gauge using Monte Carlo modeling and on replacement of the radioisotope source by an
electronic neutron generator.

3. ON-BELT ELEMENTAL ANALYSER FOR THE CEMENT INDUSTRY

On-line control of raw mix composition is a key to the improved control of cement
plants. Elements of primary importance to the industry are calcium, silicon, aluminium and
iron. Elements of secondary importance are magnesium, sulphur, chlorine, sodium,
titanium and potassium. Analysis is performed directly on the conveyor belt transporting
the raw meal to the mill. The main challenge in developing bulk material analysers for
application to direct on-belt analysis is to develop techniques which are capable of
measuring the parameters of interest independent of both horizontal and vertical
segregation and independent of changes in belt loading and moisture content. Both neutron
inelastic scatter (NIS) and thermal neutron capture (TNC) gamma ray techniques have the
advantages of using highly penetrating radiation so that measurements are averaged over a
large volume of material on a conveyor belt.

A laboratory gauge has been developed comprising an 241 Am-Be neutron source
and multiple BGO detectors to measure simultaneously NIS and TNC gamma rays from



bulk cement raw meal samples. Laboratory measurements on a wide range of bulk
synthetic and plant samples have shown that the 1-hour accuracies for the primary
compounds CaO, SiO2, A12O3 and Fe2O3 and MgO are 0.16, 0.24, 0.31 and 0.06 wt.%
respectively. These results are quoted on a loss free basis for samples of thickness 158 to
197 mm. The results for Mg, Cl, K and Ti are also very promising, with absolute loss-free
rms errors of 0.13, 0.01, 0.11 and 0.14 wt.% respectively. A Prototype Commercial
Analyser is presently under construction for installation and commissioning in Adelaide
Brighton's Birkenhead plant by early 1999.

The issue of the spatial sensitivity of the gauge - that is, the extent to which certain
regions of the cement on the belt contribute more to the measured composition than others
- was investigated using a combination of Monte Carlo modeling and experimental
measurements. In order to determine the relative contribution of different parts of the
cement raw meal to the composition measurement, a Monte Carlo simulation was used
with simplified belt geometry. A rectangular slab of material with width 600 mm,
thickness 180 mm and infinite length was modeled together with the Am-Be source, the
belt, the tungsten shielding and the detector. Characteristic gamma rays (used in the
composition measurements) that reach the detector without interacting are tagged
according to the position they originate from in the cement meal. The distribution of these
gamma rays with position is directly related to the contribution of different regions to the
composition measurement. In this way, the spatial sensitivity of the gauge can be
determined for the elements of interest in a range of samples. For example, calculations for
the 0.847 MeV gamma ray from iron have shown that using a single source and single
transmission detector leads to a highly non-uniform performance, with material closest to
the belt contributing only about 40% as much as material on the top surface. However,
using the dual source arrangement, the performance is vastly improved, with most of the
cement sample now contributing within 25% of the maximum level [2].

In order to validate the Monte Carlo results, a series of experiments were performed
using the modified laboratory gauge setup. A 6-mm thick iron plate was buried inside a
cement sample at 3 different depths (on the bottom surface, in the middle, and on the top
surface) and the number of 0.847 MeV iron gamma rays received at the detector measured.
The decrease in the number of gamma-rays produced in the iron plate with increasing
distance of the plate from the source is more than offset by the increased probability that
the gamma-ray reaches the detector without interacting. The agreement between Monte
Carlo and experimental data was better than 15% relative.

4. ON-CONVEYOR BELT DETERMINATION OF MOISTURE

There has been a long term interest in the on-conveyor determination of moisture in
coal as product moisture is strongly correlated with dust control and handling difficulties,
and in addition is an important export specification.

Microwave based moisture technology is well suited to the measurement of
moisture in coal as it is a bulk analysis that is relatively unaffected by changes in the
surface moisture of the coal under widely varying environmental conditions that are



commonplace at the mine site. CSIRO Minerals has developed a microwave transmission
technique for the on-line determination of moisture in materials carried on a conveyor belt.
CSIRO licensed Mineral Control Instrumentation (MCI) Limited to manufacture and
market this instrument and at present more than 60 commercial units are installed in
Australia and overseas. However, the standard MCI microwave moisture analyser is
unsuitable for the analysis of highly attenuating materials, such as moist coal at high (>300
mm) bed depths.

CSIRO Minerals has subsequently developed a low frequency (<1 GHz)
microwave technique suited to the on-line measurement of moisture in thick beds of iron
ore and coal. In both instances, the present commercial analyser has insufficient dynamic
range to operate effectively on thick beds. Recently an industrial prototype of a low
frequency microwave moisture analyser has been installed for the on conveyor belt
analysis of coal to 500 mm depth at 17-24 wt.% moisture. Accuracies of about 0.3 wt.%
moisture have been achieved both in the laboratory and in plant trials [3].

5. FAST NEUTRON / GAMMA RAY TRANSMISSION

In the fast neutron and gamma-ray transmission (FNGT) technique, the
transmission of fast neutrons through a bulk material depends on the hydrogen content and
mass per unit area of the material, whereas the gamma-ray transmission depends on the
mass per unit area only. Combining measurements of neutron and gamma ray transmission
therefore permits hydrogen (and, in most cases, moisture) to be determined independent of
mass per unit area. The CSIRO developed and applied the FNGT technique for the direct
on belt determination of moisture in lump coke. The rms difference between gauge and
laboratory moisture was 0.24 wt.%, equivalent to a hydrogen accuracy of 0.027 wt.%.
CSIRO licensed the technology to MCI and to date four CM 100 commercial gauges have
been installed in industry.

Recently CSIRO has been involved in assessing microwave and nuclear techniques
for the on-belt determination of moisture in a lead sinter feed. The FNGT technique is
capable of very accurate on-line determination of the total hydrogen content of bulk
materials. In cases where the hydrogen content is well correlated with moisture, accurate
moisture determination is possible. The FNGT technique is better suited to hydrogen
determination in high atomic number materials such as lead sinter than it is to low atomic
number materials such as coke. Calculations indicate that, using a commercial CM 100
Coke Moisture Gauge, the counting statistical error will be about 0.35 wt.% moisture for a
one minute count on lead sinter of thickness 50-200 mm. This counting statistical error
could be reduced by a factor of three by either counting for 10 minutes or by replacing the
current detector in the CM 100 with a commercially available high efficiency detector.
Calculations have shown that a change in non-moisture hydrogen due to a 10% change in
paragoethite would cause a FNGT moisture error of about 0.47 wt.% [4].

However, for this application laboratory measurements showed that microwave
transmission could determine moisture in lead sinter feed samples to within 0.18 wt.% over
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the range 5.1 to 9.6 wt.%. On the basis of these results we recommended that microwave
transmission is the preferred technique for on-line analysis.
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NEUTRON RADIOGRAPHY IMAGING OF HYDROGEN CONTAINING
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The work described below, was performed at the 10 M\V Budapest
research reactor.

1. STREAMING LINE FEATURES OF HYDROGEN CONTAINING
MATERIALS IN TWO PHASES SSYSTEMS

Absorption-type refrigerators [11

Absorption-type refrigerators contain NH3 dissolved in water, thus the working process
can well be visualized by neutron radiography because of the high hydrogen content of
the circulating material. The operation of an absorption type refrigerator is based on two
fundamental pnciples: a/ the ability of large quantities of ammonia gas be absorbed into
cold water at low pressure and then at higher temperatures and high pressure to be
driven out again, and b/ the ability to condense ammonia vapour at a high pressure and
high temperature and to evaporate it again at a lower temperature in the presence of an
innert gas even although the total pressure remains the same. During this evaporation
process large quantitities of heat can be taken into the ammonia. As far as absorption
refrigerator is working without motor and compressor, it is very important the
undisturbed stream in the tube system. Figure 1 shows a gas bubble in the liquid heat
exchanger which hinders the flow of the rich solution to the boiler. Such kind of fault
originates from manufactoring process.

Fig. 1. Gas bubble in the liquid heat exchanger of absorption refrigerator



An other very important demand for the correct operation of the absorption refrigerator
is the purity of the manufactoring conditions Figure 2 shows an interesting example for
such kind of fault. Deposition of foreign dirt material was observed at -15 °C at the
meeting point of the high pressure hydrogen gas and liquid ammonia. This causes
irregular situation therefore it is very useful its visualization by neutron radiography.

a/ b/

Fig. 2. Meeting point of liquid ammonia and high pressure hydrogen gas in the
evaporator of absorption type refrigerator: a' at room temperature b at -15 C
deposition of foreign material is clearly observed

Compression-type refrigerators [2]

The high neutron attenuation of hydrogen makes it possible to visualize the lubrication
oil and the cooling fluids like R-12, R-134a inside of the compressor block, in the
condenser, in the evaporator and in the filter. Valuable information can be obtained from
the comparison of working processes using mineral or synthetic lubrication oil. The new
cooling material is R-134a freon which does not cause any demage in the ozone layer,
but its oil solvable capability is smaller then those for previously used ones. The origin of
several types of defective functioning became clear and, after appropriate modifications
the defects were eliminated. An additional and unnecessary streaming line formed in the
evaporator of the compressor- type refrigerator was revealed. The part of the evaporator
supply system, brought about the above mentioned disturbance, was identified and
visualised by dynamic neutron radiography (Fig. 3). The concerning modifications were
submitted to the manufacturer.
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Figure 3. Neutron radiography image of the evaporator puffer: a/ a strong flow of the
lubrication oil occurs in the first 4 minutes after restart of the unit b/ lubrication oil
segregates on the surface of the R-134a cooling fluid in the 9th minute; b/fluid mixture
becomes homogeneous after 20 minutes running time



2. CONSTRUCTION OF SPECIAL Pd VALVE TO MEASURE THE PARTIAL
PRESSURE OF HYDROGEN CONTENT [3]

Investigations of two phase systems often require the quantitative knowledge of
hydrogen partial pressure. This demand was formulated during our neutron radiography
work concerning research and development of absorption-type refrigerators. In most
cases the working material is solution of water and 35 % ammonia in the presence of
high pressure hydrogen. The temperature circumstances are very different in various

parts of the system, namely 200 °C in the boiler and -20 °C in the evaporator. Thus,
the partial pressure of aqueous vapour, ammonia and hydrogen gases are very different
in various parts of the system. At present, only the integrated pressure can be measured,
which is 20 bars.

In order to measure the hydrogen partial pressure, development of a special Pd-valve
(Fig. 4) is in progress based on the high hydrogen occludation of Pd. The purity and

Figure 4. Schematic arrangement of the Pd valve system

homogeneity demand of structural materials is very high. During the measurement the
Pd-tube has to be heated in order to increase its hydrogen occludation efficiency. The
neutron attenuation coefficient for hydrogen is very high and thus the occludation
process in the Pd-tube is visuable on the neutron radiography image. The changes of
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dimensions and contrast of the Pd-tube used as hydrogen sensor could be visually
observed and analysed quantitatively (Fig. 5).

Lj7I3Tiygn£E
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Fig. 5. Intensity curves of the neutron absorption by the Pd tube in the empty state and
in the saturated state

3. TWO AND THREE DIMENSIONAL NEUTRON RADIOGRAPY IMAGING
[4]

Our neutron radiography images are handled by an advanced image processing and
analyzing program, the Iman 1.4, using a task oriented video grabber. Using the Iman
1.4 program, 8 frame time was 60 times integrated, grabbed and utilized for the
qualitative and semi quantitative analysis. The frame grabber card, FRG2M/95 is
equipped with a high speed, bi-directional video bus I/O socket for the linked
convolution processor. This processor performs an enormous quantity of calculations by
applying the so-called neighbourhood pixel operations up to 8x8 pixels in a real time
mode. The software is capable of image acquisition, gray-colour-binary morphometry,
image enhancement, transformations and segmentation. The used statistics involved
feature histograms, integrated global specimen statistics and profile measurement. For the
pixel count distributions spectrum analysis was applied.

For illustration we present the 2D and 3D images of the intensity distribution of the
epithermal neutron beam (see paragraph 4). After multiclass segmentation of the image
we got an intensity distribution pattern presented in Fig. 6/a and the 3D diagram of the
intensity distribution is displayed in Fig. 6/b. The background intensity values correspond
to the most light areas, while the high intensity values show the dark areas of Fig. 2(b).

4. ESTABLISHING OF A NOVEL TYPE THE EPITHERMAL NEUTRON
RADIOGRAPHY IN BUDAPEST [4)

The main property of the epithermal neutron radiography (ENR) is that it discriminates
well between the elements among investigated materials. Particularly, the lower
scattering effects in materials having high hydrogen content makes ENR sensitive to
hydrogen determination. So far ENR has been performed with the transfer technique
This is highly time consuming in view of the long and doubled exposition time of long
duration and the film imager cannot be easily connected to computerized on-line data-
logging.

In our case the epithermal images are temporally captured by an epithermal neutron
activated indium foil of 0.1 mm thickness. This emmits gamma radiation that is converted
by NaCe single crystal into light photons. The latter is visualized by a high sensitivity TV



camera controlled by a computer As a result the image processing time has been
shortened considerably

The object to be investigated was kept close to the collimator where the neutron flux was
8.10 cm" s"1 The epithermal beam was obtained by placing a 1 mm thick Cd plate
before the sample By this way the thermal neutrons were filtered from the neutron beam
obtained from the radial channel of the reactor. The sample was a 40 mm thick
consumption meter made from Al The epithermally activated In foil was read in an
experimental set up scheme schematically shown in Fig. 7.

Between the epithermal neutron activated In foil and the NaCe single crystal a 1 mm
thick aluminum plate was placed to protect the surface of the single crystal and to absorb
the (3-radiation emitted by the activated In foil. The imaging time cycle of the low light
level (LLL) TV camera from 40 ms was increased to 320 ms utilizing an appropriate
software (described in paragraph 3).

b/

Figure 6. Epithermal neutron beam distribution: (a) 21) and (b) 3D imaging
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Figure 7. The experimental scheme of the In foil activated epithermal neutron
radiography image processing system

5. ESTABLISHING THE 'HYSEN' TECHNIQUE IN BUDAPEST

In order to obtain clean epithermal neutron beam we have constucted an adjustable
system for filtering and forming the white beam obtained from a radial channel. The
schematic arrangement of this "Beam diameter changer and filter unit' is shown in Fig. 8.
The production of the unit is under way.
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III Clter i'niet beam C d filter

Fig. 8. Beam diameter changer and filter unit'



6. WATER I'PTAKE AND TRANSPORT IN PLANT RESEARCH [5|

Using dynamic neutron radiography together with Sapphire V 5.05 image processing
systems, the water uptake and distribution during the germination of the bean seeds was
visualised and the images obtained quantified. Figure 9 shows a crucial stage of seedling
development, namely the opening of the cotyledons. It can be clearly seen that in the 7th
seed position, where the primary root growth almost reached the bottom of the sample
holder, the cotyledons are apart. In the gray level distribution histogram this separation is
characterized by a peak in the gray level values becoming visible in the bean cross
section. For comparison, in the same figure the gray level histogram for the 4th seed is
also shown, where the cotyledons are not yet opened.

t * 2880 nia

Or*jr

Figure 9. Neutron radiography image and gray level histograms of water movement and
distribution in diffusion and bean seed zones: at the 2880th minutes the start of opening
of cotyledons may be visualized - the 4th seed not yet opened while the "th one is just
opening.

On time scale we have followed the entire process of germination in bean seeds by
dynamic neutron radiography. The quantitative data of water uptake obtained from the
SHADED radiography images were evaluated by various mathematical and statistical
methods used in biometrics. The imbibition, the actual germination and primary root
growth were visualized and the quantitative data evaluation of water uptake revealed the
distinguished separation of these crucial phases using the non hyerarchic cluster analysis
(Figs. 10).
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SUMMARY

This work was performed at the dynamic neutron radiography station at the 10 MW
Budapest research reactor in the framework of the IAE Co-ordinated Research
Programme on "Bulk Hydrogen Analysis, using Neutrons" (Project No: 9609/Rl).
Neutron radiography has been successfully applied in various fields of hydrogen
containing materials. We have reached results in the following main items:

• Streaming line features in hydrogen containing two phase systems, e.g. absorption-,
and compression-type refrigerators.

• Construction of a special Pd valve to measure the hydrogen partial pressure.

• Two and three dimensional neutron radiography imaging.

• Establishing a novel type epithermal neutron radiography system.

• Establishing the 'HYSEN" technique.

• Water uptake and transport in plant research.
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1. INTRODUCTION

The efforts of the UCT-based group now working on bulk analysis using
neutrons are directed mainly towards developing methods for detecting concealed
explosives or other hidden contraband, such as drugs. There is now an increasing
demand for new and better technology to meet this requirement and the new technology
needs to be non-invasive as well as reliable and efficient in operation. The technique
which we are developing, called fast neutron scattering analysis (FNSA), is based on the
detection and measurement of hydrogen and other elements, particularly carbon,
nitrogen and oxygen, by means of fast neutron scattering measurements [1].

The development of FNSA was the main research topic proposed by us to the
first research coordination meeting (RCM) [2] of this coordinated research programme
(CRP), held in Vienna in July 1997. We also suggested that certain features of the
FNSA technique might be adapted for bulk hydrogen analysis of relatively small objects
(< 500 cm3) using low energy neutrons (< 1 MeV). In particular, the energy change in
elastic neutron scattering on hydrogen, as used in FNSA, might also be useful at low
energies. A technique was proposed in which this feature would be used in conjunction
with resonance structure in the cross sections of other nuclides, to select and measure
neutrons scattered by hydrogen.

In December 1997 an Advisory Group Meeting (AGM) was called by the IAEA
to consider the "Detection of explosives (in particular land mines) by low-cost
methods" [3]. In response to the needs identified by this meeting our work on the
detection of concealed explosives was extended to include the detection of plastic-type
anti-personnel mines (APM). A method based on the detection of neutrons (from a

Cf source), after moderation and backscattering by hydrogen in the plastic and the
explosive of the APM, is being developed.

This report describes progress achieved over the past year in the work on fast
neutron scattering analysis and in the development of detection techniques for plastic
land mines. Work on the technique for hydrogen analysis using low-energy neutrons
has not yet commenced, but will do so shortly.

2. FAST NEUTRON SCATTERING ANALYSIS (FNSA)

A paper [1] describing the FNSA method was published in July 1998. More
detailed information is available in the PhD thesis [4] of Andy Buffler (UCT), which
was submitted for examination in September 1998. Recent work is described in two



further papers [5,6] which will be submitted for publication in "Nuclear Instruments
and Methods in Nuclear Research, A", in December 1998.

2.1 Measurement of atom fractions by FNSA
Fig 1 is a schematic diagram showing the essential features of a typical system

for FNSA [1,4-61 using monoenergetic neutrons of energy about 7 MeV. The energy
degrading foil DF can be "flipped" in and out of the incident deuteron beam so as to
alternate the energy of neutrons delivered to the sample S between the values of 6.8 and
7.5 MeV. The intensity of the incident neutron beam is monitored by detector M and
detectors F and B record neutrons scattered forwards and backwards respectively by S.
Detectors M, F and B are all NE213 liquid scintillators equipped with pulse shape
discriminators to reject gamma background. The measurements made by detectors F
and B, at the two incident neutron energies, include pulse height (L) and, if the neutron
beam is a nanosecond pulsed beam, time-of-flight (T). A "scattering signature" is
derived from the L and (if applicable) T measurements made for each scattering sample
studied. This signature is designed to be as distinctive as possible for different
elements, especially H, C, N and O, so that the signature measured for a compound of
several elements can be fitted by a sum of element signatures. The proportions (atom
fractions) of different elements in the compound are obtained from the fitting and can
be used to identify the scattering compound, as described in refs [1,4-6]. These
references provide details of investigations in which different methods for defining
scattering signatures were studied and test measurements and analyses were made using
different scattering samples.

1500

FIG. 1 Schematic diagram of the geometry used for FNSA test measurements,
showing: NE213 neutron detectors, F, B and M; degrader foil DF; scattering
sample S; and attenuator positions SB and SF. Distances are indicated in mm.

Fig 2 shows atom fractions measured by FNSA for six different compounds,
using two different types of scattering signature: (a) a signature which is based on both
pulse height and time-of-flight measurements; and (b) a signature which is based on
pulse height measurements only. The six compounds are all composed from two or
more of the elements, H, C, N, O, Al, S, Fe and Pb. The atom fractions measured for



each element are compared with the known values for the scatterer compound, which
are shown by histograms. The consistency between measured and known atom
fractions is excellent. FNSA also provides reliable measurements of the mass of the
scattering sample [1,4-6]. The hydrogen (and other) content of the sample is thus fully
specified by the combined mass and atom fraction data obtained from FNSA.
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FIG. 2 Atom fractions ah measured (points) and calculated (histograms), for six
different compounds, (i)-(vi). The measurements are based on two different
scattering signatures, (a) and (b) (see text) and the points indicate different
elements as follows: crosses, H; solid circles, C; open triangles, N; open circles,
O; solid triangles, Al; diamonds, S; open squares, Fe; solid squares, Pb. The six
compounds are: (i) methanol; (ii) ammonium nitrate: (iii) acetamide; (iv)
ammonium acetate; (v) aluminium oxide; and (vi) iron sulphate crystals.

2.2 Multiple neutron scattering effects in FNSA
A problem anticipated in the practical implementation of FNSA, for example in

the screening of airline baggage for contraband, is the effect (on the results) of neutron
scattering in material other than the scatterer under investigation. This problem was
anticipated when the project was initiated and scattering signatures and analysis
procedures were designed so as to deal with it. Test measurements were made with
neutron attenuating material such as lucite placed at different positions either in the
neutron beam or between the scattering sample and the detectors, for example in the
regions marked SF and/or SB in fig 1. The introduction of material in these positions
distorts the relative intensities of the forward and backward components (from F and B



detectors) in the scattering signature. Since the distortion will be similar for neutrons
scattered from C, N and O (because the energies of these neutrons are similar), it may
be corrected to first order as follows. An additional parameter kFB which represents the
ratio of the attenuation experienced by neutrons scattered on paths towards detector F to
that for neutrons on paths towards detector B. This factor is either constrained to unity
if there is known to be no material present in positions SF and SB, for example in some
of the test measurements, or introduced as a free parameter to be determined together
with atom fractions in the analysis in which the scattering signature is fitted. Fig 3a
shows atom fractions measured for four different scatterers under two different
conditions: firstly (left-hand points) with no material present in regions SF and SB; and
secondly (right-hand points), with 60 mm thick lucite blocks in one or both of these
positions. The values of kFti determined in the measurements with attenuators in
position were 1.21, 1.26, 1.34 and 1.23 for the measurements on methanol, ammonium
nitrate, water and ammonium acetate scatterers respectively. The neutron attenuation
reduces the accuracy of the atom fractions measured by FNSA, as might be expected,
but accurate measurements can still be made using the modified analysis procedures. A
similar conclusion is drawn [4,5] from studies of the effects of neutron interactions in
additional material (besides the sample) in the neutron beam.

2.3 Screening procedures for detecting contraband
Atom fraction measurements might be regarded as the goal of FNSA if we were

guided literally by the title of the present CRP. Obviously we are not guided in this
way, but by the application that ultimately motivates the research. In this case the
objective of the application is to determine whether the sample is an explosive material
or a drug material. With this in mind we introduce a ^-based screening procedure [4,5]
to compare the atom fractions measured for an "unknown" sample x with the known
atom fractions of a large set of candidate materials k. This leads to a screening function
P(x,k), normalized to a total of 100% for the full set of candidates, which measures a
"relative probability" that x is the same material as candidate k. Fig 3b shows P(x,k)
distributions derived from the atom fraction measurements shown in fig 3a, by
screening against 45 candidate materials. The candidates, denoted k- 1 - 45, were
classified in four groups (g = 1 - 4), as follows: g = 1 (k = 1-8), the eight elements used
in the studies; g = 2 (k - 9 - 18), 10 different explosive materials; g = 3 (k = 19 - 23), 5
drug materials; and g = 4 (k = 24 - 45), 22 other materials, including the compounds
used in the test measurements and some other materials, such as might commonly be
found, for example in airline baggage. The P(x,k) function shows a clear maximum at
the correct value of k, indicated by an arrow, for all of the test measurements shown in
fig 3b, thus demonstrating that FNSA provides a reliable method for identifying the
compound or material. For the detection of drugs or explosives in practice, it will
probably be sufficient to identify only the group g to which x belongs. This can be
represented by a function G(x,g), for g = 1 - 4, which is given by the sum of P(x,k)
values over the Ar-range spanned by the group g. Fig 3c shows plots of G(x,g) calculated
from the data presented in fig 3b. It is clear that FNSA screening will be reliable in
classifying materials into the categories appropriate for detecting these types of
contraband.

2.4 Location of contraband items in FNSA measurements
Contraband may be dispersed within a package, in small units or cells, to avoid

detection. Screening procedures therefore need to be capable of isolating, or focussing
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FIG. 3 (a) atom fractions at; (b) profile functions P(x,k); and (c) group profile
functions G(x,g) determined for samples of (left-to-right) methanol, ammonium
nitrate, water and ammonium acetate. In (a) histograms show calculated values,
and points on left (right) show measurements made without (with) lucite slabs in
positions SF and/or SB (fig 1). In (b) upper (lower) profiles were derived from
data measured without (with) these slabs inserted. In (c) the histogram in the left
(right) panel of each pair shows the group profile obtained without (with) slabs
inserted and the points show the profile strength P(x,k) determined for the correct
scattering sample.

on cells or "voxels" of some minimum volume (say 300 cm3) within the package, for
individual examination. The FNSA technique has been adapted to meet this need by
adding a combined rotation-and-translation scanning procedure [4,6] which we refer to
as a RT-scan.

The arrangement used for the RT-scan is illustrated in fig 4. The neutron shield
and collimator, the forward and backward neutron detectors, F and B, and the neutron
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FIG. 4 Schematic diagram of the RT-scan system showing the additional NE213
neutron detector Z, neutron beam N, translating table T, rotating turntable (disc)
D and scattering sample S, together with coordinates x, 8, r and <f> defined in the
text.

monitor M are the same as in fig 1. An additional neutron detector Z (NE213) is
mounted in the neutron beam N, to measure the transmission of neutrons through the
package D that is to be screened. Consider for the moment that D is a disc-shaped
container, of radius R and thickness a, equal to the diameter of the neutron beam. One
or more samples S are mounted inside D, among less dense, "innocuous" material. For
most of the test measurements that have been made this material was air. The container
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D is free to rotate about a vertical axis through its centre O. This axis is fixed to a
horizontal table T, which is mounted on rollers, allowing it to move horizontally in the
laboratory frame, LF, in a direction perpendicular to the neutron beam N. A coordinate
system is defined in the T-frame (rest frame of table T) with origin at O. The r-axis of
this coordinate frame coincides with the axis of rotation of D and the y-axis is parallel
to the neutron beam N. The table T moves in the jc-direction.

We confine our discussion to the two-dimensional problem of locating
samples such as S in the plane of D. The methods that we develop for dealing with this
problem can be extended to three dimensions, that is to a cylinder for which the
dimension a exceeds the diameter of the neutron beam, simply by introducing an
additional scan in the direction of the --axis.

The neutron beam N is scanned through the disc D by moving the table T
forwards and backwards (relative to the laboratory frame LF) in the direction of the
jc-axis. The disc is simultaneously rotated about the r-axis. Regarding the translational
motion as a translation of the neutron beam N in the T-frame, let x represent the
displacement of the beam N from the origin O, as shown in fig 4. The range of the
translational motion is from x - -R to R, so as to cover the diameter of the disc. The
rotation of D about the r-axis is measured by the angular displacement 0, which is
indicated by the pointer P on D. The position of the sample S in the D-frame (the rest
frame of D) is indicated by the polar coordinates (r, <f>), as shown in fig 4.

In the situation shown in fig 4, with S intercepting the incident neutron beam,
the number of neutrons detected by Z will be reduced by interactions of neutrons in S,
while the neutron detection rates in F and B will be enhanced by the neutrons scattered
from S. The condition for S in the beam (see fig 4) is

x = rcos(0 + <f>) (1)

The detection rates of F and B therefore increase, and that of Z decreases, at
translation-rotation coordinates (x, 6) which satisfy this equation. Detector rates are
measured as a function of 0 and x, during a RT-scan, to determine response functions,
defined as detector counts per monitor count as a function of 0 and JC. The sinusoidal
loci defined by eqn (1) can be identified in these response functions (eg figs 5 and 6) by
inspection or by a more sophisticated unfolding procedure, if necessary. The
"amplitude" r and "phase constant" $ of each locus then give the position of the
corresponding scatterer in the D-frame. These parameters may be obtained directly, by
reading the maximum
x-value xm of the locus and the angular displacement 6m at JC = xm. Then, from eqn (1),
r = xm and

<t> = -0m = 2n- 9m (2)

Figs 5 and 6 show results [4,6] obtained from some RT-scan measurements.
Fig 5 shows results obtained using a pair of scattering samples, a graphite sample at r =
60 mm, $ = 180°, together with a water sample at r = 100 mm, ^ = 90°. Fig 5a shows
data from detector Z, normalized to the same number of incident beam neutrons per
pixel, as determined by the neutron beam monitor M. Figs 5b-d show respectively, and
as ratios to the corresponding yield measured by the Z-detector, the yields of: (b)
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FIG. 5 Count ratios (x 1000) as a function of x and 6, measured for samples of
graphite and water at positions (r,$) = (60,180°) and (100,90°) respectively (r in
mm). The detector ratios shown are: (a) Z:M; (b) B:Z; (c) F:Z, H-suppressed; and
(d) F:Z, H-enhanced. Minimum ratio values corresponding to the different point
sizes used in each plot are indicated inside the respective frames.

backscattered neutrons measured by detector B (fig 5b); (c) forward scattered neutrons
measured using a pulse height threshold which suppresses neutrons scattered by
hydrogen (fig 5c); and (d) forward scattered neutrons measured using a pulse height
window which enhances the detector F response to neutrons scattered by hydrogen. The
sinusoidal loci (eqn (1)) produced by the samples are clearly visible in all the
distributions of fig 5, particularly the shadow loci obtained from the transmission
measurement (fig 5a). The positions (r, </>) of the two samples are clearly indicated by
the peak x-values of their sinusoidal traces. The relative intensities of the loci in figs 5b-
d also give information about the composition of the sample, as can be seen by
comparing the loci corresponding to the two samples. The two intensities are
comparable in the backscattering data (fig 5b). The graphite signal is stronger than the
water signal in the "hydrogen-suppressed" (Z> 1) window (fig 5c), while the reverse is
true, as expected, in the "hydrogen window" (fig 5d). These results demonstrate that
information obtained from the RT-scan measurements can be used to identify elements
in the scatterer, as well as to determine its position.
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FIG.6 As in fig 5, but for paraffin wax and ammonium nitrate samples at
positions (r,<j>) = (100,330°) and (60,90°) respectively (r in mm), and the
remaining space inside the package D packed with cotton clothing.

Fig 6 shows results obtained using a pair of scattering samples with all
surrounding space (within D) filled with cotton clothing, tightly packed to an average
density of 0.32 g cm"3. The samples and their positions were: paraffin wax (density p =
0.91 g cm'3) at r = 100 mm, ^ = 330°and ammonium nitrate (p = 0.88 g cm"3) at r = 60
mm, (j> = 90°. The presence of the cotton material increased the background (off-loci)
intensity significantly in these response function measurements. This background has
been suppressed by the choice of count threshold levels used for the plots presented in
fig 6, as can be seen by comparison with those used in fig 5. The contrast enhancement
attained in this way facilitates detection of the "explosive-like", nitrogen-rich,
ammonium nitrate sample and the "drug-like", hydrocarbon-rich, wax sample, even
when these are embedded in closely packed material, typical of that which might be
expected in airline baggage. The detailed features of the distributions and the variations
between them (figs 6b-d) can be used to analyze or characterize the respective
scatterers, as discussed for the measurements presented in fig 5. A quantitative analysis
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can be made by selecting and summing data corresponding to particular sine curves
(loci), for example in panels (a) - (d) of figs 5 or 6. The set of numbers thus obtained
for each locus will then characterize the scatterer at the point (r, 0) corresponding to the
sine curve. Results similar to those shown in figs 5 and 6 were obtained from a variety
of test measurements made using different sample configurations. These tests confirm
that RT-scans are effective in locating scattering samples and provide information that
can used to identify contraband materials.

2.5 The feasibility of screening for contraband by means of FNSA
The main objective of this project is to investigate the feasibility of using

FNSA to screen small-to-medium packages (0.5 m3) for contraband. The possibility of
using similar methods to screen larger packages such as standard cargo containers(2.5 x
2.5 x 6 m) is also of interest. An effective screening system, FNSA or other, needs to
achieve a high throughput rate and to be efficient and reliable in detecting contraband.
A system which incorporates two or more stages of screening appears to be a logical
way of meeting these requirements. The first stage will be a rapid screening designed
to identify those packages which appear to contain suspect contraband items. Second
and later stages will scrutinize more closely the "suspect" packages selected in the first
screening. The second screening can be slower because it should have fewer packages
to deal with, assuming that the vast majority of packages screened will normally be
"clean" packages. The first stage needs be efficient in selecting the correct packages
for further scrutiny. It is particularly important that it should achieve a low false
negative rate for identifying suspect packages, but not at the expense of a high false
positive rate, since this could lead to later stages being swamped with large numbers of
clean packages

The test measurements carried out using the systems shown in figs 1 and 4
provide data from which we can estimate throughput rates of possible FNSA screening
systems. In any practical application, factors like detector solid angles and incident
neutron intensities would be scaled up considerably over those used for the test
measurements, in order to reduce the time required to complete the FNSA screening.
For example, the solid angles of the B and F detectors in fig 1 could be increased by a
factor of about 25 by extending the scintillators into rings, with the neutron beam as
axis. With such an extension, together with a tenfold increase in incident neutron
intensity, which is also feasible, analyses such as those shown in fig 4 would require
about 3-8 seconds to complete. This would be acceptable for the second stage of the
two-stage type of screening procedure described above, but not for the first stage, since
about 1500 voxels would need to be screened in order to cover a 0.5 m3 package.

Work on FNSA during the year ahead will be directed mainly towards the goal
of determining how it can be implemented in practice and identifying actual situations
in which there may be an interest in testing the method. This work will also involve
consideration of alternative incident neutron energies, and different types of neutron
source, including both accelerator-driven sources and sealed-tube neutron generators.

3. DETECTION OF PLASTIC ANTI-PERSONNEL LAND MINES

Among the very large number of abandoned anti-personnel land mines which
now affect several areas of the world there are certain types which are small (mass <
300 gm), are encased in plastic and contain little or no metal. These plastic mines are
often particularly difficult to detect, because many of the efficient mine detectors
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available today are basically metal detectors and will produce high false alarm rates (in
response to metallic "clutter") when adjusted to detect small metal components. It is
generally recognized [3] that a set of several different types of mine detector will need
to be used in combination with one-another, in order to ensure that the wide variety of
anti-personnel mines (APM) now scattered in mine-affected areas are efficiently
detected. The work described below is directed specifically towards developing a
simple low-cost system for detecting plastic types of APM.

Most plastic materials and explosives are composed largely from the elements
H, C, N and O, and contain significant proportions of hydrogen. One of the well-known
and efficient ways of detecting hydrogen is to look for the energy-moderating effect
which it has on fast neutrons. When hydrogen-containing material is exposed to
neutrons of energy greater than about 1 MeV, a significant fraction of these neutrons
may have their energy reduced to thermal or epithermal values (< 1 eV) by multiple
neutron scattering on hydrogen nuclei (protons). Certain types of neutron detector are
available (or can be designed) which are particularly sensitive to low energy neutrons
and insensitive to fast neutrons. These detectors can therefore be used, in conjunction
with a source of fast neutrons, to detect hydrogen-containing materials such as plastics
and explosives.

The idea of using this method to detect plastic land mines or other hydrogen rich
objects is not new - see for example the contributions of Professor Hussein and Dr
Caffrey to this CRP [2] and the AGM [3] mentioned earlier. However, one of the
factors that may have discouraged development of mine detection by this method is
recognition of the fact that APM can be concealed in environments which already
contain a significant quantity of hydrogen, for example in the form of moisture,
vegetation or roots, and these can mask the response from the mine. The mine
detection system which we are developing is designed to cope with this problem. It
detects a change in the slow neutron signal rate associated with the difference in
hydrogen density between the APM and the environment in which the APM is
concealed. The instrument which is envisaged as the ultimate product of this work
incorporates a control which can be adjusted so as to neutralize or cancel background
signals from the surroundings, thereby enhancing the contrast between the surroundings
and the APM or other hydrogen-rich object.

Laboratory tests have been carried out using a "mine detector" assembled from
standard nuclear physics experimental equipment. The test bed is a layer of sand, of
area 1 m2 and depth 30 cm. A plastic disc M (see fig 7) is buried with upper face 10
mm below the surface of the sand, to simulate an APM. The mine detector, shown
schematically in fig 7, consists of a neutron source N, some shielding S, a low-energy
neutron detector D and electronics E to process signals from D. A coordinate system is
defined with origin O at the centre of M, x-axis horizontal and ^-axis vertical. The
neutron source N and the centre of D are constrained to the xy-plane and measurements
are made as a function of the coordinates x and y of the centre of neutron-sensitive
region of D. The test measurements completed to date have been made using neutron
sources N of either 252Cf or americium-beryllium (AmBe), shields S of lead and/or
borated polyethylene, and different types of neutron detector D (6Li-loaded glass
scintillator, 6LiI(Eu) scintillation crystal, or a 10BF3 proportional counter).

Fig 8 shows some results obtained using a detector consisting of a 252Cf source
N, which provided 4 x 105 neutrons s"1 (into An), a 22 mm thick lead shield S, and a
NE905 6Li-loaded glass scintillator (40 mm diam x 12 mm) as neutron detector D. A
nylon disc M, of mass 68 gm, diameter 60 mm and thickness 10 mm, simulated the



12

APM in these measurements. The electronics E incorporates a pulse height window to
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M

FIG.7 Schematic diagram of detector for plastic anti-personnel mines.

select signals corresponding to the 6Li(n,a)3He reaction which detects thermal and
epithermal neutrons in D. Selected signals are processed by additional "contrast-
enhancing" circuitry to generate a digital audio output (beeps). This circuitry can be
adjusted to a setting at which the beep rate changes from low (< 0.1 s"1) to high (> 1 s"1)
as the detector is moved from an "off-mine" position (x > 10 cm) to positions close
tothe mine. The design and details of the contrast enhancing system are proprietary
information at the moment.

Fig 8a shows the detector count rate C in the pulse height window (of E) as a
function of x, for y = 24 mm. The count rate C reaches a maximum at x = -20 mm
because the product of the solid angles subtended by M at N and D respectively is a
maximum at this position. Fig 8b shows the contrast-enhanced output (beep rate) B as

600 (b) 12

-16

8 8

CL

8.
CD
CD

CQ

4 -J
JL

.—i—*. ,n i-

-16 -8 0
x (cm)

16



ft
13

FIG.8 (a) Detector count rate C and (b) beep rate 5, as a function of the detector
position coordinate JC (fig 7), for v = 24 mm.

function of JC, obtained from the same set of measurements. As can be seen from this
figure, the "mine" M is very clearly indicated and located by the increase in beep rate
from 0.1 s"1 to about 9s"1. Table 1 shows measurements of the window rate C and the
beep rate B as a function of v at the "peak position", JC = -20 mm. Both rates drop
rapidly to their "off-mine" (background) values as v is increased, as may be expected
from the solid angle dependence already noted. Nevertheless, even at v = 45 mm,
which corresponds to a standoff distance (between sand surface and lower surface of D)
of 28 mm, the presence of M is still clearly indicated by the increase in B from 0.1 to
0.9 s"1.

TABLE 1. Count rates as a function of v, for JC = -20 mm

y{mm)

C(s"1)
B(sl)

24

536
9.3

36

437
2.2

45

390
0.9

51

372
0.6

60

345
0.1

The data obtained from these measurements and from measurements made with
other combinations of the options listed for N, S and D indicate that this type of
detector should be useful for detecting plastic APM. The hydrogen content of many
listed types of plastic APM [7] is similar to, or larger than, that of the nylon disc M used
in these measurements, hence sensitivities comparable to those observed in the tests
should be attainable in actual demining operations. Sensitivity could be increased by
using a stronger neutron source or another type of source such as a sealed tube neutron
generator. Tests have also shown that the mine detector is insensitive, as expected, to
objects which do not contain hydrogen and thus, in particular, to the metallic clutter
which is likely to be found in conjunction with abandoned APM at sites of former
conflict regions. We plan to construct a prototype model of a low-cost, hand-held
version of the mine detector. This will be tested in the field as well as in the laboratory.
Field tests will be undertaken in collaboration with other groups now working, in South
Africa, on the development of APM detection technology. These include groups based
in the Department of Electrical Engineering at the University of Cape Town and at the
Council for Scientific and Industrial Research, in Pretoria.
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FIG. 1 Schematic diagram of the geometry used for FNSA test measurements-
showing: NE213 neutron detectors, F, B and M; degrader foil DF; scattering
sample S; and attenuator positions SB and SF. Distances are indicated in mm.

FIG.2 Atom fractions ah measured (points) and calculated (histograms), for six
different compounds, (i)-(vi). The measurements are based on two different
scattering signatures, (a) and (b) (see text) and the points indicate different
elements as follows: crosses, H; solid circles, C: open triangles. N; open circles,
O; solid triangles, Al; diamonds, S; open squares, Fe; solid squares, Pb. The six
compounds are: (i) methanol; (ii) ammonium nitrate: (iii) acetamide; (iv)
ammonium acetate; (v) aluminium oxide; and (vi) iron sulphate crystals.

FIG. 3 (a) atom fractions a;, (b) profile functions P(x,k)\ and (c) group profile
functions G(x,g) determined for samples of (left-to-right) methanol, ammonium
nitrate, water and ammonium acetate. In (a) histograms show calculated values,
and points on left (right) show measurements made without (with) lucite slabs in
positions SF and/or SB (fig 1). In (b) upper (lower) profiles were derived from
data measured without (with) these slabs inserted. In (c) the histogram in the left
(right) panel of each pair shows the group profile obtained without (with) slabs
inserted and the points show the profile strength P(x,k) determined for the correct
scattering sample.

FIG. 4 Schematic diagram of the RT-scan system showing the additional NE213
neutron detector Z, neutron beam N, translating table T, rotating turntable (disc)
D and scattering sample S, together with coordinates x, 9 r and <f> defined in the
text.

FIG. 5 Count ratios (x 1000) as a function of x and 9, measured for samples of
graphite and water at positions (r,</>) = (60,180°) and (100,90°) respectively (r in
mm). The detector ratios shown are: (a) Z:M; (b) B:Z; (c) F:Z, H-suppressed; and
(d) F:Z, H-enhanced. Minimum ratio values corresponding to the different point
sizes used in each plot are indicated inside the respective frames.

FIG. 6 As in fig 5, but for paraffin wax and ammonium nitrate samples at
positions (r,<p) = (100,330°) and (60,90°) respectively {r in mm), and the
remaining space inside the package D packed with cotton clothing.

FIG. 7 Schematic diagram of detector for plastic anti-personnel mines.

FIG.8 (a) Detector count rate C and (b) Beep rate B, as a function of the detector
position coordinate x (fig 7), for v = 24 mm.
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The Behavior of Moisture Content
in Durian after Harvesting by Neutron

Reflection and Transmission Techniques.
T. Chimoyc and M. Fuangfoong
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Thammasat University. Rangsit Campus. Pathumtham. Thailand.

Abstract
Dunan have been exported during these past several years. The quality of Durian is \er\

important but the method to check its quality still not reliable The old tradition to check the quality is
the counting time after blossom method. The mam factor that influents to the quality of Durian is the
moisture content which decreases with time during its growth and also after harvested. The propose of
this study is to study about the moisture content after harvesting by using Neutron Reflection and
Transmission technique. From the test results, it was found that these techniques can be used to study
the behavior of the moisture content in Durian. which correspond with the weighting method

Introduction

Durian is one of exported fruits of SouthEast
Asia Countries, such as Indonesia. Malaysia
and Thailand For Thailand, fresh Durian
earned about 800 million Baht per year | l . 2 | .
There are more than 100 clones available in
this region out of which only a small number is
utilized by the farmer. In Thailand, the popular
clones are Kop. Chance. Kan Yau and Man
Thong. The typical characteristics are round to
oval m shape, green to brownish green in color
and the flesh is golden yellow, soft and sweet
as shown in Figure I. The quality of Durian
depends on the moisture content, which is
about 64.1% for edible portion [3|. It was
predicted that the moisture content of Durian
decreased with time during its growth and also
after harvesting as shown in Figure 2.
Although Dunan has been exported for more
than decades but the standard to check its
qualilv was not established yet. The old
tradition method is counting time method. The
period of about 95-120 days after blossom,
which depends on the clone and planting place,
is needed before the harvesting. After
harvested, the waiting period is about 7-14
days, which depends on temperature and
humiditv of the environment, before it can be
consumed. The other techniques are hearing

the different sound when hit it and smelling its
smell. In this study, the Neutron Reflection and
Transmission techniques |4.5.6| were adapted.
A system of a 3 mCi Am-Be neutron source b\
using BF-, detector as the neutron probe was
developed to determine the moisture content in
Durian

I. Typical characteristics of Dunan
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l-)i>urc 2 Predicted moisture content in Durian.

Experiment Procedure

Two nuclear techniques. Neutron
Reflection and Neutron Transmission . were
used in this research to study about the behavior
of the moisture content in Durian by using Am-
Be neutron source of 3 mCi. BF; thermal
neutron detector and electronics modules.
Firstly. The Neutron Transmission technique is
the measurement of the neutron particle, called
transmitted neutron, which transmit through the
sample as shown in Figure 3.

- Am-Bc Source

Load

Cadmium
Paraffin

BF, Detector

Multi-channel
Analv/cr

Amplifier

Figure 3 The arrangement of Neutron
Transmission technique.

In order to have the neutron beam, the
neutron source was placed in a 15 cm diameter
and 15 cm deep lead collimator The transmitted
neutrons were measured by BF-, detector, which
was embedded in 10 cm thick of paraffin

cylindrical block To reduce the background
from the source, sample and surrounding the
paraffin block was shielded with a 0.1 cm thick
cadmium sheet The distance between the source
and the detector was 30 cm and the measuring
period was 30 minutes By this technique, the
variation moisture content of the Durian can be
measured by the counting rate of the transmitted
neutron. The increasing of counting rate means
the decreasing of the moisture content.

Secondly. Neutron Reflection
Technique, is the measurement of the neutron
particle, called thermal neutron. which
reflected from the sample The source-sample-
detector geometry is shown m Figure 4. The
source and the detector were embedded in a
cylindrical paraffin block of diameter 30 cm
and of height 30 cm. In order to increase the
signal-to-background response. the BF ;

detector was shielded by a 0 1 cm cadmium
sheet except the side that close to the sample
The thermal neutrons were measured for 5
minutes. By this technique, the variation of the
moisture content in Durian can be measured
also by the counting rate. But in the opposite
way with the first technique, the decreasing of
counting rate means the decreasing of the
moisture content.

Cadmium

BF, Detector

Source

Paraffin

Multi-channel
Analvzer

Figure 4 The arrangement of Neutron
Reflection technique.

The results from the nuclear
techniques were compared with a simple
weighting technique The decreasing of weight
of Durian means the decreasing of the moisture
content.
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Results and Discussion

Three different sizes of Durian were
utilized in the research. Figure 5 shows the
relation between the weights with tune of
Durian after hanested. It can be founded that
the weight of Durian linearly decreased with
time at the first 5-7 days after harvested. The
weight decreased about 10-15%. which
depends on the temperature and humidity in
the em ironment.

I 5"

1.25

o.~5 I

(I.Ml

i

50 loo |So 2O(i

Time after harvested (hours)

I-'igure 6 The relation between relative weight

with time after harvested and relative

count rate from the Neutron

Transmission technique.

1.2r

50 100 150
Time after hanested (hours)

200

Figure 5 The relation between weight of Durian
with time after hanested of three
different sizes.

Figure 6 shows the relative count rate
from the Neutron Transmission technique
compared with the relative weight from the
weighting method. The relative count rate
linearly increased with time, which reversed
with the weighting method. It implies that the
counting rate of transmitted neutron increases
when the moisture content in Durian decreases.
These results are in conformity with the
weighting method.

The results of the Neutron Reflection
technique are shown in Figure 7. The relation
between the relative count rate with time is
linear but the slope of the relation is opposite
with the results from the Neutron Transmission
technique. The trend of the relative count rate-
time corresponds to the weight-time relation
but the slope is less than the weight-time
relation It implies that the thermal neutron
decreases with the decreasing of the moisture
content in Durian.

at

1.0

0.8J-

0.6
0 50 100 150 20i)

Time after harvested (hours)

higurc 7 The relation between relative weight
with time after harvested and
relative count rate from the Neutron
Reflection technique.

Conclusion and Recommendation

From the results of the counting rate
b\ using Neutron Reflection and Neutron
Transmission Techniques, it can be concluded
that the behavior of the moisture content in
Durian after harvested can be studied by these
techniques These techniques should be applied



and <Je\ eloped to stud\ the moisture content
during the growth period of Durian. I he
experiment system should be developed in
order to have a high sensitivity and a short
period of measurement.
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Next year Plans

1 Modification of the set-up shown in Figure
3 and 4 to increase the signal-to-
background ratio and decrease the time for
analysis.

2 Development of electronic parts for a
complete counting system.

3 Measurement the water content in rice
flour and potato flour
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1. INTRODUCTION

According to the scientific scope and proposed programme goals of the IAEA
CRP on "Bulk Hydrogen Analysis using Neutrons" the reflection, transmission and
scattering techniques were improved for the measurements and calculations of hydrogen
contens in different matrices.

The high penetrating ability of neutrons and the neutron induced gamma-rays
renders possible the determinations of concentration and depth profile of hydrogen in bulk
samples. Neutron reflection, scattering and transmission methods are widely used for the
determination of hydrogen and moisture contents in geological, agricultural and industrial
samples as well as in explosives, illicite drogs and other contraband materials [1-4].

Sensitivity and spatial resolution of the neutron based methods depend on the
signal-to-background ratio which is related to the dimension and type of the sample to be
investigated. Both the neutron leakage spectrometry and neutron reaction analysis require
the knowledge of the flux density spectrum [(|)(En)] (n/cm2s MeV) of neutrons at a given
point inside the sample or averaged over the extended interrogation region. Recently some
measurements and calculations on the neutron fields produced by Pu-Be, 252Cf, 2H(d,n) in
various samples were carried out [5-7].

Spectral shape of elastically backscattered Pu-Be neutrons from slabs of different
substances was measured and calculated. Results were compared with the calculated
values by using the three-dimensional Monte-Carlo transport code MCNP-4A[10] and
point-wise cross sections from different data libraries.

The neutron reflection method used for the determination of hydrogen in various
samples (crude oils, coal, polyethylene covered metals) has been improved [8]. The
concept of the reflection cross section of thermal neutrons as a microscopic parameter for
the characterization of the reflection property of substances was introduced [9].

2. EXPERIMENTAL PROCEDURE

Measurements of leakage and elastically backscattered (EBS) spectra of neutrons
from a Pu-Be source of 3x106 n/s yield were based on a Pulse Height Response
Spectrometer (PHRS). The 5cm x 5cm cylindrical NE213 liquid scintillator rendered
possible the pulse shape discrimination to reject gamma-ray induced pulses. The energy
calibration of the PHRS system was carried out by neutrons from the 2H(d,n), 3H(d,n) and
252Cf sources. A modified Flyspec [11] code was used in our unfolding procedure.
Samples of different thicknesses with 30 x 30 cm cross section were used in these
investigations. The source-sample-detector geometry for slab and spherical samples is
shown in Figs. 1 and 2.



Flux density spectra of EBS neutrons were measured both in free and iron shadow bar
arrangements.

Principle and technique of the determination of the reflection cross section (ap) of
thermal neutrons have been described in detail elsewhere [9]. Similarly to the concept of
albedo and removal cross section of neutrons, the ap can characterize the reflection
property of a sample. The microscopic, ap, and macroscopic, Ep, reflection cross sctions
depend not only on the elemental composition of the reflector substance but also on the
geometrical circumstances of the measurement. However, for a given source-sample-
detector arrangement, the ap values are related to the thermal neutron reflection properties
of the sample to be investigated. Relation between the relative number of counts,
R = (I-Io)/ Io, measured with (I) and without (Io) a sample and the Op is given by

R=CNdap=Cn<jp/S (1)

where n, N, S and d are the total number of atoms in the sample, number of atoms in cm3,
surface of the sample in cm2 and thickness of the sample in cm, respectively. The quantity
Nd = mA/MS is obtained from the mass (m) and the atomic weight (M) of the sample,
where A is the Avogadro's number. From eq. (1) the ap in cm2 is

ap =RS/Cn (2)

Substituting in eq.(2) C=10"24 cm2 the value of ap is given in barn. If the reflector
substance consist from molecules with atoms of different cross sections we have

^ p . - = X*i°i* = R/CN
mold = RS/Cnmt (3)

where Nmoi is the number of molecules per cm3, n^i is the total number of molecules in
the sample and n, is the number of atoms of type i with cross section api in the molecule. It
was found that the cross sections are additive and api is constant for liquid, powder and
solid samples up to about 1 cm tickness.

3. RESULTS AND CONCLUSIONS

Leakage spectra of neutrons measured in a spherical geometry (Fig.lA) for H2O,
SiO2, paraffin oil (CH2) and coal samples are shown in Fig.3. The attenuation of neutrons
in the presence of hydrogen is clearly demonstrated. As shown in Fig.3 the calculated
relative spectral yields for H2O, CH2 and SiO2 using the MCNP-4A code agree well with
the measured values in the 1.3-12 MeV neutron energy range. Effect of water on the
shape and magnitude of the leakage spectra for SiO2 matrice was calculated in the 0-16
w% range [12].

Spectral yields of elastically backscattered Pu-Be neutrons from slabs of different
samples (graphite, H2O, CH2, SiO2, Lq. N2, NH4NO3, Al, Fe, Pb) have been measured as a
function of thickness in the geometrical arrangements shown in Figs. IB and 1C. Some
of the measured and calculated typical spectra of EBS neutrons are shown in Fig.4.
It was found that the statistics and through it the net spectral yield is more accurate in the
presence of an iron shadow bar because the direct beam from source is decreased by a
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factor often at the detector while the covered area of the sample is small as compared to
the total surface. The covered areas by the shadow bar for the sample and the detector
are 3 % and 35 %, respectively. The relative spectral yields can be well described by the
MCNP-4B code using the ENDF/B-V, ENDF/B-VI and FENDL (Si-nat) data libraries.

As shown in Fig. 5 the integrated net relative spectral yield vs. sample thickness
exhibits saturation curves which can be well approximated by the following expression

Y(x) = Yo(l-e*x) (4)

where the saturation yield, Yo, and the EBS coefficient, K, are deviate significantly for the
different materials.The low saturation yields for H2O and CH2 as compared to the SiO2 and
C are related to the attenuation of EBS neutrons in the hydrogenous samples. For water
and paraffin oil the saturation is achieved at about 8 cm sample thickness while for SiO2,
Al and graphite the maximum in the Yo is between 12-16 cm. This observation was proved
by the combination of 4 cm H2O and 16 cm SiO2 layers. As shown in Fig.6 the EBS
neutrons from water can be detected only if the layer is placed in front of the SiO2 sample
[13]. Measurements on the integrated spectral yields vs. sample diameter using 5 cm thick
8-Caprolactam disks have indicated that the saturation is achieved at about 50 cm diameter
(Fig.7) whether or no shadow bar is present. The contribution of the unit volume to the
spectral yield as a function of average radius of a ring-shaped sample (Fig.2C) has also
been determined. It was found that the yield decreasing exponentially with increasing the
average radius of the ring (Fig.8).

As a conclusion of the above mentioned results it should be noted that the
interrogated volume by using the EBS neutron technique based on a broad spectrum does
not exceed a value of 10-15 litres, especially if the element to be detected is distributed
inhomogeneously.

Leakage spectra of neutrons depend on the integrated density of elements between
the neutron source and the detector and on the interaction cross sections. The knowledge
of the spectral yield of neutrons as a function of incident energy is indispensable in many
fields of applications including the multi-elemental analysis of bulk samples. The neutron
leakage spectrometry combined with the detection of promt gamma-rays can be used also
for the bulk hydrogen analysis.

Spectra of neutrons from the 9Be(d.n)10B, 2H(d,n)3He and Pu-Be sources passing
through slabs of water, graphite, Al, Fe and Pb up to 20 cm thickness were measured by
the PHRS system in the 1.5-15 MeV range. The measured leakage spectra have been
compared with the calculated results obtained using the three dimensional Monte-Carlo
code MCNP-4A and point-wise cross sections from the ENDF/B-IV, ENDF/B-VI and
JENDL-3.1 data file. A comparison of the measured and calculated data has shown that
the MCNP code with the appropriate library can approximate reasonably the measured
leakage spectra [14].

The spectral yield for coals of different origins using Pu-Be neutrons have also
been measured in a transmission geometry (Fig.2A). Results in Fig.9 show that a small
difference can be observed in the two types of coals. A combination of graphite and
polyethylene layers has indicated (Fig. 10) that the transmission method is less sensitive to
the depth distribution of the different substances than the EBS neutron technique [15].
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TABLE 1. Reflection cross sections of thermal neutrons for some elements and molecules

Sample

Graphite

C6H6

C7H16

CgHjo

C5H1 2N4

Al

Zn

ZnO

Nb2O5

Ni

Pb

Deduced element

C

H

H

H

<H>

N

0

0

<0>

Cpnx>i ( b a r n )

-

123.0+2.0

293.9+5.0

196.9+1.0

244.0±4.0

-

-

5.3±0.4

21.0+1.0

ap(barn)

3.15±0.15

17.35

17.0

17.16

17.17±0.3

4.80±0.5

0.9510.15

2.7±0.15

2.6+0.35

2.6+0.26

2.6±0.3

9.0±0.4

7.15+0.5

TABLE 2. Relative values of reflection and elastic scattering cross sections of thermal
neutrons

Element

H

C

F

Na

Mg

Si

Fe

Cu

Sr

Pb

Rp=aM% H

ap,H=17.17barn

18.35

13.98

10. 74

12.5

7.63

37.27

26.21

18.52

41.64

R E L ~ <JEL,X /CTEL,H

<*EL,H =29.026 barn

17.01

14.14

10.65

12.4

7.62

39.2

27.02

18.48

38.93

R,/REL

1.078

0.988

1.008

1.001

1.001

0.950

0.970

1.002

1.07

Accepted
library

JEF

JEF

JEF

JENDL

JENDL

CENDL

CENDL

JENDL

BROND
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For demonstration the reflection cross sections for some elements and compounds
are summarized in Table 1. It should be noted that the relative volues of ap normalized to
the hydrogen are independent of the geometrical arrangement. A definite correlation
was found between the ap,x /<7p,H data and the elastic scattering cross sections CEL,X /<TEL,H

averaged over a room-temperature Maxwellian distribution of neutrons.

Some typical results are shown in Table.2 for the measured and calculated
CTP.x /<Jp,H ratio.The accepted data libraries in Table.2 are based on the JEF Report [16].
The op values rendered possible to calculate the thickness of different samples for which
the neutron reflection is equivalent, e.g. to 0.1 mm polyethylene.

Various combinations of metal and alloy layers with thin polyethylene foils
rendered possible to determine both the detection limits of hydrogen in different samples
and the matrix effects. Samples of few mm thick and 10 cm diam. prepared from graphite,
paraffin, teflon, Al, Zn, Fe, Cu, Ni and Pb were used as matrices for hydrogen
determinations. The thickness, d, of the matrices equivalent to 100 urn polyethylene in
neutron reflection have also been determined.

The comparison is based on the excess count rates R = (I-Io)/Io measured with (I)
and without (Io) sample using the reflection arrangement. A value of 18 %/mm was
obtained for the slope of the R vs. polyethylene thickness function for Al matrix, i.e. for a
100 urn thick polyethylene R = 1.8 %. Data indicate that for a few mm thick samples, a
polyethylene layer of about 50 urn can easily be detected by the thermal neutron reflection
method.

In addition, the effect of spatial distribution of hydrogen on the neutron reflection
parameter has also been studied. Samples prepared in different configurations of
polyethylene and matrix substances were placed in the measuring equipment for the
determination of the effect of depth profile of hydrogen on the excess number of counts.
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COMPUTATIONAL AND EXPERIMENTAL RESEARCH ON HUMIDITY
MEASUREMENTS OF COKE AND/OR CEMENT"

CYWICKA-JAKIEL T., LOSKIEWICZ J., TRACZ G.

Institute of Nuclear Physics, 31-342 Krakow ul. Radzikowskiego 152, Poland

1. INTRODUCTION

Coke used in an iron making process shows significant spatial variation of the
moisture and bulk density therefore the FNGT - Fast Neutron and Gamma-ray
Transmission method [1],[2],[3] is this promising technique which permits coke
moisture to be determined independently of the thickness and density variations. In
FNGT technique, the transmission of fast neutrons depends mainly on hydrogen
concentration and mass per unit area, whilst hard y-ray transmission depends only on
mass per unit area. Combination of results of neutron and y-ray transmission
measurements permits H to be determined independently of mass per unit area.

As coal and coke are a very heterogeneous material, correct measurement of the
moisture and density requires simultaneous neutron and y detection from the same part
of the sample. To assure this demand neutron and y rays from the same source and one
neutron and y-rays detector are more suitable. In such a case, the sample volumes
penetrated by a two radiation beams, strictly agree.

The FNGT technique can be used in the on-belt as well as in hopper-mounted
gauges for coke thickness ranging from 50mm to over lm.

For several Polish steelworks (,,Se_dzimir", ,,Katowice", ,,Cze_stochowa",
,,Pokoj") where the hopper-mounted gauge ,,MWK-3B" (developed in our Laboratory
in early 70s) based on neutron slowing-down method was implemented, new
implementation based on FNGT for falling material geometry may be interesting.

To assure high accuracy of coke moisture measurement the optimisation of
FNGT measurement is needed. This include optimisation of the source, shielding,
collimators and sample configuration, which permit high detection efficiency, good
count rate stability and high sensitivity of detected neutron flux to changing moisture
content of coke. Therefore during first year of CRP realisation the computer modelling
of geometry configuration for the FNGT technique in falling material geometry for
coke industry were performed.

Results of modelling calculations of the FNGT geometrical and material
arrangements are presented in paragraph 2 of this Report. Paragraphs from 2.1 to 2.3
concern choice of proper materials for source shielding and collimators. Paragraph
2.4 contains results for geometry optimisation. In paragraph 3 ,,Summary" is
included.

2. COMPUTER MODELLING OF THE FNGT GEOMETRICAL AND
MATERIAL ARRANGEMENTS.

It is well known that discrete ordinates methods are suitable for neutron and y-rays
transport problems for large scale geometry, but have limited usefulness for complex,
small size geometries. Therefore for detailed calculations - concerning geometry
arrangement including the source shielding with collimator system inside, detector and
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coke sample of changing moisture content- the Monte Carlo technique has proved
more useful. For the computer studies of FNGT geometry configuration the MCNP 4.2
- coupled neutron/photon Monte Carlo transport code [4] for IBM RISC 6000 have
been used.

During first year of CRP realisation the computer studies of FNGT geometry
configuration for coke hopper gauge were performed to choose:

• proper Am-Be source shielding (material and geometry)
• proper materials for collimating the neutron and y beams from this source
• proper collimator dimensions and sample configuration to assure good neutron

statistics, good-collimation of neutron beam and high sensitivity of detected
neutron flux to variable moisture content of coke.

Determination of coke moisture content with good accuracy requires high
neutron statistic and high sensitivity of transmitted neutron flux to moisture changes.
Thus MCNP4.2 calculations for optimisation of the FNGT geometry was
concentrated on both: maximising neutron statistics and sensitivity of detected
neutron flux to moisture changes.

For calculations the neutron energy spectrum of Am-Be source have been used
as this source will be used in further experiment. In our laboratory we have Am-Be
neutron source. At the moment the possibility of purchase of Cf-252 source seems
quite remote.

The geometry configuration, which has been chosen as a basis for the
MCNP4.2 input file, is presented in Fig 1 on page 3. Diameter §\ and height Zi of
the cylindrical shielding vessel are 900mm and 850mm correspondingly.

Dimensions of the source housing: outer diameter <j>3=40mm, inner diameter
<t>4=23mm, outer height=57mm, inner height=50mm give thickness of the source
housing of about (7-5-8.5)mm. Appropriate material for source housing has been
chosen after computer modelling based on MCNP4.2 code.

Beam collimator of a cylindrical shape is situated inside a neutron shielding
material. Collimator length (h) and its inner diameter <j>5 has been chosen by
computer modelling. A collimator wall thickness of about 88 mm corresponds to its
smallest inner diameter (<))4=23mm).

Cylindrical sample container whose diameter amounted to 900mm was
considered as being made from iron plates with thickness of 10mm. Sample
thickness Z3 of about 920 mm was assumed for computer modelling after consideration
of the industrial arrangement.

For simplicity detector has been considered as a having 100% efficiency regular
air cylinder of 50mm diameter and 130mm length, which corresponds to real size of
NE213 liquid scintillator.

Z2 and Z4 distances ( Fig. 1) equal to 100 mm have been used in a first stage
of MCNP4.2 calculations for an optimisation of a collimator dimensions. After
choosing proper diameter and lenght of collimator, optimisation of geometry
configuration including matching of ZT and Z4 was also done.
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For simulation of an empty container air as a sample material was used. Calculations
for simplified coke models have been performed to evaluate neutron beam
deterioration and attenuation after being transmitted through a coke sample and to
choose optimal geometrical arrangements which assure high neutron statistic and high
sensitivity of detected neutron flux to moisture changes. ,,Signal/noise" was
introduced as a ratio of calculated neutron fluxes: at a cylindrical detector volume
and at volume of air cylinder of diameter 90cm and height Z4= 10cm (see Fig. 1) as
this ratio is a good indicator of a beam deterioration or broadening - caused mainly by
scattered neutrons, which are a ,,noise" for transmitted neutron beam

Track length estimate of the neutron and y flux at a detector, in units (n/cm2)
or (y/crrr), resulting from MCNP4.2 code has been used in the search for optimal
collimator length and diameter and for the best kind of material to be used for
source shielding and collimator.

2.1 SOURCE-HOUSING

Results of MCNP calculations performed for Pb, graphite (1.6 g/cm3) and
tungsten as source-housing materials (see Fig. 1) show 14% and 2 5 % better fast
neutrons reflection properties of Pb than for graphite and tungsten. As a consequence
of these calculations we decided to use Pb as a source housing, Pb has not only good
reflection properties for fast neutrons but also is a good attenuator and collimator for y-
rays, this advantage is useful for FNGT.

2.2 NEUTRON SHIELDING MATERIAL

For choosing the most effective neutron shielding material for Am-Be source,
paraffin and borated paraffin (3wt% B) were examined by MCNP 4.2 code for an
air ,,sample" 92 cm thick. Their influence on neutron beam deterioration for different
lengths of polyethylene collimator (2.3 cm inner diameter) were tested. For
collimator length of 10cm ,,signal/noise" ratios 1.59 and 1.61 were obtained for
paraffin and borated paraffin respectively. For longer collimator borated paraffin
shows -2.5% higher ,,signal/noise". This is a slight difference between
,,signal/noise" ratios as a source-detector distance is high. Borated paraffin is a more
effective neutron shielding material which assures lower dose rates and for this
reason will be used for an experimental work.

2.3 MATERIAL FOR COLLIMATOR

Four materials: graphite, polyethylene (CH2)n, borated polyethylene and
plexiglass (C5H8O2) were tested by MCNP 4.2 code, to choose the most appropriate
material for collimating neutron beam from Am-Be source. In Fig.2 is shown the
obtained neutron energy spectrum for graphite, polyethylene and plexiglass as
collimating material. Calculations were performed for collimator length and diameter
equal to 10 cm and 2.3cm respectively.



250

^ 2 0 0
.o
c

150

3
5=

c
V

3
a>

50

graphite cotiimator: 10cm length. 2.3cm diameter
plexiglass collimator: 10cm length, 2.3cm diameter
polyethylene collimator: 10cm length, 2.3cm diameter

Source surroundings: Pb and paraffin

AIR

3 4 5 6 7

Neutron energy (MeV)

10

Fig.2. Calculated neutron flux at a detector vs. neutron energy, for three
different collimators.

From Fig.2 can be seen that for polyethylene collimator more neutrons of higher
energy (4 -̂5 MeV) can be obtained and this is an advantage for thick coke samples
where higher neutron absorption is encountered. Additional calculations for borated
polyethylene (polyethylene+3wt% B) show slight improvement of beam quality
particularly for collimator length above 25 cm, for shorter collimators difference
between both results is negligible. For graphite, plexi and borated polyethylene
,,signal/noise" is equal to: 1.14, 1.42 and 2.00 respectively, for collimator length of
10 cm and diameter of 2.3 cm. These results indicate that borated polyethylene or
pure polyethylene are an appropriate materials for neutron collimator. For the next
MCNP4.2 modelling calculations borated polyethylene was assumed.

2.4 GEOMETRY OPTIMISATION

In the hopper gauge geometry a high thickness of coke is encountered, which
leads to high neutron flux attenuation. Therefore the geometry optimisation should be
concentrated on obtaining good neutron statistics and high sensitivity of transmitted
neutron flux to moisture changes. MCNP4.2 modelling of geometrical arrangements
was concentrated on maximising both: sensitivity of detected neutron flux to moisture
changes and neutron count rate.

As was mentioned earlier high thickness of coke (92 cm) was assumed for
computer modelling after consideration of possible industrial arrangement. MCNP4.2
calculations for coke density of 0.6 g/cm3 and its simplified composition were
performed.



In coke models ash was simulated by SiO2only, water content was changing
from 2wt% up to 10wt% and carbon content was assumed to be a constant:

(A) 74 wt% C + 24 wt% SiO2 + 2 wt% H2O
(B) 74 wt% C + 22 wt% SiO2 + 4 wt% H2O
(C ) 74 wt% C + 20 wt% SiO2 + 6 wt% H2O
(D) 74 wt% C + 18 wt% SiO2 + 8 wt% H2O
(E) 74 wt% C + 16 wt% SiO2 + 10 wt% H2O

Influence of different length of borated polyethylene collimator on ,,detected"
neutron flux were tested for (A) coke model and results are presented in Fig.3.
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Fig.3. Calculated neutron flux at a detector vs. length of collimator for (A)
coke model.

From Fig.3 can be seen that total neutron flux (O'„)"*' transmitted through a

coke rapidly decreases for collimator length up to 15 cm as its attenuation in thick
coke sample is high. In the Table 2.4.1. calculated values of total neutron flux for

a coke (O[,)"*' and for an empty vessel ($}'„)" are shown. Their ratio

and ,,signal/noise" values are also included.
(*:)'



Table. 2.4.1 Comparison of calculated total neutron fluxes (^ l ) and

as a function of the collimator length.
Collimator (polyethylene + 3wt%B), inner diameter = 2.3 cm.

collimaior
length
[cm]

10

12

15

20

25

30

33

Multiply by I0"7

(*:r
r'V 2 i
L ' c m J

6.284 ±1.102

4.347±O.87O

1.841 ±0.598

1.275 ±0.518

1.737 ±0.580

1.158 ±0.481

0.811 ±0415

(*:)"*

L ' c m J

52.000 ±8.76

37.750 ±3.545

31.095 ±.1274

26.204 ±.i 024

22.988 ±2.901

22.396 ±2.878

0.121

—

0.049

0.041

0.066

0.050

0.036

,,signal/noise"

coke

1.47

1.11

0.88

1.22

2.74

3.30

2.97

,,signal/noise"

air

1.99

—

2.60

4.17

6.72

10.64

14.36

For collimator length of 10 cm total neutron flux (O^)"*" falls to 12% of its

primary value in an air ,,sample". For longer collimator neutron flux falls to 5% of
its value in an air. Therefore its relative error is rising significantly for collimator
longer than 10 cm. Presented results show that although longer collimator assures well
collimated beam (high ,,signal/noise" ratio) for an air ,,sample", for thick coke
sample its use is of disadvantage because of high neutron flux attenuation and high
relative error of detected neutron flux. Thus to assure higher neutron statistics and
lower relative error of ,,detected" neutron flux collimators of lengths 10cm or
12cm are considered.

For coke models A, B, C, D, E of constant sample density (0.6 g/cm3)
usefulness of Am-Be neutron source for thick coke samples measurements was
examined. For this purpose different thicknesses of coke sample were used for
calculations. Borated polyethylene collimator of length and diameter equal to 10 cm
and 2.3cm respectively was assumed. In Fig. 4 dependence of total neutron flux
<J>n' on thickness of coke sample with changing moisture content is shown.
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Fig.4. Calculated neutron and y fluxes vs thickness of coke sample.

The results of Fig.4 show remarkable differences in the slopes for higher
thickness of the sample. Sensitivity of <()„' to the moisture changes from 2wt%
to 10wt%H2O can be expressed as the ratio of total neutron flux changes A<j)n

l to
respective neutron flux value for coke in ,,dry" state (2wt% H2O).

^ 1 0 0 = 1 0 0 (1)

where <$>'nm -total, ,,detected" neutron flux for coke moisture 10wt%H2O

0B'2 - total, ,,detected" neutron flux for coke moisture 2 wt% H2O

(,,dry" state).
Results presented in Fig.4 are summarised in Table 2.4.2. Total y fluxes

<pn and <f>nn for coke moisture 2 wt% H2O and 10 wt% H2O respectively are also

included, which consists from uncollided y-rays from the Am-Be source and their
forward scattered part of less energy. No y rays from (n,y) reactions were included.



Table 2.4.2 Total neutron and 7 fluxes vs. thickness of coke sample
with 2 and 10wt%H2O and sensitivity of <>„* to moisture changes.
Collimator (borated polyethylene) length= 10cm, diameter=2.3cm.

coke
thickness [(cm]

10

20

30

40

50

70

92

Multiply by 10'7

&t ['Vcn,2]

253.43

138.64

80.07

50.89

33.07

13.33

5.78

241.23

131.73

73.44

46.96

29.00

10.56

3.93

^ • 1 0 0

[%]

4.8

5.0

8.3

7.7

12.3

20.8

32.0

Multiply by 10"7

0 n [Y/cm2]

344.62

208.14

133.68

92.52

61.68

33.49

18.20

345.04

206.91

132.97

91.56

61.30

33.92

17.91

The above results for total y flux show significant slope for dependence of
<j)r on coke thickness. Changes of <f>r with moisture W rising from 2 to 10 wt% H2O

are rather slight as a consequence of high energy of y rays from Am-Be source and
constant sample density assumed for MCNP calculations.

For total neutron flux 0B' remarkable sensitivity to moisture changes can be
seen for higher coke thickness. This is an advantage of using Am-Be source for FNGT
in a case of thick coke samples.

To examine the influence of collimator inner diameter on total neutron flux ^
and on its sensitivity to moisture changes the A, B, C, D, E coke models were
used. Calculations were done with 10 cm long borated polyethylene collimator of
inner diameters amounting to 2.3cm, 3cm and 4cm.

In Fig. 5 dependence of <j)'n on the moisture content of coke is shown for
these three diameters.
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Fig 5. Total neutron flux vs. moisture content for different inner diameter of
collimator.

According to (1) total neutron flux sensitivity to moisture changes from

2 to 10wt% H2O: —f=- 100 is amounted to 32%, 28% and 19% for collimator
2

diameter 2.3cm, 3cm and 4cm respectively. These results are summarised in Table
2.4.3. Ratio (p' l{ (f>'ni )

23cm is also included, which reflects gain of <p[ (total neutron

flux for ,,dry" state) relative to its value (<p'ni )
23cm obtained for the smallest inner

diameter of collimator equal to 2.3cm and its length of 10cm. Results of
calculations performed for collimator length of 12cm are also included, which
show less sensitivity of total neutron flux to moisture changes with remarkable
decrease of neutron statistics.

10



Table 2.4.3 Influence of collimator dimension changes
on <}>„* sensitivity to moisture changes
and on neutron statistics.

Coke thickness 92 cm

Collimator
length
(cm)

10

10

10

12

Collimator
diameter

(cm)

2.3

3

4

2.3

(%)

32

28

19

23

^ | / ( 0 . ' 1 ) " c m

1

1.10

1.14

0.81

For collimator diameters equal to 3cm and 4cm gain of §n is amounting to 10%
and 14% respectively but significant loss of sensitivity for 4cm collimator
diameter, eliminates it from further applications. For longer (12cm) collimator 19%
decrease of §n

l is obtained together with remarkable decrease of sensitivity of total
neutron flux. Results for collimator length and diameter equal to 10cm and 3cm
respectively, permit simultaneous optimisation of total neutron flux and its
sensitivity to moisture changes for thick (92cm) coke samples. Thus borated
polyethylene collimator 10 cm long and 3cm wide can be used for the FNGT
measurements.

Finally for chosen collimator dimensions, distance Z2 from source container to
sample and Z4 from sample to detector (see Fig.l) were optimised. In Fig.6
dependence of ,,detected" total neutron flux on Z2 is presented for 2wt% and
10wt% H2O in coke sample.
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Fig.6. Dependence of ,,detected" total neutron flux on distance Z2 (from
source container to the sample).

Maximum value of total neutron flux for ,,dry" coke sample (2wt% H2O) was
obtained for Z2= 2 cm. Thus gain of ,,detected" total neutron flux amounted to 20%
in comparison with its value for Z2= 10cm was achieved. Distance Z2 =2 cm was
assumed as an optimum for FNGT experimental work.

As it concerns distance Z4 - from sample to detector- approximately linear
dependence of ,,detected" total neutron flux (j)n' on Z4 was obtained from
MCNP4.2 modelling calculations. ForZ2=10cm, Z4 was changed from 0 to 10cm.
Decrease of <(>„* amounted to ~ 2.7% / lcm for ,,dry" coke sample (2wt% H2O)
showed that short distance from sample to detector should be used. Z4 = k 2 cm was
assumed for FNGT experimental work.

3. SUMMARY

During first year of CRP realisation computer studies of FNGT geometry
configuration for coke hopper gauge were performed in order to choose:

• proper Am-Be source shielding (material and geometry)
• proper materials for collimating the neutron and y beams from this source
• proper dimensions of collimator and sample configuration to assure good

neutron statistics, good-collimation of neutron beam and high sensitivity of
detected neutron flux to variable moisture content of coke.

For the computer studies of FNGT geometry configuration the MCNP 4.2 -
coupled neutron/photon Monte Carlo transport code [4] for IBM RISC 6000 have
been used. High thickness of coke (92 cm) was assumed for computer modelling after
consideration of the industrial arrangement. The neutron energy spectrum of Am-Be

12



source was used in calculations as this source will be used in an experimental work.
Possibility to purchase Cf-252 source seems quite remote because of its high cost.

In a first stage of modelling calculations proper materials for Am-Be source
shielding and collimator were chosen.

As the most effective neutron shielding material for Am-Be source, borated
paraffin (3wt% B) was chosen because of its high absorption property which assures
lower dose rates and permits neutron beam to be less deteriorated by neutrons
scattered from the materials surrounding the source.

Pb was chosen as an optimal source- housing material, which assures 14%
and 25 % better fast neutrons reflection properties than graphite and tungsten
respectively. Pb has not only good reflection properties for fast neutrons but also is a
good attenuator and collimator fory-rays and this advantage is useful for FNGT.

Among materials tested by MCNP 4.2 code as neutron collimating materials
were: graphite, plexiglass (C5H8O2), polyethylene (CH2)n and borated polyethylene
(3wt% B). Polyethylene and borated polyethylene show better collimating
properties than other tested materials , the ,,signal/noise" ratio, an indicator of beam
quality (see paragraph 2), for graphite, plexi and borated polyethylene is equal to:
1.14, 1.42 and 2.00 respectively, for collimator length of 10cm and diameter of 2.3
cm. For FNGT experimental work using of borated polyethylene as neutron
collimating materials is planed.

Determination of coke moisture content with good accuracy requires high
neutron statistics and high sensitivity of transmitted neutron flux to moisture changes.
These two requirements are of high importance for FNGT experiment. Thus
MCNP4.2 calculations for optimisation of the FNGT geometry was concentrated on
both: maximising neutron statistic and sensitivity of detected neutron flux to
moisture changes. For calculations simplified coke model was assumed in which ash
was simulated by SiCh only, water content was changing from 2wt% (,,dry" state) to
10wt% and carbon content was assumed to be constant.

Influence of different configurations of collimator lengths and diameters on
..detected" neutron flux were examined. For thick coke samples borated polyethylene
collimator, which length and diameter are equal to 10 cm and 3cm respectively,
shows optimal values of ,,detected" neutron flux and its sensitivity to variable
moisture content. This collimator was chosen for FNGT experimental work.

Distances: Z2 from source container to the sample container and Z4 from the
sample to detector were also optimised. Z2= 2cm was assumed as it assures 20%
gain of ,,detected" total neutron flux in comparison with its value for Z2=10cm. As it
concerns distance from the sample to detector, small values of Z4~l-^2cm are
preferable according to MCNP4.2 modelling calculations.

Results obtained from MCNP4.2 modelling calculations for optimisation of
shielding, collimators and sample configuration will be helpful in an arrangement
of FNGT geometry configuration in our Laboratory.
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1. INTRODUCTION
Interrogative techniques based on fast neutron transmission measurements are very

effective tools for elemental characterization of bulk media consisting of light elements such as
H, C, N and O [1-3]. Further enhancements can also be achieved combining the signatures of
thermal neutron captured gamma-rays or gamma-rays produced through neutron inelastic
scattering[4]. The latter technique can be exploited to locate the detected material by
measuring neutron flight time from its creation to the point of interaction with the substance of
interest.

The aim of this project is by making use of existing equipment and knowledge to
investigate and develop Fast Neutron/Gamma Transmission (FNGT) technique in the
laboratory environment for plausible applications required by the industry. The following
studies have been undertaken in the first year of the Coordinated Research Projects of the
IAEA, covering the 'Bulk Hydrogen Determinations Using Neutrons'.

2. EXPERIMENTAL
The progresses achieved in the first year of the project may be considered under the

following headings;
a. Design and Construction of An Associated Particle Target Chamber(APTC) for the

Neutron Generator(NG), SAMES J-15.
b. Testing of the Associated Particle Time-Of-Flight Spectrometer Built on the NG.
c. Determination of the Neutron Emission Angle from the Tritium Target of the SAMES J-

15.
d. Testing of the Neutron Collimator(NC) Assembly Installed on the NG.
e. Installation of a Computer-Controlled Scanner System in Front of the Neutron

Collimator.
f. Testing and Improvement of the Code MATUXF for Unfolding the Proton Recoil

Spectrum Measured by the Liquid Scintillation Detector (NE 213)

a. The Associated Particle Target Chamber
The associated particle target chamber(APC) designed and constructed for the SAMES

J-15 neutron generator (NG) is shown in fig. 1. In the chamber, the tritium target((j)=45 mm) is
inclined 45° with respect to the deuteron beam of the accelerator facilitating the detection of
the 14 MeV-neutrons and the associated alpha particles [the 3H(d,n)4He reaction] in the 90° -
reaction plane. As the alpha detector, a 0.6 mm-thick plastic scintiIIator(NE I02A) coupled to
a fast Photo-Multiplier(Philips 2022 ) was utilized. The detector was placed 59 cm away from
the center of the tritium target within the evacuated APC and its energy calibration was



performed by means of a mixed alpha source [24lAm(5.48 MeV), 239Pu(5.15 MeV) and
244Crn(5.80 MeV)]fixed on its front face. Figure 2 is a typical calibration spectrum which
exhibits experimental data and its reconstructed form from the alpha peaks expected. An
interactive computer code was used for rebuilding the spectrum from the individual alpha-
peaks of interest considering their weighted per cent intensities in the source and assuming that
each alpha-peak has a Gaussian line shape. The associated particle detector was then used to
measure the 3.5 MeV-alphas emitted from the tritium target of the NG due to the 3H(d,n)4He
reaction(Fig.3).

b. Building and Testing of an Associated Particle Neutron TOF-Spectrometer
To measure the fast neutron spectra an associated particle neutron TOF spectrometer

was built around the target of the NG (SAMES J-15). It was consisted of the NE102A plastic
scintillation detector(used for the associated alpha particles) and an NE 213 (5x5 cm) liquid
scintillator (used for neutrons) placed 150 cm away from the target center. The geometry and
the electronics used are shown in fig. 4. The time-to-amplitude converter (TAC) was triggered
with the 'start' and 'stop' signals from the constant fraction discriminators (CFD) optimizing
the detectors' signals by adjusting the threshold level controls. The time calibration of the
spectrometer was fulfilled by using the CANBERRA 2058-nsec delay unit. These
measurements yielded a time resolution of 2 nanoseconds for the TOF system. Figure 5
shows a typical TOF spectrum of the 14 MeV-neutrons obtained by this spectrometer.

c. Determination of the Neutron Emission Angle
As a first step, the emission angle of the fast neutrons which are associated with the

alpha particles emitted at 90 deg with respect to the deuteron beam was calculated from the
3H(d,n)4He reaction kinematics, and then determined experimentally by a series of TOF
measurements. Since the calculation gave 84.2 deg for this angle, the TOF measurements were
carried out for the angles between 82 and 86 degrees. In these measurements, a plastic
scintillator (NE102A, 1 mm in thickness, 51.2 mm in diameter) was used as neutron detector
and it was placed on a carrier plate so that its lateral side would be perpendicular to the
neutron beam direction. The plate carrying the neutron-detector was moved on a circular path
around the target with equal angular steps (0.25 degree) improving the angular resolution. At
each position, the neutron TOF spectrum was collected and the area under the 14 MeV
neutron-peak was determined and normalized with the total number of counts under the 3.5
MeV alpha-peak in the associated particles spectrum. The experiments confirmed the neutron
emission angle calculated from the kinematics. The neutron emission angle profile found
experimentally is shown in Fig. 6.

d. Testing of the Neutron Collimator(NC) Assembly Installed on the NG.
To obtain a 14 MeV-neutron beam, a 71 cm long- collimating channel with rectangular

cross section (2.5 cm-height, 1 cm- width) was constructed behind the tritium target of the NG
using 2.5 cm-thick stainless steel bars. It was shielded extraneously with 54 cm thick-borated
paraffin blocks in order to reduce the neutron background substantially. In addition, 10 cm-
thick lead-wall covered by lmm-thick cadmium sheet was build in front of the paraffin
moderator looking at the neutron detector to stop the gamma rays. Two different views of the
whole system including the collimator assembly are drawn schematically in figs. 7 and 8.

Elemental characterization of bulk media consisting of light elements such as H, C, N
and O will be determined by fast neutron transmission measurements. So, the neutron flux
distribution in the neutron beam (neutron beam profile) should be known accurately. For this
purpose, a computer controlled stepper motor scanner system having ±0.001 mm precision in



its movement was installed in front of the collimator assembly (see again figs. 7 and 8). The
plastic scintillator previously used as neutron detector in the TOF-measurements was also used
in the beam-profile measurements. It was fixed horizontally on the plate of the scanner which
may be moved linearly on an axis perpendicular to the collimating channel. The rectangular
area of the collimated neutron beam was then scanned with the lateral side of this detector and
the beam-profile was obtained as shown in fig. 9.

e. Improvements on the Code MATUXF for Unfolding the Proton Recoil Spectrum
Measured by the Liquid Scintillation Detector (NE 213)

Besides the TOF measurements, the fast neutron spectrum measurements interested in
the project are also planned to be performed with a proton recoil telescope(NE213). This
method necessitates an "unfolding technique" to be used on the proton recoil data to obtain the
neutron spectrum. In this period of the project, the unfolding code MATUXF which is based
on the derivative method[5] was tested with two stable neutron sources [Am-Be (30 mCi) and
Pu-Be (7 Ci)] and applied for the accelerator neutrons by optimizing its parameters (see figures
10-12).

3. CONCLUSIONS
In conclusion, the following steps have been taken in the first year of the project which

almost seem to meet the work-plan proposed in the report of the previous Research
Coordination Meeting (RCM) organized by the International Atomic Energy Agency[6].

• An associated particle target chamber was constructed and installed on the NG.
• A neutron time of flight spectrometer was built and tested.
• The neutron emission angle was determined,
• A neutron collimating assembly was constructed and installed behind the tritium

target of the NG to have a finger-beam of accelerator-neutrons,
• A computer controlled scanner system was installed in front of the collimator

assembly at the NG for measuring tomographic images of a sample in any given
geometry,

• Neutron beam profile was determined,
• The unfolding code, MATUXF, was tested and improved in order to have the

neutron spectrum from the proton recoil spectrum measured by the liquid
scintillation detector (NE 213).
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PLAN OF THE WORK FOR SECOND YEAR OF THE PROJECT
• Total neutron cross section measurements for the elements of H, C, N and O.
• Neutron transmission measurements for different samples applying neutron TOF and

Proton-recoil spectrum unfolding ( using a liquid scintillation detector, NE 213) techniques.
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ABSTRACT

A 5 Ci Am-Be neutron source-based facility, which utilises the principles of thermal
neutron reflection technique in combination with foil activation method, has been used
to determine the total hydrogen content of commercial oil samples from Nigeria. With
an established detection limit of 0.25 H w% for oil matrix of volume 600-ml, the total
hydrogen contents of the samples were found to be in the range of 11.11-14.22 H w%.
The facility is economical and suitable for the determination of moisture in solid
samples. A brief description of the on-going projects and future plans concerning the
CRP are enumerated.

INTRODUCTION

A knowledge of total hydrogen content of bulk materials is necessary in several areas of
science and technology. In Nigeria, there is a growing interest in the mining industries
where knowledge of the hydrogen/moisture contents of minerals is needed for plant
quality control. Presently the industrial method of assaying hydrogen in different
materials is destructive and entails long hours of analysis. Since in most cases,
hydrogen needs to be measured in bulk media, the use of a nuclear analytical technique
based on moderation of fast neutrons has been recommended [1]. The thermal neutron
reflection technique which was developed by Buczko et al., [2] and used by a number
of investigators [3], [4], [5], [6] and [7] was adapted for this work.

A set-up based on a 5 Ci Am-Be neutron source which utilises activation foil as the
neutron probe was developed for the determination of total hydrogen content in
commercial oil samples from Nigeria.

EXPERIMENTAL

The experimental set-up shown in Figure 1 consists of a 5 Ci Am-Be neutron source
embedded in a cylindrical paraffin block of diameter 30 cm and of height 30 cm. The
extended paraffin block serves as a moderator and provides personnel shielding against
radiation hazards. In order to increase the signal-to-background response, a 1-mm thick

1 Part of this work is to be published in Appl. Rad. & Isotopes
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arrangement the thermal neutron probe and the 5x5 cm cadmium sheet already fastened
to the bottom of the container are placed directly on the source in a reproducible
geometry. Relevant nuclear data for the high-purity indium foil of dimensions
15x10x1-mm, are given in Table 1.

TABLE 1. Nuclear data of the thermal neutron flux detector.

Reaction

H5In(n,y)116raIn

Half-
life

(min)
54.12

Cross
section

(b)
16.20

Gamma
Energy
(keV)
416.90
1097.30
1293.50

Gamma
Intensity

(%)
29.20
56.20
84.40

For a given mass of indium foil, the relative excess specific activity induced in the
detector foil in the presence of a sample is related to the neutron reflection parameter
(ri) as shown below:

r\ = (A - Ao)/p. Ao (1)

Where, p is the physical density of the sample, while A and Ao are the specific
activities of thermal neutrons induced in the detector foil with and without the sample
respectively. The sample is exposed to fast neutrons from the Am-Be source for one
hour and the resulting intensity of thermal neutrons from the samples is monitored by
an indium detector foil via the115 In(n,y)I16mIn reaction.

Radioactivity measurements of the detector foils are carried out for 30 minutes by a
gamma-ray spectrometric system after a cooling time of 20 minutes. The radioactivity
measuring system consists of a 7.6x7.6 cm Nal(Tl) crystal scintillator detector coupled
to a computer-based multi-channel analyser.

Hydrocarbons in liquid form containing well-known hydrogen and carbon contents
were used as standards to determine the calibration line shown in Figure 2. The
measured (r\) values for the standards are presented in Table 2.



TABLE 2. Data of standard samples used to construct the calibration line.

Standard

CeH6

BENZENE

C7H8

TOLUENE

(CH3)2CO

ACETONE

H2O

WATER

C2H5OH

ETHANOL

C4H10O

BUTYL-

ALCOHOL

C7H16

n-HEPTANE

P

(g/cm3)

0.879

0.866

0.792

1.000

0.790

0.789

0.684

3.74 ±0.02

4.11±0.02

4.33±0.02

4.60±0.02

4.9910.03

5.11+0.03

5.7010.03

H (w%)

7.692

8.696

10.344

11.110

13.043

13.514

16.000



RESULTS AND DISCUSSION

The solid line in Figure 2 for the determination of total hydrogen content was derived
by fitting equation 2 below.

x\ -n 0 + m. H (w%) (2)

Where, rjo= 2.030±0.092 represents the effect of the matrix and

m= 28±0.012 is the slope of the calibration line for hydrogen determination.

The total hydrogen content of the samples displayed in Table 3 were deduced using
equation 2. These are the average values of the data obtained using the peak analysis
reports of the 416.9, 1097.3 and 1293.5 keV gamma lines respectively. Results show
that the hydrogen content increases as one moves from fuel oil to lubricants and also as
one moves from spent lubricants to fresh lubricant. The hydrogen content of spent
lubricants appears to decrease with usage as can be seen in the results indicating the
possibility of using this set-up as a quality control facility.

Further measurements currently in progress are designed to standardise the set-up for
industrial applications most especially for the determination of moisture content in solid
minerals and agricultural products.
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FIG. 2 Calibration line for the determination
of total H content in oil samples



TABLE 3. Deduced hydrogen w% in the samples.

Sample

Petrol

Kerosine

Lubricant 1

Lubricant 2

Lubricant 3

Lubricant 4

Lubricant 5

Spent lubricant 2 (5000

km)

Spent lubricant 2 (8000

km)

P

(g/cm3)

0.744

0.794

0.835

0.867

0.842

0.855

0.864

0.897

0.898

H (w%)

12.30+0.15

12.26+0.15

14.22±0.17

13.54+0.16

13.38+0.16

12.78±0.15

11.11+0.13

12.62±0.15

11.48+0.14



I l l

ON-GOING PROJECTS AND FUTURE PLANS

1. Modification of the set-up shown in FIG. 1 by replacing the indium foil with a Bf3
counter so as to increase the signal-to-background ratio and decrease the time for
analysis.

2. Experimental studies in respect of a prompt-gamma neutron activation analysis
(PGNAA) has started with the determination of the fast and thermal neutron flux
density distributions inside a 30-cm square panel holder containing powdered coal
samples.

3. Acquisition of the MNCP code to improve the PGNAA experimental set-up
4. Testing of the PGNAA facility using coal samples from Nigeria and Niger

Republic.
5. Evaluation of the PGNAA facility using results obtained by the XRF technique
6. Development of an in-situ equipment for plant processing and control.
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1. INTRODUCTION

The first stage of the work on the research contract was primarily concerned
with the development of an imaging system based on a cooled charge-coupled device
(CCD-matrix). A detector based on a CCD-matrix is reasonable from the point of view
of productivity, cost and, the possibility for imaging both thermal and fast neutron fields
replacing simply a luminescent screen.

At present such detectors are widely used for imaging thermal neutrons. The
work on the development and application of two-dimensional detectors for fast neutron
radiography has been started quite recently. Thus, for instance a TV fast neutron
radiography system based on a SIT tube has been developed and tested [1]. The
potential of a CCD-detector for these purposes depends on both its design and the
experimental conditions, and has still to be investigated.

One of the aims of this work was to investigate the principal problems
concerned with the application of a CCD-detector for fast neutron imaging under the
conditions of a neutron generator. The detector has been developed by the Lebedev
Physics Institute (LPI). The research has been carried out at the fast neutron generator
of the Institute of Nuclear Research (INR, Moscow) [2]. Some salient futures of the
radiography at a stationary neutron generator have been investigated too. A review of
neutron generators produced at present in industrial scale is presented.

2. CCD-DETECTOR DESIGN

The detector consists of the following major units (FIG.l): a luminescent screen,
an image intensifier and a CCD-matrix. The image produced by fast neutrons in the
screen is sealed and transferred onto the image intensifier by a fiber optic taper. A relay
optics with a mirror is used to transfer the image from the intensifier to the matrix and
to swing the matrix out of the beam path. The detector specification is presented in
TABLE 1. In the measurements described below the detector operated without any
shielding to reveal the irradiation impact on its units in the future.

Two kinds of fast neutron screens based on recoil protons and composed of a
plastic and a powder luminophor have been developed and investigated (TABLE 2).
The luminosity of these screens under irradiation by fast neutrons was compared with
the luminosity of a standard plastic scintillator made of polymethylmethacrylate
(PMMC). The measurements of the luminosity were performed at the neutron generator.
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As one can see from the table the luminosity of the screen made of a silicon organic
plastic + Gd2C>2S:Tb is considerably higher than the luminosity of the PMMC. It is
expected that the luminosity of the other composite screen can be also higher at an
appropriate thickness. All the measurements described hereafter have been performed
with the detector containing the screen made of the silicon organic plastic +
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FIG. 1 CCD-detector design. 1 -CCD-matrix, 2 - lens system, 3 - mirror, 4 -
luminescent screen,

5 - sample, 6 - image intensifier

TABLE 1 Specification for the CCD-detector.

Entrance diameter of the
detector, mm:

Matrix format
Sensitive element junction
Dark current (e7pixel/s)

Read out noise(eVpixel), rms.
Matrix pixel size, um

Temperature (°C)

150
1024x1152

Relay optics
4-8
20
10

«-40

TABLE 2 Composition and properties of the fast neutron screens

Screen

PMMC
(75w%) Silicon organic plastic

+ (25w%) Gd2O2S:Tb
(50w%) C8O2H14+

(50w%) (Zn-Cd)S:Ag

Protons,
cm"3

5.7x1022

4.0x1022

6.6x1022

Thickness,
mm
50
1.6

1

nm
435
540

535

Luminosity,
arb. un.

1
1.4

0.8



3. DETECTOR RESPONSE TO BACKGROUND RADIATION

The experiments were performed at a stationary neutron generator (FIG. 2). The
generator can be considered approximately as a point neutron source. In the
measurements performed the diameter of the deuterium ions beam on the target was 3-5
mm. The energy and the output of emitted (dd)-neutrons were «3,2 MeV and about
2x 109 n/s, respectively.

1300 1100

Control
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FIG.2 Experimental installation. 1 - target, 2 - magnetic analyser of the accelerated
beam, 3- accelerating unit of the generator, 4 - CCD-detector
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FIG. 3 Background contribution to the detector signal normalised on the signal
produced by non-scattered neutrons vs. source-to-detector distance L.



The background contribution to the detector signal was determined by
measuring the signal dependence on a source-to-detector distance L. The discrepancy of
the measured values and C/L2 function normalised on the signal produced by non-
scattered neutrons is presented in FIG. 3. The origin of the revealed background is now
being investigated.

The detector activation was observed in the experiments. The corresponding
detector noise immediately after irradiation was higher then the intrinsic dark current
noise by factors of about 2.7.

Preliminary measurements have been performed with (dT) (14,7 MeV) neutrons.
Bright spots appeared in the images. It was suggested that they are produced by protons
generated due to the nuclear reaction Si28(n,p)Al28 both in the glass window of the
matrix and in matrix itself. This hypothesis is now being checked. Activation of the
sample and other constructions of the installation by (dT) neutrons is another negative
effect which was revealed in these measurements.

4. SCATTERED NEUTRONS EFFECT ON RADIOGRAPHIC DATA

Effects of neutrons scattered in the sample on radiographic data were simulated
using the MCNP-4a code. The calculations were made for the case of a point source of
(dd) neutrons placed at a distance of lm from a grid sample made of PMMC of
12x6 cm2 in area and 2 cm thick. The sample-to-detector distance was 2 cm. The sample
image is composed of images produced by non-scattered and scattered neutrons.

0 5 10
Distance from the sample axis, cm

FIG. 4 Spatial distribution of scattered (x), non-scattered (A) and their sum (•) behind
the grid sample made of 2cm thick PE

As one can see in FIG. 4 the scattered neutrons have a rather smooth spatial
distribution which does not significantly spoil the image contrast. Attention has to be
paid to the oscillations of this distribution which obviously are concerned with the
sample structure. The spectrum of these oscillations depends on a number of factors and
is specific for a sample. From a general consideration of the fast neutron scattering
phenomenon it is obvious that this spectrum subsides more quickly for scattered
neutrons than for non-scattered ones by frequency increasing. This fact, of course, can
be useful for revealing a fine structure of the sample by spectral analysis of its image.
To analyse the problem of effective collimating of fast neutron beams and scattered in
the sample neutrons which is of importance in the case of a two-dimensional detector
there have been considered various honeycomb collimators made of PE and Fe. The
transmission of fast neutrons through combinations consisting of a flat sample and
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FIG. 5 Experimental arrangement (left): 1 - neutron source, 2,3 - directions of maximum attenuation of the beam for L=85 mm and L=153 mm,
4 - lead cylinder (0=43 mm, wall thickness - 6 mm).

Histograms of signal distribution perpendicular to the cylinder axis X (right): A - L=85 mm, B - L=153 mm



collimator was simulated. The obtained results show that a honeycomb collimator of
any reasonable opening has too thin walls for effective fast neutrons collimating.
Moreover this collimator gives rise to scattered neutrons itself. Calculations showed that
scattered neutrons can be effectively eliminated by increasing the sample-to-detector
distance.

5. NEUTRON RADIOGRAPHY WITH A FAN BEAM

In the neutron radiography measurements with a point like source the image is
produced by a fan beam. That should be taken into account by interpreting the image.
To illustrate this peculiarity measurements and simulations of a lead cylinder (outer
diameter 043 mm, wall thickness - 6mm) have been carried out at two source-to-
detector distances: 85 mm H 153 mm. Simulations were performed under assumption
that the image brightness is proportional to the neutron flux and registration efficiency.
It was taken into account that the registration efficiency of the non-scattered neutron
and spatial resolution of the detector depend on the angle between the neutron trajectory
and the luminescent screen plane.

The spatial distributions of both non-scattered and scattered in the sample
neutrons were calculated with the MCNP-4a code. The experimental and theoretical
distributions of the image intensity perpendicular to the cylinder axis are presented in
FIG. 5. Intensity minimum corresponds to largest neutron path in the sample. The effect
of the image scaling is clearly observed. The validity of the used model is proved by a
good conformity of the experimental and calculated curves. Discrepancies are coursed
first of all by a finite spatial resolution of the detector.

Possibilities of the developed technique are demonstrated by FIG. 6 where a fast
neutron radiogram (left) and photograph (right) of an electrical transformer are
presented for the following parameters: a source-to-detector distance of 50 cm, flux -
6xl04n/cm2/s, E«3 MeV, exposure - 5 min. A neutron path in the core and in the
winding was 16 mm and 32 mm, respectively. A supporting metallic plate of about
lmm in size can be distinguished in the image.

FIG. 6 Radiograph (left) and photograph of the electrical transformer,
support, 2 - metallic plate of about 1 mm thickness, 3 - electrical winding, 4 - core.
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6. DEVELOPMENT OF A PORTABLE GENERATOR

Portable fast neutron sources are nowadays based on sealed neutron tubes and
the nuclear reactions T(d,n) He and D(d,n) He. These generators are used in various
fields for:
• oil, gas, ore well logging;
• analysis of ore and materials chemical composition;
• monitoring nuclear reactors;
• prevention unauthorised transportation of explosives, fissile materials and other

dangerous substances;
• monitoring fissile materials.

Nowadays pulsed neutron generators are produced by MF Physics,
Schlumberger, Western Atlas (USA), Sodern (France), and VNIIA (Russia) [3].
Specifications of generators produced by these firms are presented in TABLE 3. At
present the VNIIA's generator ING-09 is considered as basic one for the project
implementation.

TABLE 3 (Part I) Specifications of VNIIA's neutron generators and their foreign
analogies

Generator
Country
Firm

Neutron output, n/s
Integral yield for lifetime, n
Pulse width, JJ.S
Frequency, Hz
Lifetime, hr
Neutron unit dimensions, mm
Mass, kg
- neutron unit
- generator
Maximum operating
temperature, °C
Power consumption, kWt

ING-01
Russia
VNIIA

4xlO8

lxlO14

1,0
1-30
100
062x890

4
21
+60

0,15

ING-03
Russia
VNIIA

lxlO10

3xl015

0,8
1-100
100
0130x950

14
31
+40

0,5

A811A
USA
Schlumber-
ger
2xlO8

3xlO14

10-1000
100-15000
500
089x490

7
75
+100

0,3

Genie-26
France
Sodern

lxlO8

l,5xlO14

5-1000
1-10000
500
089x1000

16
287
+40

1,0



TABLE 3 (Part II) Specifications of VNIIA's neutron generators and their foreign
analogies

Generator
Country
Firm

Neutron output,
n/s
Integral yield
for lifetime, n
Pulse width, u.s
Frequency, Hz
Lifetime, hr
Neutron unit
dimensions,
mm
Mass, kg
- neutron unit
- generator
Maximum
operating
temperature, °C
Power
consumption,
kWt

ING-06
Russia
VNIIA

lxlO8

l,5xlO14

25-125
400-10000
500
070x1300

6
8
+100

0,03

ING-07
Russia
VNIIA

3xlO9

2xlO15

10-200
100-10000
500
0190x440

10
20
+40

0.3

2727XA
USA
Western
Atlas
lxlO8

2xlO13

15
1000-20000
65
089x2170

8
12
+135

0,075

ING-09
Russia
VNIIA

lxlO10

l,5xlO16

20-100
100-10000
500
0190x440

8
17
+50

0,15

Genie-46
France
Sodern

1x10"

2,5xlO17

80-100
5000
1000
0254x908

75
386
+40

12,0

7. CONCLUSIONS

Visualisation of fast neutron fields at a neutron generator is effected heavily by
background radiation. A fast neutron generator is a point-like source which emits
neutrons in 4TT steradians. This on the one hand makes possible to arrange several
radiographic stations around the source but on the other hand gives rise to additional
background. To eliminate it a proper shielding of the detector is needed. The problem of
shielding is of more importance in the case of (dT) neutrons because of possible
destruction of the CCD-matrix. Another problem to be solved is activation of the
sample and installation. Nevertheless the possibility to use (dT) neutrons is of interest
due to a higher output (more than by two orders) than for (dd) neutrons.

It is interesting to note that scattered neutrons in the sample do not noticeably
spoil radiographic image quality, but do interfere with obtaining correct attenuation
factors. This can be explained by a rather smooth spatial distribution of scattered
neutrons. Such behaviour of the distribution is of importance also for tomographic
reconstruction. As a matter of fact the software developed earlier for processing thermal
tomography data takes into account the trend of the background outside the sample and
as follows from the results obtained provides rather correct reconstruction of fast
neutron tomography data. Nevertheless the contribution of scattered neutrons to the
detector signal is rather high and its suppression in the case of a two-dimensional
detector is a complicated problem. A solution of this problem can be found by
increasing sample-to-detector distance.



The results obtained have demonstrated a high performance of the detector.
Feasibility of fast neutron radiography has been demonstrated for a neutron generator.
Perspectives of further development of the research are concerned with raising fast
neutron screens efficiency (up to about 5-10%), reducing intrinsic noise, proper detector
shielding and raising fast neutrons output of a portable generator (up to 5x10 n/s).

The results of the work done under the Contract have been reported at the 5-th
Meeting of European Neutron Radiology Working Group held in Bologna, 1997 and as
an invited report at the Third International Topical Meeting on Neutron Radiography
held March 16-19 in Lucerne (Switzerland).
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PULSED NEUTRON GENERATORS
1.994

PRICE, US$
. O . b . C&F

NEUTRON GENERATOR MODEL
ING-Oi
ING-02
ING-03
ING-07
ING-10

$33,000.00
$ 37,500.00
$44,000.00
$4'5 , 000 . 00
$25,000.00

$33,900.00
$38,450.00
$45,050.00
$46,100.00
$25,800.00

Each model complete set consists of controls console, two neutron
units, power cable, neutron unit, supply cable, control cable. In addition
IN6-07 consist of power unit (P0).

IN6-01r
ING-02r
ING-03r
1NG-O7r
ING-lOr
Each r(reduced) set consists of controle console, one neutron unit,
power cable, neutron unit supply cable, control cable.

$22 , 000 . 00
•J.24 , 750 . 00
$27 , 500.00
$28,900.00
$15,800.00

$22,850.00
$25,630.00
$28,440.00
$29,900.00
$16,400.00

Control console PU~01(for ING-01.02,03.10)
Control console PU-02 with PU (for ING-07)
Neutron unit N8-0487
Neutron unit NB-0399
Neutron unit NB-0109
Neutron unit NB-1199
Neutron unit NB-0184
REBUILD OF CUSTOMER SUPPLIED NEUTRON UNIT
// neutron unit NB-0487
// neutron unit NB-0399
// neutron unit NB-0109
// neutron unit NB-1199
// neutron unit NB-0184

BOREHOLE NEUTRON GENERATOR MODEL

ING-Oi-S
ING-04-S
ING-10-S,ING-ll-S

auantity
1
1

1-5
6-10
11-25

more 25

INSTALLATION AND FIELD SERVICE

On site and travel time per day
Air Fare, Hotel and Car Rental

$ 5,500.00
$ 5,700.00
$16,500.00
$19,250.00
$22,000.00
$23,200.00
$10,200,00

$ 8 v800.00
$11,000.00
$13,200.00
$15,000.00
$ 7,500,00

$16,500.00
$13,000.00
$ 8,000.00
$ 7,800.00
* 7.600.00
$ 7,400.00

$ 4 80.00
Actual, cost

$ 6,000.00
$ 6,200.00
$16,900.00
$19,700.00
$22,550.00
$23,800.00
$10,550.00

$16,900.00
$13,450.00
$ 8,400.00

8,150.00
7,900.00
7,650.00

DELIVERY:

PAYMENT TERMS
F.O.B.:
C. & F . :

For 1 - 5 neutron generators oellvery time is
not more then 90 days.

Irrevocable Letter of Credit, confirmed by US Bank
Moscow, Russia
Includes first class air-freiqh

PRICES QUOTED ARE FIRM AND ARE NOT SUBJECT TO CHANGE DURING THE YEAR
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"BULK MOISTURE DETERMINATION IN BUILDING MATERIALS BY FAST NEUTRON /
GAMMA TECHNIQUE".
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KATHERIN SHTEJER, NA1PY PEREZ TAMAYO, CESAR CEBALLOS, OLGA
LEMUS

Centro de Estudios Aplicados al Desarrollo Nuclear (CEADEN), Street 30 No.502.
Miramar, La Havana, Cuba.

1. FAST NEUTRON/ GAMMA TRANSMISSION IMPROVEMENTS.

1.1. NE-213 scintillation pulse shape discrimination approach.

•> Designing, construction and testing of the pulse shape discrimination system.
In organic scintillators, like stilbene and NE-213, the y-rays produce recoil electrons,
while the neutrons produce recoil protons. Assuming equal recoil energies for
protons and electrons, the photomultiplier output shows similar signal front but
different fall time signal. In this case, the current signal form is determined by the
interaction of two (fast and slow) components [1]:

Ia(A) = { ) +
t Ts

Ts .
)}. I

t
m ax

Where: T r - fast fall time constant (similar for all types of particle)

T s - slow fall time constant

A r , A s - fast and slow fractions of the total current amplitude.

When the pulses are integrated and differentiated by two differentiating networks, the
cross over point can be used to identify neutrons and y-rays pulses.
In order to improve the fast neutron/gamma discrimination in the transmission system
employing the NE-213 scintillation detector a pulse shape discrimination system was
constructed at the CEADEN.

toCFD
•

CFD

, . • - •

-y?
[••• -

Dl

D2

T

\

—-.,

T+t

n- counter

2 \ n+g counter

Fig. I. Block diagram of the circuit.



The anode pulse of the photomultiplier is integrated and differentiated in a
preamplifier Al. After that the shaped signal is then fed to a high-gain limiting
amplifier A2. The separation of the zero-crossing points corresponding to gammas or
neutrons is now greatly enhanced. The overlaps of the amplifier signal and the strobe
pulses are formed in the gates Gl and G2. In our set-up the strobe signal is triggered
by the output pulse of a constant fraction discriminator CFD, which is delayed and
stretched in Dl and D2.

> Time resolution characterisation of the pulse shape discrimination system using a
(dia.40x30)mm NE-213. scintillation detector [2].

DF

IN.
STROBE.

IN.

PSD

CFD
OUT
OUT

STARX_
TA TAC

ADC in
MCD COMPUTER

Fig. 2. Electronic scheme for time resolution measurement.

PSD - Pulse shape discriminator (Made in CEADEN)
CFD - Constant fraction discriminator (Canberra, model 1428)
TA - Time analyser (Canberra, model 2043).
MCD/PC - Multichannel data processor.
ADC - Analog-digital converter (FAST, model 7070).

ZAlchannel—
time range 500nseg

ADC gain 8192channels
= 0.06\nseg/ channel

Time resolution = Atchainncl . FWHM = 0.4 nseg.

Modelling the fast neutron and gamma interactions by Monte Carlo simulation
method with the material samples to be measured.

In order to have a good knowledge of the neutron detecting efficiency and its
energy dependence 2 Monte Carlo simulation codes have been developed in our
laboratory:

• Neutron detection efficiency calculation in NE-213 scintillation detector for low
energy threshold.
Several improvements have been made to the Monte Carlo neutron efficiency
code of Stanton-Cecil [3, 4] to provide improved agreement with experimental
measurements in the energy range up to 20 MeV and at low energy thresholds.
The improvements include the adoption of a new method for the detector
resolution simulation, readjustment of the cross sections according to the last
reported evaluations, consideration of the light attenuation in the scintillator and
neutron/gamma discrimination correction.
The code also includes some new light response functions to improve calculation
for proton energy less than 2 MeV The calculations show good agreement with
reported measurements



NE-213 detector calibration using radio-isotopic gamma sources and Monte
Carlo simulation method.
Some gamma spectra were measured using a (2" dia. x 2") NE-213 liquid
scintillation detector and an EMI-9S80 low noise photomultiplier.
The response function is calculated considering the Compton scattering in the
scintillator, the escape of electrons, the y-rays multiscattering and the effect of
finite resolution of our detection system.

Comparing the measured and calculated response functions is possible to
determine the position of the Compton edge [5].

600-

500-

4 0 0 -

200-

100-

Primary response (single interaction)
Ideal total response

Total response with resolution)

Jrfce : Compton edge

t%
. £

0.0 0.2 0.4

Energy (MeV)
0.6

1.2.
Fig. 3 NE-213 detector simulated response function for gamma radiation.
Separate neutron / gamma detection approach.

1.2.1. Measuring by fast neutron technique the moisture content in building
material samples.

Obviously, the most efficient fast neutron detector is an organic scintillator
utilising electronic pulse shape discrimination. However, it has the disadvantage of
requiring highly complex electronics to achieve count rate stabilities better than
0.5% relative [6],
In our project we decided to replace the NE-213 detector by separate neutron and
gamma detectors. As neutron detector we will use a BF? tube surrounded by
100mm thickness of paraffin and a collimated (dia. 56 mm) Nal(Tl) located above
the paraffin as the gamma detector.
For this reason, a preliminary' study of fast neutron and gamma transmission
methods have been carried out by separate utilising different concrete blocks
usually employed for biological shielding designs.
The block dimensions are (300x300x50) mm and were made of lead, paraffin, and
some types of concrete (barite, limestone, serpentine, magnetite and limonite). The
water was measured in a brass container with the same geometry.



Table No. I: Composition of concrete blocks.
Concrete type

Barite

Limestone

Serpentine

Magnetite

Limonite

Density
3.83

2.63

2.75

3.88

2.92

Basic Content (%)
BaSO, (50%)

A12O3 (2%)
CaCO?

SiO2 (40%)
MgO (35%)
Fe2O? (72%)

FeO (6%)
Fe2O? (47%)

SiO2 (2%)

H:O content (%)
2.91

—

12.99

9.3

9.84

1.2.2. Neutron transmission measurements using an Am-Be neutron source and a
BF3 detector (long counter geometry).

The neutron transmission coefficient is defined as T(x) = (I(x) - lr) / (Io - If ),
where Io is the count speed without sample, I(x) is the count speed with x
thickness sample and lr is the background due to the neutron reflection on the
walls.
For our geometry the factor R = Io / If = 2.58 ± 0.01 don't depends of the
sample material. In our concrete blocks the %w of hydrogen is greater than
0.1%, that so, the Xrc\ is greater than diffusion length for thermal neutrons and,
for this reason, the accumulation factor contribution to the flux variation for low
energy neutrons can be considered less important than for fast neutrons. Though
the long counter is sensible to neutrons of all energies, the decisive role belong
to fast neutrons, specifically to 6-8 MeV neutrons

1.2.3. Density and homogeneity determination by gamma transmission method
using a collimated 137Cs source (A=3.7xlO8 Bq).

Table No.2: Concrete blocks characteristics.
Concrete

Barite
Limestone
Serpentine
Magnetite
Limonite

0.262
1.161
0.155
0.221

0.184

Au
0.004
0.002
0.007
0.004
0.006

AU./U.

0.015
0.012
0.045
0.018
0.033

X (cm)
3.8
6.2
6.5
4.5
5.4

O (cm)
4.5
7.3
7.6
5.3
7.6

I/Io (%)
26.9
44.5
46.1
33.1
39.9

P
3.83
2.63
2.75
3.88
2.92

The parameters are (i : lineal attenuation coefficient for gamma rays, AJJ. :
experimental dispersion of |a, X : relaxation coefficient for gamma rays, Q :
thickness necessary for an attenuation equivalent to 1 cm of lead, I/Io : count
speed rate for 5 cm thickness and p|g/cm3 | : material density.

2. Establishment and determination of the neutron generator parameters related
to the neutron production (flux, energy spread, and angular distribution).
'r Ion beam current calibration at the associated particle target head using a current

integrator. (This work began during the Prof Julius G. Csikai expert mission).
> Design and construction of a heavy water hydrolysing system for the deuterium

gas production [7J.



3. Neutron reflection experiments.
In addition to our work plan for the first year some experiments have been done in
neutron reflection (related to CRP Area 2.1) in order to compare the sensitivity and
practical possibilities of transmission and reflection methods. A "open geometry"
neutron reflection system was designed by Prof. J. Csikai during his expert mission
in our laboratory.
In order to check the total counting system (detector + electronic devices), we
measured the well-known dependence of the excess count rate (r\) relating to the
thickness of material (water in this case). It was obtained just the same saturation
curve you obtained before. (The measurement time was t=20 min for each point).

3 5-

3 0-

2 5"

2 0-

1 5-
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0 10 1 1

T h i c k n e s s ( c m )

Fig. 4 Excess count rate dependence or the material thickness.

Finally, we carried out both: the measurement and the simulation (MCNP) of the behaviour of the
excess count rate vs. H (\v%) for some pure hydrocarbons and alcohols. Both were plotted and in
each case the result was the expected linear relationship between r\ and H (\v%). In the case of
MCNP calculations, we have been van ing different parameters (mainly geometric ones) in order to
improve the calculation results.
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Fig.5 Behaviour of the excess count rate vs. H (\v%) for some pure hydrocarbons
and alcohols

A study of neutron reflection coefficients for some metals was realised using this
system. Adding polyethylene foils to the metals samples the hydrogen content and its
homogeneity was estimated.

4. Other works related to the CRP topics.
In order to study the microscopic behaviour of hydrogen (related to CRP Area 2.4)
in 27 different samples a holder, fixed to the neutron generator rotating target, was
designed by Prof J. Csikai and constructed at the CEADEN. This experimental
study of ion implantation and deuterium diffusion coefficient in metals will be carried
out using activation analysis and associated panicle method.
• In collaboration with Prof. Csikai some calculations using neutron transport
codes have been carried out and the results should be published in the article:
L. Olah, A. Fenyvesi, J. Jordanova, A. M. El-Megrab, A. D. Majdeddin, Darsono,
N. Perez, Yousif AH and J. Csikai.

" Measurements and calculations of neutron leakage spectra from slabs irradiated
with 9Be(d,n)'°B, 2H(d,n)?He and Pu-Be neutrons".

Paper has been submitted for publication in JAR.I
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BULK HYDROGEN ANALYSIS, USING NEUTRONS

A.M. SHAIKH. A. SINHA AND H. RA.IAGOPA1.
Condensed Matter Physics Division, Bhabha Atomic Research Centre, India, Trombay,

Mumbai 400 085

INTRODUCTION
The project deals with the detection of hydrogen in bulk materials using
neutrons.The ubiquitous presence of hydrogen, its very low mass and relatively
good neutron cross-section of hydrogen and deuterium can be exploited to study
variety of details of hydrogen in metals alloys. Detection of hydrogen using
neutrons has always been part of the research programme of the centres where
neutron beam/sources are available. The objective of the CRP is to establish the
application of neutrons in hydrogen bulk analysis in such centres and encourage
collaboration and scientific exchange between them. Thus the CRP has provided
opportunity to establish neutron techniques for the applications of technological
interest ranging from problems like hydrogen embrittlement to applications in
metal-hydrogen systems. Neutron radiographic techniques are especially of great
importance in non-destructive evaluation and testing. The real time radiography
has great promise in many dynamic processes and tomographic applications
As a part of this CRP following studies have been done at BARC in the first year
of the project.

1. NEUTRON RADIOGRAPHY

Application of Neutron Radiography in study of zirconium Hydride blisters
in zircaloy pressure tube.

Neutron radiography is known to be capable of detecting inclusions
containing low atomic number elements in a matrix of relatively higher atomic
number materials. Presence of zirconium hydride blisters/platelets in zircaloy
matrix can therefore be detected by neutron radiograph. In order to ascertain
detection of hydride blisters in zircaloy pressure tubes, it was first necessary to
establish detectabilty limits of hydride. To do this hydride blisters were created in
the laboratory on hydrogen charged zircaloy pressure tubes under the thermal
gradients and examined using neutron radiography.

Neutron radiography was done at Apsara, a 400kw swimming pool type reactor
using thermal neutrons collimated by a divergent collimator with L/D ratio of 90.
Radiographs were taken by direct technique using 25um Gd screen and D-7 type
industrial x-ray film. A zircaloy plate (thickness 4mm) containing four hydride
blisters of size 80um, 50u.m. 30um and 10u.m was radiographed. It was observed
that a zirconium hydride blister of nearly 0.25% of job thickness could be detected
using neutron radiography. This work served as a reference in examining irradiated
zircaloy pressure tubes from a power reactor.
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Neutron radiography was also used to study size and shape of the zirconium
hydride blister in the zircaloy-2 pressure tube. Figs. 1 (a) and l(b) show neutron
radiographs of a pressure tube with three laboratory generated hydride blisters and
with neutron beam incident parallel and normal to the plane of the blisters. Fig. 1
(a) shows lenticular shape of the blister with nearly 2/3 of the blister embedded in
the wall of the tube. In the present photograph maximum width of the blister
corresponds to 1.5 mm in 4 mm thick wall of the pressure tube.

2. NEUTRON DIFFRACTION

Application of Neutron Diffraction to identify the hydride phase in the
zircaloy-2 pressure tubes.

The zircaloy pressure tube coupons in which hydride blisters were created in the
laboratory were studied using neutron diffraction to identify the zirconium hydride
phase and to find the extent to which the sample has hydrided. Neutron diffraction
measurements were made with the neutron spectrometer at Dhruva reactor using
X=1.216 A. Fig.3 shows neutron diffraction pattern of a nearly 100% hydrided
sample of a zircaloy pressure tube. High background in the spectrum indicates the
large proportion of hydrogen present in the system. Fig. 4 is the diffraction pattern
of a 1.75 mm thick zircaloy containing hydride blister of 8mm diameter and
1.75mm thickness. The pattern predominantly consists of zirconium hydride peaks.
Fig.5 shows diffraction pattern of the same zircaloy plate exposed to neutrons at a
position away from the blister. The spectrum consists mainly z.ircaloy peaks. All
the diffraction patterns confirm formation of 5-ZrHi.66 phase in the zircaloy
sample on hydriding. Further analysis of the data is in progress.

Neutron diffraction patterns were also recorded on the samples of zircaloy pressure
tube uniformly charged with hydrogen. Figs. 6-8 show neutron diffraction patterns
of a pure zircaloy plates with zero, 400 ppm and unknown amount of hydrogen
loading respectively. The pure sample shows only zirconium peaks while other
patterns show formation of 5-ZrHi.66 in t n e sample.

In order to understand the diffusion mechanism of hydrogen into zircaloy,
quasi-elastic scattering measurements on above mentioned samples have been
undertaken at the marx spectrometer at Dhruva reactor and the work is in progress.

3. HYDROGEN DETECTION BY EPITHERMAL NEUTRONS:

Setting up of HYSEN radiography technique with existing NR facility at
Apsara reactor was undertaken. The imaging system (fig.9) consisted of a 250u.ni
indium converter screen and a neutron beam filter comprised of 4mm cadmium and
3mm indium respectively, with the object being placed between the filter and
screen. Neutron radiographs of l-,2-,3-,4- layers of cellophane adhesive tape was
recorded (fig. 10). The radiographs were obtained by irradiating above system for
7h in a flux



of 106n7cm2/sec. The gradation of hydrogen concentration in successive layers of
adhesive tapes is clearly seen in the radiograph. At present the experimental set up
is suitable for recording HYSEN photographs of very thin hydrogenous samples.
Very long hour exposures for recording hydrided pressure tube coupons of 4mm
thickness did not yield any result. The work on improvement over the existing set
up and use of elctronic imaging camera for recording the radiograph is in progress.

The work on setting up of epithermal neutron facility using iron filters is in
progress at Apsara reactor beam hole nos. 7 & 8.

IV. DIGITAL NEUTRON IMAGING:

An electronic imaging system (fig. 11) based on commercially available image
intensifier tube and low cost CCD camera has been developed and tested at netron
beam transmitted through the sample is absorbed in a NE-426 scintillator screen.
The light produced by the screen is reflected and focussed onto the input fibre optic
face of an image intensifier tube (x 100,000 magnification). The output image is
focussed onto a CCD camera using, either a F#1.4 lens or a zoom lens. The video
output of CCD is digitised using a frame grabber card and processed using a
onboard processor.

Various types of assemblies and components were scanned using the imaging
system. Neutron images were instantly seen on the video monitor indicating that
flux at Apsara NR facility was adequate for real time imaging work. Figs. 12 and 13
show images of some of the objects scanned using the imaging system. Further
work on using this system for tomography and HYSEN radiography is in progress.
The existing electronic imaging system is also being used for visualization and
qualitative analysis of two phase flow (water/air) inside metallic pipes.

PLAN OF THE WORK FOR SECOND YEAR OF THE PROJECT :

1. Evaluation of HYSEN technique and study of hydrogen materials.

2. Setting up of epithermal neutron facility.

3. Improvement of Electronic Imaging Technique. Use of APS-CMOS imagers (if
available during the second year of the project). Application of electronic imaging
for HYSEN technique. Study of two phase flow and its application to tomography.

4. Application of neutron diffraction and quasi-elastic scattering studies for microscopic
behaviour of hydrogen in zircaloy.
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Neutron Radiographs of zircaloy-2 pressure tube with laboratory generated
hydride blisters. Fig.l (a) shows NR taken with neutrons incident parallel t<
the plane of blister while Fig.2 is taken with neutrons incident normal u
the plane of blister. Lenticular shape of the blister is clearly seen in Fig. 1
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Fig. 3 Neutron Diffraction pattern of a completely hydrided zircaloy-2 plate.
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Fig. 4 Neutron Diffraction pattern of a zircaloy-2 plate containing a 1.75 mm thick
btirter with neutrons ( \= 1.216A) incident on the bKster.
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fig. 5 Neutron Diffraction pattern of a iircaloy-2 plate containing a 1.75 mm thick
blister with neutrons ( \ « 1.216 A) mddent on the plate away from die blister.
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Fig. 6 Neutron Diffraction pattern of a pure zircaloy plate
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Fig. 7 Neutron Diffraction pattern of zircaloy plate uniformly charged
with (~ 400 ppm) hydrogen.
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Kg. 8 Neutron Diffraction pattern of zircaloy plate uniformly charged
with hydrogen (unknown quantity).
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Fig.9 Experimental arrangement for HYSEN Radiography
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Fig. 10 Neutron radiograph of 1-, 2-, 3-, 4- layers of adhesive tape
recorded using HYSEN Technique
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STRESS INDUCED AND HYDROGEN CONCENTRATION
DETERMINATIONS USING FOCUSING CONFIGURATIONS IN CRYSTAL

NEUTRON DIFFRACTOMETRY

Part of the co-ordinated research project on Bulk Hydrogen Analysis using
Neutrons

I. Ionita, Institute for Nuclear Research, Pitesti, ROMANIA

Recently was brought into operation a high resolution focusing powder neutron
diffractometer. The experimental facility is presented in detail in [lj.This kind of
configuration was developed in our institute and it was proved to be really an
alternative option to the existing conventional high resolution neutron diffractometers.

The main features of the proposed configurations together with a brief
description of the focusing neutron powder diffractometer installed at the horizontal
channel of the Pitesti TRIGA reactor will be given below.

The main characteristics of a focusing neutron crystal diffractometer is the
absence of the Soller collimators, the take-off-angle either less than 95 degrees or
greater than 130 degrees and the use of the bent perfect crystals as monochromators.
To achieve high resolution for every value of the scattering angle, the plate-like sample
position must be changed properly during the diffraction measurements in order to
fulfill the corresponding focusing condition.

The principle to obtain focusing for a given experimental configuration is to
compensate the scan variable variances by using the cross-correlation between
variables. When these correlations are important the contribution to the scan variable
variances of a certain large spatial variable -sample or monochromator length for
example- contains more than one term, generally of different signs and thus appears
the possibility to be canceled for a proper configuration choice.

1 - core
2 - reactor pool
3 - graphite coarse colimator
4 - silicon filter
5 - lead shutter
6 - silicon monochromator
7 - water shielding
6 - sample
9-gear

10 - diflractometcr frame
11 - arm
12 - analyser
13 - detecctor
\A • detector arm
IS- detector shielding

Fig. 1
The main characteristics of the experimental facility presented in fig. 1, will be

given below. The take-off angle is 83° for a monochromator wave-length of 1.3855 A
given by a 200 mm diameter 3 mm thickness (100) plane cut silicon disk shape
monocrystal; the reflecting plane is (511) and the cutting angle is Xm=-15.8°. The



source - monochromator - sample - detector distances are 520, 280 and 120 cm
respectively.

A 60 mm diameter 400 mm length BF3 detector is used. To reduce the
background level a 2000 mm length graphite coarse collimator with a 100 mm
diameter (the diameter of the neutron beam itself), and a 450 mm length silicon single-
crystal filter are placed between source (the reactor core) and monochromator.

To increase the diffractometer luminosity a position sensitive detector and a
liquid nitrogen refrigerated 200 mm diameter (the diameter of the neutron beam tub
itself) silicon single-crystal filter are planned to be used in the next future.

The sample orientation can be changed using a step by step motor to get
focusing for every particular value of the scattering angle. All angular positions are
properly controlled by using incremental angular traducers TIRO. An important
component is the pneumatically disk shape crystal bending device though the use of
different radius of curvature in the horizontal and vertical plane could offer promising
opportunities and therefore should be taken into consideration.

In fact the experimental facility described above represents a new kind of high-
resolution configuration based on principles completely different than those proposed
by Hewat in 1975, [2]. This kind of configuration provides resolution properties
comparable with the best existing high resolution crystal neutron diffractometers and a
luminosity enough good to allow structure analysis for complex compounds even when
the available neutron source is 1-2 orders of magnitude lower.
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Fig.2
If we take as resolution parameter Ad/d computed taking as angular spread A9

the full width at half maximum we can see that while for a conventional configuration
the resolution significantly increase for small values of d (for high scattering angles) in



the case of the TRIGA focusing configuration the resolution continuously decrease
with 1/d to very low values around 0.005 (W1/2 around 15 minutes). The resolution
dependence with 1/d is presented in fig.2 using experimental determination for an
A12O2 sample

Taking account on the special interest existing in our institute concerning the
pressure tubes behavior during the CANDU reactor operation a special research
program was decided to be developed related to the ZrH properties complex
characterization. This program will be partially supported by I A E A . Vienna under
the 10516/RO/Regular Budget Fund contract.

The main objective of this research project is to implement the first order strain
determination technique by measuring the diffraction lines shift from their normal
angular positions and the H concentration determination method by measuring the
diffraction lines integral intensity.

For the second year of this research project phase analysis concerning ZrH
samples are planned to be realized.

The second kind of the research project objectives is related to the focusing
configuration properties improvement and to some theoretical problems remained still
unsolved.

During the 1999 year a theoretical treatment of the lines diffraction shift from
their normal positions (this shift is characteristic for the focusing configuration) is
planned to be realized. A complete description of the pneumatically bent
monochromatior face and a proper definition of its equivalent radius of curvature are
also planned to be done.

For the second year of the proposed project a Rietveld program suitable for the
processing of the experimental data obtained using such a focusing configuration will
be realized. A first version is already realized; the improved version will allow for the
multiphase systems structure analysis.

Another important task is to increase the diffractometer luminosity by using a
position sensitive detector instead of the already existing BF3 detector. The expected
luminosity increase is about 100.

References
[1] I. Ionita, M. Ciocanescu, A.D. Stoica, M. Popovici, M. Preda, D.

Ciobanu, B. Ciorneiu, P. Timis, DIR1 High Resolution Focusing Crystal Neutron
Diffractometer Installed at NRI Pitesti Steady State Reactor, TRIGA Conference,
Meinz, 1996

[2] A.W. Hewat, Design for a Conventional High-Resolution Neutron Powder
Diffractometer, Nuclear Instruments and Methods, 127, p.361-370, 1975.


