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1 Motivation

This work is part of the CARBOWASTE project, which was started in 2008 under the 7™
EURATOM Framework Program. In this program several international companies, authorities,
universities and research centers try to develop best practices in the retrieval, characterization,
treatment and disposal of irradiated graphite, so called i-graphite.

The aim of this work is finding out the distribution (homogeneous or heterogeneous) of the
radionuclide inventory in graphite samples from several reactors (AVR, DIDO, RBMK,
MERLIN and SLA). Because of neutron activation of the natural C-13 or impurities within the
graphite or coolant the i-graphite contains H-3, C-14, CI-36, Co-60, Cs-137 and Sr-90/Y-90.
With absorbing aluminum filters of different thicknesses autoradiographic images of the

samples were taken and analyzed with an image processing software (ImageJ).

2 Reactor graphite

Carbon is a nonmetal of group 14 of the periodic table of elements. There are approximately
2-10° artificially produced and naturally occurring compounds of carbon. For other elements
of the periodic table there are not more than 10000. Carbon is an important part for living
organisms (RNA, DNA) [Fro 04]. In nature carbon exists in two modifications. As metastable
diamant and as stable graphite [Sap 79]. Graphite can be used for example as an electrode for
lithium ion battery [Tuc 03] or as material for nuclear propulsion systems in space applications
[Gul 64].

Unit Celt:
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- 6. 7079 £0.0007 A
Volume = 35. 1% A°
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Crystal Density - 2. 266 gfem’
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Figure 1: Crystal structure of graphite [Bak 70].
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Another field of application is in nuclear reactors where it is used often as reflector and/or

moderator material [DIP 04].

2.1 Structure, properties and radionuclide inventory

Most commonly graphite exists in the hexagonal lattice structure, as shown in Figure 1. The
stacking sequence is ABAB, whereas it is ABCABC for the not so common rhombohedral

structure. Most properties of graphite can be related to two structural features.

The strong chemical bonds resulting in mobile electrons responsible for thermal/electric
conductivity for instance. Additionally the large spacing between two structure layers affects

mechanical characteristics.

Mechanical properties like creeping, compressive strength, young's modulus, coefficient of
friction or the tensile strength are discussed in [Bak 70] and [ROd 76]. The tensile strength for
example increases with temperature and reaches its maximum at some 2500 °C. It depends on

the particle size and the processing parameters for instance.

Thermal properties, like the thermal conductivity, depend on temperature too. The conductivity
is e.g. a function of the type of the graphite and the production variables. The maximum is for
nuclear graphite below room temperature and decreases at elevated temperatures. Further

thermal characteristics, like thermal expansion and emissivity, are object in [Bak 70].

The nuclear properties, are excellent for using graphite as moderator and reflector material for
instance. It has a low thermal neutron absorption cross section and a high scattering cross
section. Impurities, like H, B, N, Cl or other rare elements, change the positive nuclear

characteristics. They increase, for instance, the absorption cross section for neutrons.

Impurities develop corrosion processes in the graphite and adulterate the neutron economy of
the reactor. The purity of graphite is given as the amount of ash in combustion analysis [Mer
69]. In normal, pure graphite it is 1000 ppm and more, whereas it is 50-350 ppm for graphite
used in reactors. As in this work a sample of an AVR reactor is used in table 1 the impurity

inventory of a graphite sample called “reactor grade” is shown. This sample was produced by
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the US company Union Carbide Corporation. After [Mer 69] it has the same quality like the

graphite used in the AVR reactor for the fuel elements.

Table 1: Trace impurities in the sample ,,reactor grade* in [ppm].

CARBOWASTE

Treatment and Disposal of Irradiated Graphite and Other Carbonaceous Waste

Sodium

Bromine

Copper

Tellurium

Lanthanum

Thorium

Uranium

9

1.2

1.3

20.6

0.1

0.07

< 0.05

[Bro 01] and [Bus 02], for instance, deal also with the chemical inventory of graphite and its

impurities.
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2.2 Types

Different nuclear graphites can be generated by changing parameters, like temperature or grain
size, in the production process. These nuclear graphite grades can differ in purity, strength,
density, processing conditions or piece size for example. In literature the graphite types are
named with manufacturer letters and the number designation, like NBG-10 (NBG = Nuclear
Block Graphite) [Bak 70], [Sgl 01]. In [Moo 08], [Hop 03], [Vre 08], [Bak 70] and [Ish 04]
graphite grades and designations for components in differing reactor types are shown.
Companies producing and selling such graphites for the nuclear industry are for example SGL,
GrafTech (both Europe) and Toyo Tanso (Japan) [Vre 08].

2.3 Manufacturing

Graphite is a special form of carbon. To create carbon or graphite products the pyrolytic
decomposition is mostly used. Nuclear graphite is a highly pure kind of electrographite.
Electrographites are materials at which the carbon is heat treated (graphitized) at temperatures
greater than 2200 °C [BAK 70]. After [Haa 90] with the Acheson process most of the nuclear
graphite was produced. In figure 2 are similar steps shown for producing nuclear graphite out

of the raw material petroleum coke.

The first processing step is the calcination. With it the volatile hydrocarbons are removed.
Additionally the calcination preshrinks the coke for a better volume control in the production

process which is important for large graphite blocks.

It follows the crushing of the calcined coke. The crushed coke is then milled to a flour which is
mixed with coke filler particles forming a blend. Pitch binder is added at a temperature of 165
°C to the blend. The fluid mixture is now extruded. The anisotropy property of graphite is
result of the parallel alignment of the coke particles relative to the direction of extrusion. If
molding is used the coke particles align perpendicular to the extrusion direction. The alignment
of the coke particles is responsible for the strength of the graphite and depends on the forming
method [Sri 08].
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Now a heating up is done. The present “green” carbon bars are packed in granulate coke for
maintaining the shape and then heated up to 800 °C. This leads to a conversion of pitch from a
thermoplastic state to an infusible solid. The heating up must be done slowly (3 to 6 weeks).

Otherwise the production of hydrocarbon gases can create cracks in the graphite bars.

Impregnating or graphitizing closes the production cycle. Either the baked article can
graphitize directly or, what is done mostly, it is impregnated with pitch. The impregnation
reduces the porosity of the graphite and increases the bulk density. For this the graphite bars
are brought into an electric graphitizing furnace fired at 2600 °C to 3000°C. The heating cycle
lasts 3 to 4 days. The following cooling lasts 10 days to decrease the number of microcracks
[Sri 08]. Finally the graphite comes in touch with air. Thermal (heating to 2800 °C or 3000 °C)

or chemical (heating in presence of halogen containing gases) purity improvements can follow.

Raw Petroleum

(:) Calcined at 1300 °C

Calcined Coke

/é\Milled and Sized

Extrusion Flour Particles Pitch

Cooled
Extruded or Molded

Green Article

(:) Baked to 800 °C

Baked Article

Impreanated with Pitch

Graphitized to ~ 3000 °C

Nuclear Granhite

Figure 2: Steps for manufacturing nuclear graphite [Bak 70].
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2.4 Graphite components and reactor types

Graphite is a popular material for nuclear purposes. It has a high mechanical strength, very
good moderating characteristics and a low neutron absorption cross-section [Agr 61]

Hence it is used very often as a material for the moderator. In the Russian RBMK the bricks for
the fuel channel [Hop 03] and solid-contact rings [Leb 98] are made out of graphite for
instance. According to [Fro 04] there are some 1000 — 2500 tons of graphite in such a reactor
type in average. Matrix material for fuel elements and absorbing rods are for example in a
high-temperature gas-cooled reactor (HTGCR) also of graphite.
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Test Reactor (HTTR) with used graphite grades in brackets [Ish 04].
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The low absorption cross-section for neutrons is also appropriate for reflectors like in high-
power water-graphite channel reactor for instance [Leb 98]. Figure 3 indicates the role of
graphite for replaceable components and for permanently installed graphite components of the
reactor core [Ish 04]. In [Vre 08] the usage of graphite in a High Temperature Reactor (HTR) is
mentioned. Graphite is also part of British Magnox reactors [Mcg 11], French uranium natural
graphite gaz reactors (UNGG), English advanced gas reactors (AGR) [Gui 10], [Nei 07],
Russian light water-cooled graphite moderated (LWGR) reactors [lal 06] or of some research
reactors like in the ASTRA research reactor in Austria [Lex 06].

Finally it is worth to mention, that also in tokamak fusion reactors graphite or chemical
compounds with graphite [Fuk 85] play an important role. Graphite offers excellent thermal
properties, a high sublimation temperature, a high heat capacity and a high thermal
conductivity [Cau 89]. Graphite can be used for plasma facing components in a tokamak fusion
reactor. They are used as material for fixed and movable limiters forming the plasma column
[Che 94].

2.5 Irradiation behaviour

Not only impurities are able to change the properties of graphite but also the neutrons in form

of irradiation during the operation in a nuclear power plant.

Figure 4: Left: Graphite before irradiation. Right: Cracks in graphite after
irradiation (T,, = 500°C,neutron fluence:5 - 10* neutrons/em? )[Agr 61].

The development of radiation induced effects, resulting in property changes of the material,
start with primary radiation damage. These point defects in the lattice create at the

microcrystallite level oriented microstructures ending in shape changes. Geometrical changes

CW1203-T-3-3-2-a
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generate microstresses which are responsible for the porous subsystem of graphite. Finally

microstructural developments take place [Sub 06].

Microcracks (see figure 4 and figure 5) evolve because of the irradiation and they are the main
reason for the observed radiation effects [Pan 08].

0 T T 1 4 ¥ T i
v . * a i . .

2b-] Operation

Iogm(Ptobahility of Crack Initiation)

Time [FPY]
Figure 5: Probability for crack initiation during operation life [Nei 07].

In-pile exposure results in an alteration of the crystal structure and hence property changes
occur. From the practical point of view the most important effects on graphite are the reduction
of thermal conductivity, the storing of latent energy (Wigner) and the dimensional instability of
graphite components [Kli 61]. The dimensional instabilities depend on the temperature and the
neutron flux. Up to irradiation temperatures of 300 °C there is swelling and between
temperatures of 500 and 800 °C there is shrinkage of the graphite material [Agr 61]. In [Eng
84] the behaviour of different types of graphite (highly oriented pyrolytic graphites and

artificial polycrystalline graphites) in respect to irradiation is described.

2.6 Waste management

After a nuclear power plant has reached their life-span decommissioning of the plant is
necessary. Depending on the type of reactor irradiated graphite, worldwide do exist 250,000
tons, must be treated and disposed. However, not only the shutting down of nuclear power

plants is a source for the increasing amount of irradiated graphite. But also the development in

CW1203-T-3-3-2-a
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the reactor designs. High temperature reactors (HTR) are graphite moderated [Gui 10], very

high temperature reactors (VHTR) and pebble bed modular reactors (PBMR) use graphite
encapsulated fuel particles for instance. Hence ways for disposing the waste are necessary.

To find the most appropriate solution the disadvantageous properties of irradiated graphite
must be taken into account. The problems of irradiated graphite are the long half-life of C-14
(5730a), the characteristic that organisms can take it very easily up, the fact that up to 1% of
irradiated graphite consist of C-14 and that it is combustible and vulnerable for oxidation
whereas it is mostly inert. This leads to problems in the storage. Another critical point is the
ability of graphite to store energy from neutrons in its structure in form of Wigner energy [Mcg
11].

Facing these problems from several ways of handling the graphite waste can be chosen. One
way is the immobilization of graphite. One approach is discussed in [Mcg 11]. Sintering the
activated graphite with glass is one suggestion. The glass composite material can then be used
as structural or shielding material. This solution is for long-term disposal. It is an approach but
no final route to dispose irradiated graphite.

Another way of immobilizing is described in [Pla 02]. There a cold hardening fixative is used
for covering graphite from the RBMK masonry of a Leningrad nuclear power plant operated
for 17 years. The fixative consists of epoxy oligomer, compacted with a furane heterocyclic
alydehyde. The result is no release of radionuclides for 2 years at 20°C and for 1 year at 50°C.
In [Kar 05] an immobilizing treatment method is described to process reactor graphite waste
into a matrix. For this a self sustaining exothermic reaction is used to produce a durable
ceramic product A1,04-TiC. The advantage is the good immobilization characteristic, which
faces an increase in the waste volume.

Other suggestions are incineration and the direct disposal of the graphite. The first
consideration is cheap but releases €0,. The second approach is relatively expensive due to the
building up of environmental barriers for the graphite and the costs for long time disposal sites.
The burning of irradiated graphite was also tried. In France it was tested at a low capacity
experimental facility. The emission of €@, in the atmosphere (C-14), the strict requirements for
the risk elimination and the huge amount of produced irradiated graphite are the developed
problems of this disposal solution. Storage of the waste was seen as better alternative [Fro 04].
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3 Autoradiography

The word “radiography” assembles out of the Latin prefix “radio” (=bar, beam) and the Greek
word “graphein” (= to write). Under this word you understand the illustration of ionizing
radiation with the help of photographic material. The resulting radiogram is created by the self-
radiation of the measurement object or by activation [Neu 87]. Autoradiography developed
due to the discovery of Niepce de Saint-Victor (1805-1870). In 1858 he found out, that a
drawing made out of a special photo chemical (Uranylnitrat) can be copied to a photo plate. At
present the autoradiography plays a role in quantitative, two-dimensional distributional

analytical assays.

During time four radio-imaging-technologies were developed. The basic technique is the
autoradiography via film emulsion. There, a radiogram on a film due to ionizing radiation is
created with the help of a developer. The disadvantage of this method is the needed time to get
a good picture of a sample with unknown activity. The possibility of analyzing uneven samples
is an advantage. The thin layer scanner is another method of autoradiography. Here you put
the probe on a table, adjustable in x- and y-direction, und a detector. A disadvantage is the
limited sharpness of the sample image, as it must be a necessary distance between the probe
and the detector. Changing something during the measurement is an advantage. Additionally
there are radioimagers working with the principle of solid state phosphorescence. The image
of the active sample is generated due to the fact that the recombined electrons, of the doted
semiconductor atoms of the exposition material, emit photons. Disadvantage is the
determination of the exposition time of probes with unknown activity. An advantage is the high
resolution of the location.

Here the method of the Instant-lmagers is used. The characteristic of this method is the
possibility to analyze the sample during the measurement. For the measurements here an
Instant-Imager from the company Canberra Packard was used. He is built up of a detector, a
power supply for the operation- and the high voltage and a PC inclusive a xy-decoder platin.
The measurement principle of such an Instant-lmager-System is equal to a proportional counter

tube. Approximately 210 000 proportional counter tubes are used in such an Instant-Imager.

CW1203-T-3-3-2-a
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These counter tubes correspond to bore holes of the diameter 0.4 mm with a pitch of 0.5 mm.
The used gas consist of isobutan (1.0 Vol %), carbon dioxide (2.5 Vol %) and argon (96.5 Vol
%). The plate (20x24) cm? with the bore holes is part of the so called Micro channel array
detector (MICAD). The MICAD consists of 11 layers of copper and fiber glass. Between
these layers and the sample surface are lying different layers in the millimeter area. The
purpose is the seal, as protection for contamination and to stabilize the detector mechanically.
The task of the MICAD is the multiplication of the amount of electrons and the acceleration of
the secondary electrons. The accelerated secondary electrons end up in the Multi-Wire-
Proportional-Counter (MWPC). The MWPC is a cathode lattice made of copper stripes. The
secondary electron out of the MICAD interacts with the HV-cathode level, so that an electrical
impuls is detected and with the help of the channelboard in the Instant-Imager is the secondary
electron a x-coordinate assigned. The secondary electron now flies through a focusing level,
consisting out of 200 thin copper wires. After this the secondary electron ends up at another
HV-level, which assigns the electron electronically a y-coordinate. Both coordinates are sent
via seriel interfaces of the Instant-Imager in direction to the PC, where they are displayed on
the screen [Vil 03].

CW1203-T-3-3-2-a
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4 Material and Methods

4.1 Graphite probes
Probe: Merlinl out of the thermal column of the research reactor FRJ-1 (Merlin) (see figure 6 7

and table 2)
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Quantity of graphite [te]: appr. 10 [Flo 09]

Purpose of the graphite: moderator (thermal column) [Flo 09], [Www 2]
Major Radionuclides: see table 2

Type of Reactor: research reactor [Flo 09]

Operation time: 1964 — 1985 [Flo 09]

Power Output (Th.): first: 5 MW, then 10 MW [Flo 09]

Table 2: Radionuclide Inventory of the Merlin sample.

Nuclide Half-live [a] Specific activity [Bq/g] | Specific activity [Bg/g]
01.08.2008 06.05.2011
H-3 12.33 3.54E+03 3.03E+03
Cc-14 5730 3.79E+02 3.79E+02
Fe-55 2.73 1.10E+02 5.46E+01
Co-60 5.271 3.32E+00 2.31E+00
Ba-133 10.54 1.03E+01 8.55E+00
Eu-152 13.3 5.29E+02 4.58E+02
Eu-154 8.8 2.97E+01 2.39E+01

CW1203-T-3-3-2-a
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Probe: St. Laurent A2 NPP (SLA), drilling probe of the height 5120 cm (see figure 8, 9 and
table 3)
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Quantity of graphite [te]: 3400 [Www 3]
Purpose of the graphite: moderator [lal 06]

Major Radionuclides: see table 3

SEVENTH FRAM
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Type of Reactor: energy production reactor / uranium natural graphite gas reactor (UNGG)

[Www 3]

Operation time: 1971 — 1992 [Www 3]
Power Output (Th.): appr. 1260 [Www 3]

Table 3: Radionuclide Inventory of the SLA2-5120 sample.

Nuclide Half-live [a] Specific activity [Bq/g] | Specific activity [Bg/g]
16.11.2010 06.05.2011

H-3 12.33 3.48E+04 3.39E+04

C-14 5730 4.36E+04 4.36E+04

Co-60 5.271 3.62E+04 3.4E+04

Cs-134 2.1 1.28E+01 1.10E+01

Cs-137 30.2 6.99E+01 6.92E+01

Ba-133 10.54 9.19E+01 8.91E+01

Eu-154 8.8 1.56E+02 1.50E+02

Eu-155 4.8 4.60E+01 4.30E+01
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Probe: DIDO scretch sample out of the 6VGR-chanel of the graphite reflector
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Figure 10: Even side of the DIDO sample.
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Figure 11: Uneven side of the DIDO sample.

CW1203-T-3-3-2-a

Page 21/101




ASTE CARBOWASTE
Treatment and Disposal of Irradiated Graphite and Other Carbonaceous Waste SEVeRTH FRAMEHORK

PROGRA/

Quantity of graphite [te]: 17 [Wis 06]

Purpose of the graphite: only reflector [Wis 06]

Major Radionuclides: H-3, C-14 [Wis 06]

Type of Reactor: Research Reactor — Material testing reactor [Wis 06]
Operation time: 1956 — 1990 [Wis 06]

Power Output (Th.): 10-26 MW [Wis 06]

Table 4: Radionuclide Inventory of the DIDO sample.

Radionuclide Half-life [a] Specific activity [Bq/g] | Specific activity [Bg/g]
01.02.2010 04.07.2011
H-3 12.33 2.6E+06 2.4E+06
Cc-14 5730 9.8E+04 9.8E+04
Fe-55 2,73 9.7E+03 6.8E+03
Co-60 5.271 8.9E+03 7.4E+03
Cs-134 2.1 4.3E+02 2.7E+02
Cs-137 30.2 7.7E+01 7.5E+01
Ba-133 10.54 2.0E+02 1.8E+02
Eu-154 8.8 2.6E+03 2.3E+03
Eu-155 4.8 1.6E+03 1.3e+03
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Probe: RBMK sample out of a fuel channel of the NPP Ignalina | (see figure 12, 13 and table
5)

imm

»

i .abp.r..2.1 mm

200" 39 mm

A4

Figure 12: Side A of the RBMK sample.
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Figure 13: Side B of the RBMK sample.
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Quantity of graphite [te]: 1921.5 [Puz 10]
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Purpose of the graphite: moderator and reflector [Ned 11], [Anc 05]

Major Radionuclides: see table 5

Type of Reactor: energy production reactor / RBMK-1500 [Ned 11]

Operation time: 1983 — 2004 [Ned 11]
Power Output (Th.): 4800 MW [la2 04]

Table 5: Radionuclide inventory of the RBMK sample.

SEVENTH FRAMEWORK
PROGRAMME

Radionuclide Half-life [a] Specific activity [Bq/g] | Specific activity [Bg/g]
11.07.2009 04.07.2011

C-14 5730 2.4E+04 2.4E+04

Mn-54 0.855 9.9E+00 2.0E+00

Co-60 5.271 4.0E+01 3.1E+01

Cs-137 30.2 7.0E-01 6.7E-01
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Probe: AVR (Arbeitsgemeinschaft Versuchsreaktor) sample is a flaking of the inner graphite-
built ins (see figure 14, 15 and table 6)
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Figure 14: Even side of the AVR sample.
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Figure 15: Uneven side of the AVR sample.
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Quantity of graphite [te]: 67 (graphite-built ins) + 158 (carbon bricks built-in)

Purpose of the graphite: as basic material for core structures (high-purity graphite), as
insulation layer for the graphite reflector (more impurities), moderator [Bis 01]

Major Radionuclides: see table 6

Type of Reactor: experimental reactor [Bis 01]

Operation time: 1968 — 1988 [Bis 01]

Power Output (Th.): appr. 45 MW [Bis 01]

Table 6: Nuclide inventory of the AVR sample.

Radionuclide Half-life [a] Specific activity [Bq/g] | Specific activity [Bg/g]
01.10.2007 04.07.2011
H-3 12.33 1.0E+07 8.3E+06
C-14 5730 3.3E+05 3.3E+05
Fe-55 2,73 6.8E+03 2.6E+03
Co-60 5.271 1.2E+04 7.1E+03
Sr-90 28.5 2.5E+05 2.3E+05
Cs-134 2.1 1.3E+02 3.6E+01
Cs-137 30.2 2.3E+04 2.1E+04
Ba-133 10.54 6.8E+02 5.3E+02
Eu-154 8.8 2.2E+02 1.7E+02
Eu-155 4.8 9.0E+01 5.3E+01
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4.2 Absorption measurements

Before starting with the autoradiographic measurements absorption curves were empirically
taken. The measurements had the aim to verify the already known theoretical absorption
behavior of several radioactive elements regarding the absorption with aluminum. The results
made it possible calculating the necessary absorption thicknesses for the measurements with

the Instant-Imager.

4.2.1 Sources
The used sources for making the absorption curves are shown in figure 16, 17, 18 and 19.

Cs-137

Figure 16:

Sr-90

Figure 17 Big opening (Diameter: 3;47rnm), 8 uCi (23.04.1981)

CW1203-T-3-3-2-a
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Co-60

Figure 18: Selfmade Co-60 source; diameter: 2.90 cm; activity: 2 kBq

Cl-36
A point source was used

4.2.2 Absorber

Two kinds of filter set were used. The filters of both sets consisted of aluminum. One filter set
(serial No.: s6819) was from the company Picker nuclear. It consisted out of ten different
filters. The other set (605/x) contains 30 filters of different thickness. Figure 19 gives an

impression of this types of filter.

Figure 19: Used filtersets for measuring the absorption curves. On the left the set
with 30 filters. On the right the set from Pickers with 10 filters.

CW1203-T-3-3-2-a
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4.2.3 Detector and Serial Micro Channel SMC 2100

The Serial Micro Channel SMC 2100 is the interface between the GM-Counter and the
measurement software. It is a product of the company FST Freiberger Sensortechnik GbR

(Freiberg/Saxony). Figure 21 gives an impression of this electronic device [Han 00].
P ST b, N QY 0, K Z ; - »

Figure 21: Measurement stand for receiving the absorption curves. Left: PC with
measurement software; Middle: SMC device; Right: Geiger-Muller Counter

The detector, from LND INC.(USA), is connected via a coaxial cable to the device. Via
RS232-interface the electronic signals are sent to the analyzing software. Figure 22 shows the

user interface of the software for a start-stop measurement.
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4.3 Aluminum absorbers

SEVENTH FRAM

The results (half-thickness) of the empirically gained absorption curves where used to calculate

the thickness of the aluminum absorbers for the measurements with the Instant-Imager. In

table 7 the multiples of the half-thickness for Aluminum, which are then used for realizing the

absorbers, are shown.

Table 7: Calculated values for the half-thickness to realize the aluminum absorbers
for the Instant-lmager measurements.

~EW) I(y) E(B max) |1(B) HWD HWD Alu |3 HWD |7 HWD
ruclide [keV] [%] [keV] [%] [mg/cm2] | [mm] [mm] | [mm]
2700
*H 18.591 |100
e 156.475 |100 2.9 0.0107 |0.0322 |0.0751
| 709.23 [98.1 |29 0.1074
e 1173.237 | 99.9736 11813 | 09095
1332.501 | 99.9856 8.4 0.0311
Bcs  1661.657 [85.1 513.97 |94.4 |17.5 0.0648
sy 0.546 19.5 0.0722
Py 2.27 165 0.6111

The received values for half-thickness (three/seven times) were gathered in six groups shown

in table 8. Whereas each group value stands for the thickness (in cm) of the used aluminum

absorber in the Instant-Imager measurements.
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Table 8: Finding the values for the aluminum absorbers.

Received values for half-thickness [mm)] Group value [mm] = thickness of aluminum
absorbers [mm]

0.0322, 0.0752, 0.0933 0.1

0.2055 (mean of 0.19 and 0.21), 0.2178 0.225

0.3222 0.3

0.4796 0.5

0.7519 0.725

1.8333,4.2778 4.3

CW1203-T-3-3-2-a
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4.4 Measurements with the Instant-lmager

4.4.1 Absorber

The material for the absorbers comes from the company Goodfellow Cambridge Limited
(Huntingdon, England) and from Alfa Aesar® (A Johnson Matthey Company) (Karlsruhe,
Germany). The constituents of each absorber are shown in table 9.

Table 9: Building up of the final absorber thickness.

Final absorber thickness [mm] Separate elements

4.3 (2x1mm)+(1x2.3mm)

0.725 (2x0.2mm)+(1X0.1 mm)+(1x0.125 mm)
0.5 (2x0.2mm) +(1X0.1 mm)

0.3 (1x0.1mm)+(1x0.2 mm)

0.225 (1 x0.1 mm) +(1x0.125 mm)

0.1 1x0.1 mm

The properties of each aluminum part are described now.
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Aluminum foil — 0.1 mm

Company: Goodfellow
Thickness [mm]: 0.1
Purity [%]: 99.0

degree of hardness: annealed

Aluminum foil — 0.125 mm

Company: Goodfellow
Thickness [mm]: 0.125
Purity [%]: 99.0

degree of hardness: annealed

SEVENTH FRAMEWORK
PROGRAMME

Aluminum foil — 0.2 mm
Company: Goodfellow
Thickness [mm]: 0.2
Purity [%]: 99.0

degree of hardness: annealed

Aluminum foil — 1.0 mm
Company: Alfa Aesar
Thickness [mm]: 1.0
Alloy 6061

Aluminum foil — 2.3 mm

Company: Alfa Aesar
Thickness [mm]: 2.3

CW1203-T-3-3-2-a
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5 Results

5.1 Absorption curves

Absorption curves were taken to verify the theory regarding half-thickness. The received
information (half-thickness) made it possible to realize the aluminum absorbers for the Instant-

Imager measurements.

5.1.1 CI-36

The fitting function

inz .
R = Rgp-- ¢ Ralfthicknesp S04 | o stant

With
Ry - = count rate for area density zero

Half-thickness = half-thickness of aluminum for the 5~-energy

Area density = area density of the absorbers

in combination with the usage of the analyzing program Solver of Excel lead to the value for
the half-thickness (300 g/m2).

The following figure shows the characteristics of the count rate dependent from the area
density of the aluminum absorbers.

The parameters of the fitting equation

Ryp- =172 cps half-thickness = 300 g/m? constant = 0.46

CW1203-T-3-3-2-a
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Figure 21: Absorption curve of CI-36.

5.1.2 Cs-137

The fitting equation for Cs-137 consists of two parts. The reason is the 5~ — and the y-
emission.
The fitting equation

In2

_( in2
R = RIZIJE’_ - g ‘half-thickness,f-

+ Ry, & ratF-thicmmey

area da'mity) -arec densi r.y}

results in following fitting parameters.

Ry e-=1201 cps, half — thickness,§~ = 230 g/m?
Ry, =23 Cps half — thickness,y = 40 000 g/m?

CW1203-T-3-3-2-a
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Figure 22: Absorption curve of Cs-137.

5.1.3 Sr-90/Y-90

The fitting equation for this radionuclide equals the one for CI-36 as the radiation has just a §~-

part.
Ryp- = 1023 cps half-thickness = 1023 g/m? constant = 1.5
1000,0
g 1000 -
=
c
]
& 100
3
o
g *®
3 10 * -
0,1 T T T T T T 1
0 2000 4000 6000 8000 10000 12000 14000
area density [g/m?]

Figure 23: Absorption curve of Sr-90.
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5.1.4 Co-60

Selfmade source

Co0-60 has both a 5~- and a y-part. Therefore the fitting equation is like the one for Cs-137.
The fitting parameters are

Rgp- =73 ¢ps half — thickness,f~ =186 914 g/m?
Ry, =707 cps half — thickness,y = 82 g/m?
1000
B
=
c
o
ﬁ 100
g > ¢ &
£
=
S
10 T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500
area density [g/m?]

Figure 24: Absorption curve of Co-60 (selfmade source).

Page 37/101 CW1203-T-3-3-2-a



ol CARBOWASTE
Treatment and Disposal of Irradiated Graphite and Other Carbonaceous Waste i

Point source

Ry - =18 cps half — thickness,f~ = 519 g/m?2
Ry, =35 Cps half — thickness,y = 89900 g/m?
100
B
=
8
3 -
g
£
g
10 T T T T 1
0 2000 4000 6000 8000 10000
area density [g/m?]

Figure 25: Absorption curve of Co-60 (point source).
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5.2 Measurements with the Instant-lmager

In Figure 26 the Instant-Imager is shown.

Figure 26: Instant-Imager

With the help of the absorbers in Figure 27 all the graphite samples were measured. In the left
picture you can see the above surface of the absorbers. In the right picture the down side is
displayed. The absorber A has the thickness 4.3 mm (on the left). In the middle (B) is the
absorber located with the thickness of 0.5 mm (on the left) and 0.725 mm (on the right). The
absorber down (C) has on the left the thickness of 0.1 mm, in the middle 0.225 mm and on the

right 0.3 mm.

Figure 27: Used aluminum absorbers .

CW1203-T-3-3-2-a
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Figure 27 shows the used absorbers. Above them the masks, in which the absorbers have been

laid to bring them in a defined position in the Instant-Imager. Reducing the distance between
the surface of the graphite sample and the surface of the aluminum absorber the staples of
paper, above the masks, are used. The rectangle above the masks is used to bring the sample-
mask-composition in a defined position in the Instant-Imager.

Figure 28: A: Graphite samples with its masks and paper staples. Above the paper
rectangle.

Figure 29 shows the order for the several components (paper staple, mask, graphite sample and

absorber) for a normal measurement.

) Aluminum absorber
Graphite sample |

Paper staple

Plastic slide ~_

Ground of the Instant-Imager—

Figure 29: Assembly of the components for a measurement.
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Explanation of the file names

SLA2
1 s3 we
1 = just for generating an order
s = stands for SLA
3 = third measurement
w = without absorber

e = even side up / un = uneven side up

2 s3 le
1 = absorber thickness 0.1 mm
2 = absorber thickness 0.225 mm
3= absorber thickness 0.3 mm
5 = absorber thickness 0.5 mm
7 = absorber thickness 0.725 mm

4 = absorber thickness 4.3 mm

Diff SLA_e wml ri_nT
Diff = difference of two instant imager pictures
SLA or S = stands for the name of the sample
e = even side up / un = uneven side up
wml = image without absorber minus image with absorber of thickness 0.1 mm
ri = result inverted (= the resulting image out of the subtraction was inverted in the
program ImageJ)
nT = no Translation (of the images before the subtraction in ImageJ)
T = Translation (the image without absorber was defined as reference. Hence the image

taken with the absorber was translated)

All mentioned abbreviations are also valid for the other samples. Following sample specific

abbreviations are explained.

CW1203-T-3-3-2-a
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DIDO

D = stands for DIDO

AVR
A, a = stands for AVR

RBMK
R = stands for RBMK
s = slope side up
f = flat side up

MERLIN
M = stands for MERLIN
vlu = vertical line up

vld = vertical line down

CW1203-T-3-3-2-a
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5.2.1 Saint Laurent A2

5.2.1.1 Even side up

File: 1 _s3 we File: 2_s3 1e

File: 3_s3 2e File: 4 s3 3e

File: 5 s3 5e

CW1203-T-3-3-2-a
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5.2.1.2 Uneven side up

SEVENTH FRAMEWORK
PROGRAMME

File: 1_s3_wun

File: 2_s3 1un

File: 3_s3_2un

File: 5 s3 5un

File: 7_s3 4un

File: 4 s3 3un

File: 6_s3_7un

CW1203-T-3-3-2-a
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5.2.1.3 Subtraction — Even side up [not translated + inverted images]

File: Diff SLA e wm2_ri_nT

File: Diff SLA e wml ri_nT

B

File: Diff SLA e wm5 ri_nT

File: Diff SLA e wm3 ri_nT

NG

File: Diff SLA e wm4 _ri_nT

File: Diff SLA e wm7_ri_nT

CW1203-T-3-3-2-a
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5.2.1.4 Subtraction — Even side up [translated + inverted images]

(28

A

File: Diff S e wml ri_ T File:Diff Sewm2ri T

NI

File: Difft S e wm5 ri. T

File: Diff S e wm3 ri_ T

File:Diff Sewm7 ri T . . .
- -~ File: Diff S e wm4 ri_ T

CW1203-T-3-3-2-a
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5.2.1.5 Subtraction — Uneven side up [not translated + inverted images]

File: Diff_SLA_un_wm1_ri File: Diff SLA_un_wm2_ri

File: Diff_ SLA _un_wma3_ri File: Diff SLA_un_wmb,_ ri

o 3k

File: Diff SLA un_wm7_ri File: Diff SLA un_wm4 _ri

CW1203-T-3-3-2-a
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5.2.1.6 Subtraction — Uneven side up [translated + inverted images]

File: Diff S un.wml ri T

File: Diff S un_wm3 ri_ T File: Diff S un_wm5 _ri_ T

File: Diff S un_wm7_ri_T File: Diff S un_wm4_ri_T

CW1203-T-3-3-2-a
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5.2.2 DIDO

5.2.2.1 Even side up

File: d3 we -
- File: d3_1le

File: d3_3e

File: d3_2e

CW1203-T-3-3-2-a
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File: d3_5e

File: d3 7e

CW1203-T-3-3-2-a
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File: d3_4e

CW1203-T-3-3-2-a
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5.2.2.2 Uneven side up

‘_-- b‘.
J‘“: = T

File: d3_wun

File: d3 1un

-

[ 20,
.r%; ;
AR,

¢ i

File: d3_3un

File: d3_2un

CW1203-T-3-3-2-a
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File: d3_5un

File: d3_7un

File: d3_4un

CW1203-T-3-3-2-a
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5.2.2.3 Subtraction — Even side up [not translated + inverted images]

File:Diff D_ e wml ri_nT

File:Diff D_ e wm2_ri_nT

File:Diff D_e wml_ri_nT File:Diff_D_e_wmb5_ri_nT

File:Diff D_e_ wm7_ri_nT
File:Diff D_e_ wm4_ri_nT

CW1203-T-3-3-2-a
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5.2.2.4 Subtraction - Even side up [translated + inverted images]

File:Diff D e wml ri_ T

File:Diff D_e_ wm3_ri_T File:Diff D e wm5 ri T

File:Diff D e wm7 ri_ T

CW1203-T-3-3-2-a
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5.2.2.5 Subtraction - Uneven side up [not translated + inverted images]

File:Diff D_un_ wm2_ri T

File:Diff D un_ wml ri T

File:Diff D_un_wm3_ri_ T File:Diff D_un_wm5_ri_ T

File:Diff D un_ wm4 ri T

File:Diff D un_ wm7_ri_ T

CW1203-T-3-3-2-a
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5.2.2.6 Subtraction - Uneven side up [translated + inverted images]

]

File:Diff D un_wm7_ri_ T

CW1203-T-3-3-2-a
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5.2.3 AVR

5.2.3.1 Even side up

File: 1 a3 we_ File: 2_a3 le

File: 4 a3 3e_

File: 3_a3 2e

File: 5_a3_5e File: 6_a3_re_

CW1203-T-3-3-2-a
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File: 7_a3 4e_

CW1203-T-3-3-2-a
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5.2.3.2 Uneven side up

File: 2_a3 lun_

File: 1_a3 wun_

File: 4 a3 3un_

File: 3_a3 2un_

CW1203-T-3-3-2-a
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File: 6_a3 7un_

File: 5 a3 bun_

File: 7_a3 4un_

CW1203-T-3-3-2-a
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5.2.3.3 Subtraction — Even side up [not translated + inverted)]

S
e
e
e

File: Diff A e wml ri_nT ) . :
- - - - File: Diff A e wm2_ri_nT

File: Diff A e wm5_ri_nT
File: Diff A e wm3 ri_nT

File: Diff A e wm4 ri_nT

File: Diff A e wm7_ri_nT
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5.2.3.4 Subtraction — Even side up [translated + inverted]

No pictures
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5.2.3.5 Subtraction — Uneven side up [not translated + inverted]

File: Diff A un_wm2_ri_nT

File: Diff A_un_wml ri_nT

File: Diff A un_wmb5 ri_nT

File: Diff A_un_wm3_ri_nT
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File: Diff A_un_wm7_ri_nT

File: Diff A un_wm4 ri_nT

CW1203-T-3-3-2-a

Page 65/101



ol CARBOWASTE
Treatment and Disposal of Irradiated Graphite and Other Carbonaceous Waste

SEVENTH FRAMEWORK
PROGRAMME

5.2.3.6 Subtraction — Uneven side up [translated + inverted]

File: Difft A un_.wm2 ri_ T
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5.2.4 RBMK

5.2.4.1 Slope side up
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File: r3_3 4s
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5.2.4.2 Flat side up
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File: r3_3 4f
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5.2.4.3 Subtraction — Slope side up [not translated + inverted]
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5.2.4.4 Subtraction — Slope side up [translated + inverted)]

File: Diff R s wml ri_ T
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5.2.4.5 Subtraction — Flat side up [not translated + inverted]

File: Diff R_f wml ri_nT

File: Diff R_f wm3_ri_nT
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5.2.4.6 Subtraction — Flat side up [translated + inverted]
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5.2.5 MERLIN

5.2.5.1 Vertical line up

File: m3_wvlu File: m3_1vlu
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File: m3_4vlu
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5.2.5.2 Vertical line down
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File: m3_4vld
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5.2.5.3 Subtraction — vertical line up [not translated + inverted]

File: Diff M_vlu_wm7_ri_nT File: Diff M_vlu_ wm7_ri_nT
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5.2.5.4 Subtraction — vertical line up [translated + inverted]

File: Diff M_vlu wm5 ri T

File: Diff M_viu_ wm4 ri_ T
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5.2.5.5 Subtraction — vertical line down [not translated + inverted]
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5.2.5.6 Subtraction — vertical line down [translated + inverted]

File: Diff M_vlu wm2_ri_ T

File: Diff M_vliu_ wm3 ri_T
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6 Discussion

6.1 SLA

Even Side
The image 1 _s3 we_ without an absorber shows active areas in the three corners of the

graphite sample.

Image 2_s3_1e_does not show this areas anymore. As the probe activity mostly consists out of
H-3, C-14 and Co-60 (table 3) the absorber (0.1 mm) takes away the radiation of H-3 and C-14.

Images 3 s3 2e ,4 s3 3e_and 5 s3 5e show no change in the detected activity. An artifact
exists at the upper part in all three images. It has nothing to do with the activity distribution of

the sample. The detector (Instant-Imager) became, so to speak, temporarily out of order.

Images 3 s3 2e ,4 s3 3e_and 5 s3 5e show no change in the detected activity. An artifact

exists at the upper part in all three images.
Images 6 _s3 7e_and 7_s3 4e_show no artefacts and no areas of intensive activity.

The circular shaped area around the physical borders of the sample due to beta minus emission
increase with higher absorber densities. For the images 1_s3_we_ the circle is smaller and for

the images 7_s3_4e_ the circle is bigger than for the rest of the images.

In general you can say that the activity of the even side is distributed mostly homogenously.

There are just in the three corners of the sample an accumulation of higher activity areas.

For a better evaluation between of the images between each other the maximum values of the
pixels for each sample are listed in following table.
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Table 10: Filename of the image with the corresponding min/max value pair for the even side.

Filename Min/Max value for the pixel
1 s3 we_ 0/47
2_s3_le_ 0/33
3 s3 2e_ 0/31
4_s3_3e_ 0/30
5 s3_5e_ 0/29
6_s3 7e_ 0/29
7_s3_4e_ 0/27

As a short explanation to table 10. The max value affects the brightness/darkness of the image.
The lower the value, the darker the seen area in the image. Hence a lower max value can

generate the impression of a more radioactive area of the sample.

Uneven side
The image 1 s3 wun_ without an absorber shows also in all three corners areas of higher
activities. In comparison to the image of the even side without absorbers the areas are not so

big. You can derivate out of this that the activity goes sometimes through the graphite sample.

Image 2_s3 lun_ shows the same effect like for the even side of the sample. Hence the
radionuclides whose radiation is absorbed by the absorbers are again H-3 and C-14. Beside the

image 2_s3 1un_also 3 s3 2un_and 4 s3 3un_ show no significant absorption effect.

Image 5 s3 5un_ in comparison to the other three mentioned images show a little change.
Whereas image 5_s3 5un_ and image 6_s3_7un have not experienced an absorption effect too.

Image 7_s3 _4un_ with the thickest absorber shows a very homogenous activity distribution.
However, it is not understandable why the graphite sample appears in this image more

radioactive than for the foregoing images. 5_s3_5r_and 6_s3_7r_ with the lower area density.

The complete image series shows no artefacts in the sample. Additionally the activity and the

radionuclides respectively are distributed homogenously in the sample.
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Table 11: Filename of the image with the corresponding min/max value pair for the uneven

side.

Filename Min/Max value for the pixel
1 s3_wun_ 0/116

2 s3_1lun_ 0/30

3 s3 2un_ 0/33

4 s3 3un_ 0/29

5 s3_5un_ 0/39

6_s3_7un_ 0/32

7_s3_4un_ 0/38

Comparison even/uneven side
Due to the fact that, regarding table 10 and table 11, the max values for the pixels are different
a satisfying comparison statement is not made here. Darker areas could be interpretated as

more radioactive, whereas just a lower maximum value is the reason.

Subtraction of images

The evaluation of the subtraction images is difficult. Despite the fact that with the software
ImageJ images were translated to bring them in the same position for the subtraction of each
other, there is no 100 per cent assurance that the pixels of two images have the same position.
That's why it is possible that by a subtraction of two images wrong information can be

produced.

However, before measuring the graphite sample actions were made to bring it into the same
position in the Instant-lmager. For example a mask (figure 28) was used to fix the sample.
Bringing this mask into the always same position on the table of the Instant-Imager a rectangle
out of paper, also seen in figure 28, was used. Anyhow small displacements (< 1mm) were
possible. Because of the lifting up movement of the Instant-Imager, but also due to the fact that
the position fixing was done with the eye adjustment. If, for instance, the fixing of the location
would be realized with laser beams, what is probably from the complexity not arguable, the
location of the samples would be exactly the same.
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6.2 DIDO

Even side

Image d3_we without absorber shows a homogenous distribution of the radionuclides.

Image d3_le shows no strong absorption effect, whereas H-3 is responsible for the most
activity. Probably the amount of tritium nuclides is relatively low. Eu-155 and C-14 can be also

absorbed, as their beta minus radiation energy is relatively low.

Images d3 2e, d3_3e, d3_5e and d3_7e look roughly the same. Accordingly no absorption took

place. Just image d3_5e has a lower intensity.

However the following more intensive appearance of the sample surface by using an thicker

absorber is not understood.

The use of the last absorber resulting in image d3 4e has an effect on the emission of

radioactive radiation.

The conclusion out of this measurement series is the fact that actually just the last absorber has
a strong effect on the absorption of the radioactive radiation. The radionuclides are allocated

uniformly over the complete sample.

Table 12: Filename of the image with the corresponding min/max value pair for the

Filename Min/Max value for the pixel
d3_we 0/25
d3_1le 0/19
d3_2e 0/16
d3_3e 0/16
d3_5e 0/16
d3_7e 0/13
d3_4e 0/13
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Uneven side

Image d3_wun without an absorber shows a homogenous arranged radionuclide inventory.

The effect of the first absorber can not be derived by the intensity of the radioactive areas. The
reason for this are the different max values for pixels of image d3_wun and d3_1un. The max
value for the first image is 25. For the second image 13, consequently the pixels appear more

radioactive in the second image whereas there is no more radioactivity.

Images d3_2un, d3_3un, d3 5un and d3_7un have no absorption effect. Just the jump from
image d3 1lun to d3 2un is result of an absorption. Due to the relative huge amount of
radionuclides in the sample it is not easy to find out which radionuclides were absorbed. |
assume a little bit Co-60 (beta minus energy: 0.3 MeV), Cs-137 (0.5 MeV) and Eu-154 (0.6
MeV).

The last image d3_4un shows a small absorption effect. Perhaps Cs-134 (0.7 MeV), Co-60 (1.5
MeV) and Cs-137 (1.2 MeV) is partly absorbed.

Table 13: Filename of the image with the corresponding min/max value pair for the

Filename Min/Max value for the pixel
d3_wun 0/25
d3_1un 0/15
d3_2un 0/18
d3_3un 0/16
d3_5un 0/15
d3_7un 0/16
d3_4un 0/12

Comparison even/uneven side

No special regions of higher activity exist on both sides. The radionuclides are allocated
uniformly. Also the effect of the several absorbers for both sides is the same. By using the first
absorber a part of the emitting radiation is absorbed. From then on (d3_1lun/d3_le) to
(d3_7un/d3_7e) the absorbers have no significant impact on the absorption of the radiation.
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For me the fact that the shown activity in image d3_7e is higher as in the image d3_5e, with a
thicker absorber, is not understandable. The max values of the pixels can not be the reason as

they have for both images the same value.

Subtraction of images

See discussion for the SLA sample
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6.3 AVR

Even side
In image 1_a3_we without absorber can be seen an area with lower activity then the rest of the

sample.

In images 2_a3 _1le_ and 3_a3_2e_no big change in the activity is observed. In comparison to
the first image without absorber these is a little absorption effect which is probably the
absorbed radiation of tritium and you can be sure that the mentioned area in image 1 a3 we
contains H-3 (beta minus energy: 0.02 MeV) and perhaps C-14 (0.2 MeV) and Eu-155 (0.17
MeV). In the lower left area of the graphite sample an artifact exists.

For the following three images 4 a3 3e , 5 a3 5e_ and 6_a3_7e_ no absorption effect is

displayed.

In image 7_a3 4e_the absorption effect is shown. The rectangular shaped vertical areas on

both sides of the sample consist of Y-90 radiation.

As a general conclusion can be said that the radionuclides are arranged homogenously.

Table 14: Filename of the image with the corresponding min/max value pair for the

Filename Min/Max value of the pixel
1 a3 we_ 0/286

2_a3_le_ 0/210

3_a3_2e_ 0/164

4 a3 3e_ 0/232

5 a3 _5e_ 0/180

6_a3_7e_ 0/150

7 a3 _4de_ 0/23
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Uneven side

Image 1_a3 wun shows no structure but a relative big, circular shaped area of radiation.

After the use of the first absorber the structure of the graphite sample is clearer. I do not

understand why the sample appears clearer after the use of the absorbers.

The remaining images 2_a3 1un, 3 a3 2un, 4 a3 3un, 5 a3 5un and 6_a3 7un show no

absorption effect.

Just in image 7_a3 4un an absorption, followed with creating two vertical radiation areas

around the sample, is displayed.

Thus Sr-90 and Y-90 (beta minus energy: 2.3 MeV) respectively are the main components of

the detected radioactivity.

Also in the AVR sample the radionuclides are distributed uniformly.

Table 15: Filename of the image with the corresponding min/max value pair for the

Filename Min/Max value of the pixel
1_a3_wun_ 0/48
2_a3_lun_ 0/83
3_a3_2un_ 0/75
4_a3_3un_ 0/67
5_a3_5un_ 0/48
6_a3_7un_ 0/43
7_a3_4un_ 0/28

Comparison even/uneven side

Comparing both sides you can say that the even side contains probably more radionuclides than
the uneven side. Additionally you can mention that the area on the left side of the sample in
image 1_a3_we can not be seen in image 1 a3 wun_. Therefore this structure does not go

completely through the graphite sample.
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Subtraction of images

See discussion for the SLA sample

CW1203-T-3-3-2-a

Page 91/101



ol CARBOWASTE 7
Treatment and Disposal of Irradiated Graphite and Other Carbonaceous Waste /[ —

6.4 RBMK

Slope side

The image r3_3_ws shows a hot spot on the left side of the sample near the slope. The upper
edge of the graphite sample emits more radioactive radiation than the lower edge. The surface
of the graphite sample has a comparable low radioactivity. This is an evidence for the fact that
the radionuclides, mostly C-14, are present on the side areas of the graphite sample.

Image r3_3 is has a far weaker hot spot on the left side. Hence the radioactive area consists
mostly of C-14 which is absorbed by the first absorber. The emission of radiation at the upper
edge has also almost disappeared. A proof for the existence of low energy beta minus radiation
being absorbed by the first absorber. It is unclear why the surface now shows more radioactive

spots than at the image without using any absorber.

Images r3 3 2s and r3_3 3s just differ in the dimensions of the non-active area. This area is
for the absorber used in r3_3 3s larger than in image r3_3_2s. Both images have in common
the more radioactive region at the lower horizontal edge. Interesting is the fact that in image

r3_3_ws this part of the sample shows less radioactivity.

Image r3_3 5s has the same radionuclide distribution as it is in image r3_3 3s. Just the
brightness of the radioactive areas in the images differs. This is due to different max values for
the displayed pixels. Also the distribution of the radionuclides in image r3_3 7s is similar to
theoneinr3 3 3sand r3_3 3s.

Image r3_3_4s shows no physical borders of the graphite sample.
In general you can say that the radionuclides, mostly C-14, is distributed inhomogeneously.

The dots in the images r3_3_1s through r3_3_4s represent no active areas of the sample.
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Table 16: Filename of the image with the corresponding min/max value pair for the

Filename Min/Max value for the pixel
r3_3 ws 0/10

r3_3 1s 0/9

r3_3 2s 0/8

r3_3 3s 0/8

r3_3 5s 0/15

r3_3 7s 0/24

r3_3_4s 0/21

Flat side

Image r3_3_wf shows an intensive emission of radioactive radiation out of the upper edge.
Near the lower edge there is a region with higher radioactive emission. The rest of the surface

of the graphite sample has an inhomogeneous allocation of radioactivity.

Due to the fact that in image r3_3_1f the lower edge of the sample disappeared and that the
upper edge became weaker in its intensity the low beta minus radiation was absorbed. Hence

the effect of C-14 disappeared.

If you look at image r3_3 2f just the circular region of emission over the lower edge of the

sample became weaker in its intensity. There are no other differences between the two images.

The same effect can be observed in the images r3_3 3f and r3_3_5f. Just the intensity of the
circular radioactive area above the lower edge became a little weaker. On the rest of the surface

no great change developed.

In image r3_3 7f and r3 3 4f the effect of the absorbers is obvious. Regarding the
radionuclide inventory of the graphite sample (table 5) Co-60 should be absorbed. As the
circular shaped radio-active area is not present anymore in the two images. Therefore this area

consists of, in my opinion, out of C-60.
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Table 17: Filename of the image with the corresponding min/max value pair for the flat

Filename Min/Max value for the pixel
r3_3_wf 0/20

r3_3_1f 0/11

r3_3_2f 0/11

r3_3_3f 0/10

r3_3 5f 0/11

r3_3 7f 0/21

r3_3_4f 0/9

In general you can say that the activity is distributed inhomogeneously.

Also in this measurement series radioactive dots near the sample not on the sample, appear.
Those have nothing to do with the radioactive property of the sample. The conversion of the

image to the TIFF type was the reason.

Comparing slope/flat side
On both sides the radionuclides, not being present in a great amount, are distributed

inhomogeneously.

Both sides own a region of higher radioactivity. For the slope side this region is located on the

slope side. For the flat side this region exists above the lower horizontal edge of the sample.

For the slope side this region consists of C-14. In the case of the flat side C-14 is also present

but not the only radionuclide. It is supposed that Co-60 is another component at this area.

Subtraction of images

See discussion for the SLA sample
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6.5 MERLIN

Side with vertical line up
Image m3_wuvlu has the same radionuclide distribution as it is for the other side oft he graphite

sample.

The effect of the first absorber displayed in image m3_1vlu is the same as it is for the other

side of the sample. The radiation of H-3 is probably filtered out.

In the remaining images m3_2vlu, m3_3vlu, m3_5vlu and m3_7vlu the absorption effect does
not exist. Hence this side of the sample contains a huge amount of radionuclides with higher

beta minus energy and gamma radiation.
Just the last absorber in image m3_4vlu absorbs again a little radiation of some radionuclides.

You can conclude that the radionuclides are distributed in the same way like for the other side.

Table 18: Filename of the image with the corresponding min/max value pair for the side
with the vertical line up.

Filename Min/Max value of the pixel
m3_wvlu 0/7
m3_1vlu 0/8
m3_2vlu 0/8
m3_3vlu 0/8
m3_5vlu 0/8
m3_7vlu 0/7
m3_4vlu 0/7

Side with vertical line down

Image m3_wvlu shows a relatively uniform distribution of the radionuclides in the sample.
The absorber in image m3_1wvld took away a little bit of the radionuclide H-3.

In image m3_2wvld additional radiation is absorbed, probably C-14.
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PROGRAMME

The radionuclide distribution in image m3_3wvld seems more intensive than in the image with

a thinner absorber.

The last three images m3_5wvld, m3_7wvld and m3_4wvld have not significant change in the
shown activity of the radionuclides.

In general you can say that the radionuclides are distributed homogenously and that the activity

is concentrated in granulate shaped areas.

Table 19: Filename of the image with the corresponding min/max value pair for the side
with the vertical line down.

Filename Min/Max value of the pixel
m3_wvld 0/8
m3_1vld 0/8
m3_2vld 0/8
m3_3vld 0/8
m3_5vld 0/7
m3_7vld 0/7
m3_4vld 0/8

Comparing side with vertical line up/vertical line down
Comparing the images of both sides with each other it is mentionable that on both sides the
radionuclides must be allocated in the same amount. Additionally the kind of radionuclides

must be on both sample surfaces the same.

Subtraction of images
See discussion for the SLA sample
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