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Corrosion Products Study of VVER-440 Secondary Circuit

V. Slugen, J. Lipka, J. Dekan and I. Toth
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Bratislava, Ilkovicova 3, 812 19 Bratislava, Slovakia.
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Abstract: The variability of the properties and the composition of the corrosion products of
the stainless CrNi and mild steels in dependence on the conditions (temperature, acidity, ...
etc.) are of such range that, in practice, it is impossible to determine the properties of the
corrosion products for an actual case from the theoretical data only. Since the
decontamination processes for the materials of the water-cooled reactor (VVER-440)
secondary circuits are in the progress of development, it is necessary to draw the needed
information by the measurement and analysis of the real specimens. The corrosion layers
were separated by scraping the rust off the surface and the powder samples were studied by
transmission Mossbauer spectroscopy. It should be noted that the gamma spectroscopic
measurements give no evidence of the presence of low-energy gamma radiation emitted
from the samples. The *’Co in Rh matrix was used as the radioactive Mossbauer source.
Measured spectra were fitted using NORMOS SITE program. According to the results
obtained from Mdssbauer spectra, it is possible to establish that the main component of
secondary circuit’s corrosion products is magnetite Fe;04. Next components are hematite
alfa-Fe,O; and hydroxide akagenite beta-FeOOH, which is characterized by significant
paramagnetic doublet in the middle of the spectra. The sextets corresponding to base
materials (martenzite and austenite steels) were identified in all measured spectra.
Corrosion distribution and phase composition in form of “corrosion maps” at steam
generators as well as other secondary circuit components were created for VVER-440
nuclear power plant in Jaslovske Bohunice (Slovakia). Our study was focused on the ratio
magnetite/hematite and ways for operational optimization.

Keywords: Corrosion; VVER; Mdssbauer spectroscopy; NPP lifetime.

1. Introduction

Steam generators (SG) are generally among
the most important components at all nuclear
power plants (NPP) with close impact to safe
and long-term operation. The Russian water
cooled and water moderated reactors (VVER)
are unique because of the horizontal position of
SGs. There are several advantages (large amount
of cooling water in case of loss of coolant
accidents, good accessibility, large heat
exchange surface, etc) but also some
disadvantages, which are important to take into
account during the operation and maintenance.
Material degradation and corrosion-erosion
processes are serious risks for long-term reliable

operation. In the period of about 10-15 year ago,
the feed water pipelines were changed at all SGs
in all 4 Bohunice units (V-1 and V-2, in total at
24 SGs). New design of this pipeline system was
performed, too. Actually, it takes time to
evaluate the changes.

The wvariability of the properties and the
composition of the corrosion products of the
stainless Cr-Ni and mild steels in dependence on
the NPP operating conditions (temperature,
acidity, etc.) are of such range that, in
practice, it is impossible to determine the
properties of the corrosion products for an actual

Corresponding Author: J. Lipka

Email: jozef lipka@stuba.sk
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case from the theoretical data only. Since the
decontamination processes for the materials of
the VVER-440 secondary circuits are in the
progress of development, it is necessary to draw
the needed information by the measurement and
analysis of the real specimens [1].

II. Mossbauer
advantages

spectroscopy

The phenomenon of the emission and
absorption of a y-ray photon without energy
losses due to recoil of the nucleus and without
thermal broadening is known as the Mdssbauer
effect. Its unique feature is in the production of
monochromatic electromagnetic radiation with a
very narrowly defined energy spectrum that
allows resolving minute energy differences [2,
3]

Maéssbauer spectroscopy (MS) is a powerful
analytical technique because of its specificity for
one single element and because of its extremely
high sensitivity to changes in the atomic
configuration in the near vicinity of the probe
isotopes (in this case ’'Fe). MS measures
hyperfine interactions and these provide valuable
and often unique information about the magnetic
and electronic state of the iron species, their
chemical bonding to co-ordinating ligands, the
local crystal symmetry at the iron sites, structural
defects, lattice-dynamical properties, elastic
stresses, ... etc. [1, 4]. Hyperfine interactions
include the electric monopole interaction, i.e.,
the isomer shift, the electric quadrupole
interaction, i.e., the quadrupole splitting and the
magnetic dipole or nuclear Zeeman interaction,
i.e., hyperfine magnetic splitting. These
interactions often enable detailed insight into the
structural and magnetic environment of the
Mossbauer isotope. Indeed, more than four
decades after its discovery (1958), Mdssbauer
spectroscopy still continues to develop as a
sophistic scientific technique and it is often the
most effective way of characterizing the range of
structures, phases and metastable states.

In general, a Mossbauer spectrum shows
different components if the probe atoms are
located at lattice positions, which are chemically
or crystalographically unequivalent. From the
parameters that characterize a particular
Maossbauer sub-spectrum, it can, for instance, be
established whether the corresponding probe
atoms reside in sites which are not affected by
structural lattice defects or whether they are
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located at defect-correlated positions. Each
compound or phase, which contains iron, has
typical parameters of its Mdssabuer spectrum. It
means that the method is suitable for quantitative
as well as qualitative analysis. Modssbauer
spectroscopy is non-destructive and requires
relative small quantities of samples (~100 mg)
[5-8].

Application of Mdssbauer spectroscopy for
precise analysis of phase composition of
corrosion products was performed from selected
areas of primary and secondary circuit and SG.
Interpretation of measured results, having in
vision the long-term operation and nuclear
safety, is neither easy nor straightforward. Thank
our more than 25 years of experience in this
area, there exists already a base for the relevant
evaluation of results. Optimization of operating
chemical regimes as well as regimes at
decontamination and passivation seems to be an
excellent output.

All steam generators at four VVER-440 units
in Bohunice were gradually changed. The basic
design from 1977 was improved after 1994 by a
new feed water pipeline system. There was also
a change in the type of steel of these pipelines.
Instead of conventional carbon steel, the
austenite steel was used in distribution boxes as
well as feed water pipelines.

All components in the Bohunice innovated
feed water pipeline system were made of
austenitic steel according to Czechoslovak norm
CSN, class 17. Advantages of the new
construction are not only higher resistance
against corrosion, but also much more
comfortable visual inspection. Innovations can
be seen in Figs. 3-5. Actually, experiences from
the past 10 years after upgrade were evaluated.

I11. Experimental

For the experimental measurements, several
specimens containing corrosion products were
taken from different parts of all of the 4 NPP
Bohunice units. In the first step, the corrosion
process at the steam generators was studied. The
corrosion layers were separated by scraping the
rust off the surface and the powder samples were
studied by transmission Mossbauer
spectroscopy. It should be noted that the gamma
spectroscopic measurements give no evidence of
the presence of low-energy gamma radiation
emitted from the samples. Later, the corrosion
products were collected also from different parts
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of secondary circuit components and several
filter deposits were analyzed as well.

The room temperature Mossabuer study was
performed at two different steam generator
materials using conventional transmission
Massbauer spectrometer with the source >'Co in
Rh matrix. Spectra were fitted using NORMOS
program.

The original STN 12022 material used at the
4™ (SG46) over 13 years was compared to STN
17247 steel used at the 3™ unit (SG35) for about
5 years (1994-1998). The chemical composition
of both materials is shown in Table 1.

Samples of corrosion products scrapped from
different parts of the steam generators SG 35 and
SG46 were analyzed. The scrapped corrosion
particles were homogenized by granulation and
sieved in the wire of 50pum.

TABLE 1. Chemical composition of the investigated base materials.

Steam  Type of the Chemical composition [weight %]
generator steel
C Mn Si Cr Ni Ti P Cu
max. max. max. min. max.
SG35 STN 17247 0.08 0,08 1.0 17,0 -19,0 9,5 - 12,0 5x%C 0,045
STN 12022 max.
SG46 (GOST 20K) 0,16-0,24 0,35-0,65 0,15-0,30 max. 0,25 max. 0,25 - 0,04 0.3
IV. Results from Mossbauer

spectroscopy analyses

The advanced evaluation of phase analyses of
corrosion products from different parts of
VVER-440 steam generators via Mdssbauer
spectroscopy is our active and unique
contribution in this area. The scientific works go
over 25 years. The first period (mostly 80-ies)
was important for proper Mossbauer technique
improving. The benefit from this period is
mostly in experience collection, optimization of
measurement condition and evaluation programs
improvement [5]. Unfortunately, not all
specimens were well defined. Having in mind
also different levels of techniques and evaluation
procedures, it would be not serious to compare
results from this period to results obtained from
measurements after 1998.

IV.1. Comparison of the phase composition of
corrosion products taken from the NPP
Bohunice before and after changes in the feed
water pipeline system, 1998-1999

In the period 1998-1999, we focused our
study on the comparison of the phase
composition of corrosion products taken from
the NPP Bohunice before and after changes in
the feed water pipeline system.

Schematic drawings of VVER steam
generators (SGs) with indicated places of
scrapped corrosion specimens are presented in
Fig.1.

[®)
T
tH

|
jﬁl

FIG. 1. Cross-section of SG46 (Numbers indicate the
places, where the specimens were scrapped).

Serious damages were observed in the region
of T-junction (position 4 in Fig.1) as well as of
pipe-collector and outlet nozzles on many
VVER440 SGs after approximately ten years of
operation [9, 17]. Therefore, the former feed
water-distributing system has been replaced by
an advanced feed water distributing system of
EBO design at SGs of NPP Jaslovske Bohunice
[18, 19]. The advanced system consists of a V-
shaped junction connected to the left and the
right part water distributing chambers both
located above the tube bundle and few feed
water boxes with water ejectors inserted into the
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tube bundle and connected to the distributing
chamber by distributing pipelines.

After five year operation in the SG 35 in the
NPP outage one feed water box and the
corresponding  distributing  pipelines  were
replaced by new ones with the aim to analyze
their overall stage and corrosion products on the
walls. For comparison, some parts of the former
feed water distributing system from the SG 46
were cut out and analyzed.

More than 50 specimens were collected from
the NPP Bohunice secondary circuit in 1998-
2000. The investigation was focused mainly on
the corrosion process going on in steam
generators SG35 with new design and SG46 with
old design. Nevertheless, additional
measurements performed on the corrosion
products from SG31 and SG32 confirmed that
the corrosion process in all 6 steam generators of
one reactor unit is the same and the corrosion
layers are on the same places altogether
identical.

All measured specimens comprise iron in
magnetic and many times also in paramagnetic
phases. Magnetic phases consist in form of
nearly stoichiometric magnetite (y-Fe;04),
hematite (a-Fe,0s), and in some cases also iron
carbides. The paramagnetic fractions are
presented in Mdssbauer spectra by doublets and

Slugen et al.

singlets. Its parameters are close to hydro-oxide
(FeOOH) parameters or to parameters of small
so-called superparamagnetic particles of iron
oxides (hydroxides) with the mean diameter of
about 10 nm (see Table 2 and Table 3).

MS confirmed its excellent ability to identify
steel specimens phase composition in spite of
their sawdust form and relative small amount (~
100 mg). Our experiences with such
measurements were published in [16, 20-22].
MS confirmed an austenitic structure of STN
17247 steel and ferrite structure of STN 12022
steel.

Results confirmed that during operation time
a very weak oxidation surrounding was in the
observed steam generator SG35 after 5 years of
operation time and the corrosion specimens were
fully without base material particles.

Magnetite was identified as dominant
component in all studied specimens (see Table
2). Mossbauer spectrum of the steam generators
(both SG35 and SG46) surface layer is the
superposition of two sextets with hyperfine
magnetic field Hega = 49,4T and Hew = 45.8T.
Sextet Hep corresponds to the Fe’™ ions in
tetrahedral (A) sites and sextet Hep corresponds
to Fe’" and Fe'" ions in octahedral (B) sites in
magnetite spinel structure (Fe;O,).

TABLE 2. MS parameters of corrosion products taken from the steam generator SG35.

Magnetite Doublet Singlet
Sample Ha Asel Hp Al TAB IS QS Al IS Asel
M o M () (au) (mmws) mms) (%) (mms) (%)
L754 49.0 35.0 459 65.0 0.538
L755 49.0 353 459 64.7 0.546
L757 49.0 348 459 652 0.534
L758 49.0 341 459 623 0.547 -0.20 3.6
L789 49.0 344 46.0 656 0.535
L790 49.0 349 46.0 643 0.543 -0.18 0.8
L759 49.0 354 459 639 0.534 -0.20 0.7
L777 49.0 350 459 65.0 0.538
L786 49.0 352 46.0 64.8 0.545
L787 49.1 36,5 46.0 56.1 0.651 0.22 0.67 2.0 -0.20 5.4
L760 49.0 341 459 643 0.530 -0.17 1.6
L761 49.0 35.0 459 639 0.547 -0.23 1.1
L762 49.1 348 46.0 56.4 0.617 -0.20 8.8
L779 49.0 334 459 629 0.531 0.10 3.7
Accuracy 0,1 0,5 0,1 0,5 +0,04 0,04 +0,5 0,04 0,5

In contrast to magnetite, whose spectrum is

characterized by two sextets, the hematite phase
present in the powders produces one sextet. The
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relatively narrow line width (I') of the a-Fe,O;
(mainly 0, 24 + 0, 26 mm/s) indicates the
presence of a well-crystallized phase with few, if
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any, substitutions of other elements for Fe.
However, in some spectra (mainly from filter
deposits studied later) both the lower hyperfine
field and the larger width (about 0.33 — 0.34
mm/s) could indicate a poorer crystallinity
and/or a higher degree of substitution. These
findings are in good agreement with those
obtained by E. De Grave [23].

For the ideal stoichiometric Fe;O4, the
quantity rap (ratio between A and B sub-
component areas) is equal to 0.535. In the case
that magnetite is the dominant (sole) phase in the
specimen, the deviation from the ideal value of
rap 18 minimal (see Table 3). Significant
deviations could be explained by a small degree
of oxidation of magnetite, resulting in the
presence of vacancies or substitution by
non/magnetic irons in the octahedral sub-lattice.
Slight substitution of other elements (Mg, Ni,
Cu, ...) for Fe in the magnetite lattice is not
unlikely, and this has a similar effect on the A-
to B-site area ratio. Therefore, it is not feasible to
conclude anything quantitatively about the
degree of oxidation. Qualitatively, it can be
inferred that this degree must be very low.

During visual inspection of the removed feed
water dispersion box (1998, Fig. 2.), 2 disturbing
undefined metallic particles, fixed in one of the
outlet nozzles, were found. Both were
homogenized and analyzed by MS. It has been
shown that these high-corroded parts (“loose
parts” found in the outlet nozzle of the ejector)
originate not from the 17247 steel but high
probably from GOST 20K steel (probably some
particles from the corrosion deposit from the
bottom part of the steam generator moved by
flow and ejection effect into the nozzle).

FIG. 2. Position of corrosion product scraps from the
feed water dispersion box (SG35).

TABLE 3. MS parameters of corrosion products taken from the steam generator SG46.

CODE  Hematite Magnetite Base material Doublet 1 ~ Doublet 2
Hl Aag Ha Aag Hs Aag H4 Agq HS Aa IS1 Ag IS2 Ax
™ % MO % M % T % ((T) % (mms) % (mms %

MO005 49.0 354 458 64.6

MO006 49.1 36.5 459 63.5

MO007 50.0 16.9 49.2 25.6 45.8 38.2 33.0 1.6 0.84 17.7

MO08 49.0 35.6 459 64.1

MO009 51.5 13.4 49.1 32.1 459 545

MO10 49.1 36.5 45.8 63.5

MO012  51.5 12.5 49.2 319 46.0 55.6

MO013 48.8 253 45.7 40.5 33.0 30.2 30.8 4.0

MO14 49.0 99 458 13.6 33.0 66.6 30.7 99

MO15 48,5 6.0 456 8.6 33.0 73.1 30.6 123

Accuracy 0,1 +0,5 +0,1 +0,5 £0,1 £0,5 +0,1 0,5 +0,1 +0,5 +0,1 £0,5 £0,1 0,5

Mossbauer measurements on the corrosion
specimens scrapped from different positions of
the feed water distributing system (see Fig.10)
have shown that the outside layer consists
exclusively from magnetite but the inside layer
contains also hematite. Its amount decreases in
successive steps towards into the steam
generator. The origin of this result is probably

the fact that outside the system there is boiling
water at a temperature of approximately 260 °C
with higher salt concentration and inside there is
the feed water at a temperature up to 225 °C.
Changes in the inside temperature in the region
(158-225 °C) can occur in dependence on the
operation regime of high-pressure pumps in the
NPP secondary circuit.
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The most corroded areas of the former feed
water distributing system are welds in the T-
junction (see Fig. 3). Due to dynamic effects of
the feed water flow with local dynamic
overpressures of 20 to 30 kPa or local dynamic
forces up to 1000 N (in the water at the pressure
of about 4,4 MPa) on the inner pipe wall in the
region of T-junction, the content of corrosion
products was reduced and moved into the whole
secondary circuit. Particles of the feed water
tube of SG46 base material were identified also
in sediments.

FIG. 3. Position of corrosion product scraps om the
feed water dispersion tube (SG46).

IV.2. Results from visual inspection of
heterogenic weld at SG16 from April 2002

In the period 2002-2003, we focused on the
“Phase analyses of corrosion induced damage of
feed water pipelines of SG 16 near the
heterogenic weld”. In the frame of this study,
visual inspections as well as original “in situ”
specimens scrapping  were  performed.
Conclusions from visual inspections (performed
at 19.4.2002 and 29.4.2002 at SG16) were as
follows:

SG16 was dried under the level of primary
pipelines bundle. The whole SG was
decontaminated as there were lead plates on the
upper part of the pipelines bundle due to
maximal shielding effect. During the visual
inspection of SG16 internal surface as well as
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hot and cold collectors (after 23 years of
operation), no defects or cracks were identified.
SG16 was in excellent status with minimal
thickness of corrosion layer or other deposits.
For comparison to our previous experiences
from visual inspections from 1998, SG16 was in
better condition than SG35 or SG46 (14 and 13
years in operation, respectively). Beside this, the
radiation  situation after decommissioning
procedures was twice better.

Visual inspection on 29.4.2002 was focused
on heterogenic weld, which connects the feed
water pipeline from carbon steel (GOST 20K) to
the new feed water pipeline system designed
from austenitic steel (CSN17248). Several
specimens were taken for MS analysis from the
weld as well as the surrounding area in the from
of powder or small particles (samples description
is in Table 4). The heterogenic weld was well
polished.

After visual inspection, the evaluation of
corrosion phase composition of specimens close
to heterogenic weld was performed. Places,
where specimens were taken are shown in Fig. 4.
Specimens description and MS results are
summarized in Tables 4 and 5.

FIG. 4. SG16 cross-section with indicated places
where specimens were taken.
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TABLE 4. Specimens description.

Number of sample  Sample description

2.11 Heterogenic weld.
2.12
2.13

Feed water pipeline (GOST 20), 10 cm from the heterogenic weld.
Feed water pipeline (GOST 20), about 40 cm from the heterogenic weld, just

close to the SG16 internal body surface.

2.14
2.15
inlet.

Internal body surface, about 1 m under the place of feed water pipeline inlet.
Internal body surface, about 50 cm over the place of feed water pipeline

TABLE 5. Mdssbauer spectra parameters.

Haematite Magnetite

Sample H, QS; IS, Arent H, IS, Aceiz H; IS; Az

() (mnvs) (mms) (%) (T) (mmis) (%) (T) (mm/s) (%)
2.11 51,9 -0,18 0,25 8,0 49,0 0,17 3,8 459 0,57 8,0
2.12 51,6  -0,21 0,26 75,9 49,0 0,16 9,1 45,8 0,56 14,1
2.13 51,6  -0,21 0,26 77,2 49,0 0,17 9,2 459 0,57 12,9
2.14 51,6  -0,21 0,26 41,1 49,0 0,16 22,0 458 0,55 36,9
2.15 51,8  -0,21 0,26 51,7 49,1 0,17 18,3 459 0,54 29,2
Accuracy +0,1  +0,04 +0,04 +2 +0,1 +0,04 =+0,1 +0,1 =£0,04 +2

Metallic iron Doublet/singlet

Sample H4 IS4 Arcl4 QS4 IS4 Arcl4

() (mm/s) (%) (mm/s) (mm/s) (%)
2.11 33,0 -0,11 12,8 - -0,19 674
2.12 - - - 0,40 0,21 0,9
2.13 - - - 0,40 0,21 0,7
2.14 - - - - - -
2.15 - - - 0,40 0,21 0,8

IV.3. Measurement of corrosion products at
NPP Jaslovske Bohunice, 2007-2008

In 2007 — 2008, six samples for Mdssbauer
effect experiments collected from different parts
of NPP Bohunice unit, were prepared by
crushing to powder pieces (Table 5). These
samples consist of corrosion products taken from
the small coolant circuit of pumps (sample no.
3.1), deposits scraped from filters after filtration
of SG - feed water during operation (sample no.
3.2), corrosion products taken from SG42
pipelines - low level (sample no. 3.3), mixture of
corrosion products, ionex, sand taken from filter
of condenser to TG 42 (sample no. 3.4), deposit
from filters after refiltering 340 1 of feed water of
SG S3-09 during passivation on 27. and 28. 5. 08
(sample no. 3.5) and finally deposit from filters
after refiltering 367 1 of feed water of SG S4-09
during passivation on 27. and 28. 5. 08 (sample
no. 3.6). All samples were measured at room
temperature in transmission geometry using a
>’Co(Rh) source. Calibration was performed with
a-Fe. Hyperfine parameters of the spectra
including spectral area (4,.), isomer shift (IS),

quadrupole splitting (QS), as well as hyperfine
magnetic field (By), were refined using the
CONFIT fitting software [24], the accuracy
values in their determination are of £0.5 % for
relative area A, £0.04 mm/s for Isomer Shift
and Quadrupole splitting and +0.5 T for
hyperfine field, correspondingly. Hyperfine
parameters for the identified components
(hematite, magnetite, goethite, lepidocrocite,
feroxyhyte) are taken from [25].

All measured spectra contain iron in magnetic
and many times also in paramagnetic phases.
Magnetic phases contains iron in
nonstoichiometric magnetite Fe;MyOs, where
M, represents impurities and vacancies which
substitute iron in octahedral (B) sites. Another
magnetic fraction is hematite o-Fe,O;. In one
sample also the magnetic hydroxide (goethite a-
FeOOH) was identified.

Paramagnetic fractions are presented in the
spectra by quadrupole doublets (QS). Their
parameters are close to those of hydroxides; e.g.
lepidocrocite y —FeOOH or to small so-called
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superparamagnetic particles of iron oxides or
hydroxides with the mean diameter of about 10
nm. It should be noted that there is no problem to
distinguish among  different magnetically
ordered phases when they are present in a well
crystallized form with low degree (or without)
substitution. Both the substitution and the
presence of small superparamagnetic particles
make the situation more complicated [26]. In
such cases, it is necessary to perform other
supplementary  measurements at  different
temperatures down to liquid nitrogen or liquid
helium temperatures without and with an
external magnetic field [27].

Massbauer spectrum (Fig. 5) of sample no.
3.1 (corrosion products taken from small coolant
circuit of pumps) consists of three magnetically
split components, where the component with
hyperfine field By = 35.8 T was identified as
goethite (a-FeOOH). Hyperfine parameters of
the remaining two magnetically split components
are assigned to A — sites and B — sites of
magnetite (Fe;O4). One paramagnetic spectral
component has appeared. According to water
environment and pH [28], this component should
be assigned to hydroxide (feroxyhyte 5-FeOOH).

1,00

0,99

0,98

relative transmission
e O

[

094 | r%

0,03 Lt 1 1 1 1
-10 -5 0 5 10

velocity (mnv/s)
FIG. 5. Mossbauer spectrum of sample no. 3.1. A-site

(red), B-site (dark red) magnetite, goethite (pink)
and hydroxide (green) were identified.

Sample no. 3.2 (deposits scraped from filters
after filtration of SG - feed water during
operation) also consists of three magnetically
split components, where two of them were
assigned to magnetite (Fe;04) as in previous
spectra, and the remaining magnetically split
component was identified as hematite (a-Fe,03).
Paramagnetic part of the spectra was formed by
one doublet, which was hyperfine parameters
assigned to hydroxide (lepidocrocite y-FeOOH).
The spectrum is shown in Fig. 6.

60

Slugen et al.

- o—o—0—O_omals
o —o—3p

relative transmission

o=

094 | \c%

093 - g

0,92 Lt 1 1 1 1
-10 -5 0 5 10

velocity (mm/s)

FIG. 6. Mossbauer spectrum of sample no.3. 2. A-site
(red), B-site (dark red) magnetite, haematite (blue)
and hydroxide (green) were identified.

The spectrum (Fig. 7) of sample no. 3.3
(corrosion products taken from SG42 pipelines -
low level) consists only of two magnetically split
components with hyperfine parameters assigned
to A — sites and B — sites of nearly stoichiometric
magnetite (Fe;O4) with a relative area ratio p =
1.85.

1,00 s

0,98

0,96

0,94
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0,90
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1 1 1 1 1
-10 -5 0 5 10

velocity (mm/s)
FIG. 7. Mossbauer spectrum of sample no. 3.3. A-site
(red) and B-site (dark red) magnetite were
identified.

Sample no. 3.4 (mixture of corrosion
products, ionex, sand taken from filter of
condenser to TG 42) also consists of one
magnetically split component which corresponds
to hematite (a-Fe,O;) and two magnetically split
components which were assigned to magnetite
(Fe30,4) as in previous spectra, and the remaining
paramagnetic component was identified as
hydroxide. Spectrum of sample no. 3.4 is shown
in Fig. 8.
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relative transmission

1 1 1 1 1
-10 -5 0 5 10

velocity (mnvs)
FIG.8. Mossbauer spectrum of sample no. 3.4.
Haematite (blue), A-site (red), B-site (dark red)
magnetite and hydroxide (green) were identified.

Both sample no. 3.5 (deposit from filters after
refiltering 340 1 of feed water of SG S3-09
during passivation on 27. and 28. 5. 08) and
sample no. 3.6 (deposit from filters after
refiltering 367 1 of feed water of SG S4-09
during passivation on 27. and 28. 5. 08) consist
of three magnetically split components,
identified as hematite (a-Fe,O;) and magnetite
(Fe;O4) and the remaining paramagnetic
component in both spectra was assigned to
hydroxide (lepidocrocite y-FeOOH). Spectra of
samples no. 3.5 and 3.6 are shown in Figs. 9 and
10.

relative transmission

velocity (mm/s)

FIG. 9. Mossbauer spectrum of sample no.3.5.
Haematite (blue), A-site (red), B-site (dark red)
magnetite and hydroxide (green) were identified.

Based on the comparison of results from
specimens 3.5 and 3.6, it can be concluded that
longer passivation leads more to magnetite
fraction (from 88% to 91%) in the corrosion
products composition. As it was mentioned
above, all hydroxides could be also small
superparamagnetic particles.

relative transmission

0,98 Lt 1 1 1 1

velocity (mm/s)
FIG. 10. Mossbauer spectrum of sample no. 3.6.
Haematite (blue), A-site (red), B-site (dark red)
magnetite and hydroxide (green) were identified.

The refined spectral parameters of individual
components including spectral area (4,.;), isomer
shift (1S), quadrupole splitting (QS), as well as
hyperfine magnetic field (By) are listed in Table
6 for room (300 K) temperature Mdossbauer
effect experiments. Hyperfine parameters for
identified components (hematite, magnetite,
goethite, lepidocrocite, feroxyhyte) are listed in
[25].

Major fraction in all samples consists of
magnetically ordered iron oxides, mainly
magnetite (apart from samples no. 3.1 and 3.2,
where also goethite and hematite appeared,
respectively). Magnetite crystallizes in the cubic
inverse spinel structure. The oxygen ions form a
closed packed cubic structure with Fe ions
localized in two different sites, octahedral and
tetrahedral. The tetrahedral sites (A) are
occupied by trivalent Fe ions. Tri - and divalent
Fe ions occupying the octahedral sites (B) are
randomly arranged at room temperature because
of an electron hopping. At room temperature,
when the electron hopping process is fast, the
Mossbauer spectrum is characterized by two
sextets. The one with the hyperfine magnetic
field Bys = 48.8 T and the isomer shift IS = 0.27
mm/s relative to a-Fe corresponds to the Fe'
ions at the tetrahedral A - sites. The second one
with By = 45.7 T and IS = 0.65 mnv/s is the
Fe™*" - like average signal from the cations at the
octahedral B - sites. Fe’™ and Fe&’" are
indistinguishable due to a fast electron transfer
(electron hopping), which is faster (~1 ns) than
the “'Fe excited state lifetime (98 ns). The
magnetite unit cell contains eight Fe'* ions and
eight Fe’" and Fe'" ions, 16 in total at the B -
sites, therefore, the intensity ratio § = I(B)/I(A)
of the two spectral components is a sensitive
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measure of stoichiometry. Assuming that the
room temperature ratio of the recoil-free
fractions fB/ fA for the B - and A - sites is 0.97
[29], the intensity ratio B for perfect
stoichiometry should be 1.94. In non-
stoichiometric magnetite, under an excess of
oxygen, cation vacancies and substitutions at the
B - sites are created. The vacancies screen the
charge transfer and isolate the hopping process.
For each vacancy, five Fe'" ions in octahedral
sites become trapped. In the Mdssbauer
spectrum, these trapped Fe’* ions at the

Slugen et al.

octahedral sites and Fe'" ions at the tetrahedral
sites are indistinguishable without applying an
external magnetic field. Therefore, in the
spectrum of non-stoichiometric magnetite,
intensity transfer from the Fe*”" to Fe''-like
components is observed. Therefore, the intensity
ratio B decreases markedly with the oxidation
process, until the stoichiometry reaches the y-
Fe,O; phase. It should be noted that in our
samples the intensity ratio B is far from 1.94 (for
perfect stoichiometry), it varies from 0.97 up to
1.85.

TABLE 6. Spectral parameters of individual components including spectral area (A1), isomer shift

(IS), quadrupole splitting (QS), as well as hyperfine magnetic field (Bys) for each sample with the

corresponding components.

Area Isomer Quadrupqle Hyperfine
Sample Components [%] shift  shift/splitting field
[mm/s] [mm/s] [T]
Sample no. 3.1 magnetite A-site  36.3 0.28 0.00 48.90
Small coolant circuit of magnetite B-site ~ 37.2 0.64 0.00 45.60
pumps goethite 14.4 0.36 -0.25 35.80
17. 10. 2007 hydroxide 121 036 0.70 -
Sample no. 3.2. hematite 15.8 0.38 -0.23 51.56
Deposites scraped from magnetite A-site  32.6 0.28 0.00 49.14
filters after filtration of SG - magnetite B-site ~ 41.8 0.65 0.00 4591
feed water during operation hydroxide 9.7 0.38 0.56 }
Sample no. 3.3. magnetite A-site  34.6 0.28 0.00 49.14
SG42 pipelines - low level  magnetite B-site ~ 65.4 0.65 0.00 45.83
Sample no. 3.4. hematite 9.2 0.38 -0.22 51.29
Mixture of corrosion magnetite A-site 454 0.28 0.00 49.20
%gi?gftefgf’éozzgﬂ;gff: magnetite B-site 407 0.66 0.00 45.87
TG 42 hydroxide 4.7 0.37 0.56 -
Sample no. 3.5. hematite 8.3 0.36 -0.22 51.33
Deposit from filters after  jaopetite Asite 493 0.30 0.00 49.11
reﬁ“g?g?gg_})gfdffgﬂgvater magnetite B-site  38.5 0.6l 0.00 45.51
pasivation 27. and 28. 5. 08 hydroxide 3.9 0.37 0.55 -
Sample no. 3.6. hematite 6.4 0.38 -0.25 51.26
Deposit from filters after  maonetite A-site 503 0.29 0.00 49.14
reﬁ“zrt}‘éggz Bgfdﬁﬂ water aonetite B-site 407 0.66 0.00 45.61
5 hydroxide 2.6 0.37 0.54 -

pasivation 27. and 28. 5. 08

IV.4. Measurements of corrosion products
from thermal loop in Nuclear Research
Institute ReZ, Czech Republic, 2010

Corrosion layers taken from testing pipelines
of thermal loop in Nuclear Research Institute
Rez (Czech Republic) were analyzed using
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Mossbauer spectroscopy. Thermal loop is used
for chemical regimes evaluation of steam-water
cycles and simulates the local environment of
primary circuits of VVERs.

Corrosion layers from cut pieces of pipelines
were scraped and powdered (Fig. 11.), then
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measured at room temperature in transmission
geometry using a ' Co(Rh) source. Calibration
was performed with o-Fe. Hyperfine parameters
of the spectra including spectral area (4,.),
isomer shift (IS), quadrupole splitting (QOS), as
well as hyperfine magnetic field (Bj), were
refined using the CONFIT fitting software [24],
the accuracy values in their determination are of
+0.5 % for relative area A,, £0.04 mm/s for
isomer shift and Quadrupole splitting and £0.5 T
for hyperfine field, correspondingly.

FIG. 11. Cut piece of pipeline (up), with scraped
corrosion layer (bottom).

Measured spectra of scraped layers mostly
consist of one singlet and magnetically split
components with significant hyperfine field
distribution. Singlet represents the austenitic
fraction of base steel material of pipelines,
magnetically split components with hyperfine
field distribution were identified as martensitic
fraction of base steel material. In some spectra, a
small fraction of two magnetically ordered
components has appeared. According to their
spectral parameters, these components were
assigned to magnetite A - and B - sites (Fig. 12).

From corrosion point of view, no other than
magnetite component was revealed, which
indicates a suitable local environment in the
thermal loop of the research reactor in Rez.

relative transmission

0.98 |-

097 Lt 1 1 1 1
-10 -5 0 5 10

velocity (mm/s)

FIG. 12. MS spectrum of scraped corrosion layer.
Austenitic fraction (light blue) and martensitic
fraction (blue) came from base steel material, a
small amount of magnetite (red, dark red) can also
be seen.

V. Conclusions

Material degradation and corrosion are
serious risks for long-term and reliable operation
of NPP. The paper summarizes results of long-
term measurements (1984-2008) of corrosion
products phase composition using Mdssbauer
spectroscopy.

The first period (mostly results achieved in
the 80-ies) was important for proper Mdssbauer
technique improving [5]. The benefit from this

period came via experience collection,
optimization of measurement conditions and
evaluation programs improvement.

Unfortunately, the specimens were not well
defined, and having in mind also different levels
of techniques and evaluation procedures, it
would be not serious to compare results from
this period to results obtained from
measurements after 1998.

The replacement of STN 12022 steel (in
Russian NPP marked as GOST 20K) used in the
steam generator feed water systems is necessary
and very important from the operational as well
as nuclear safety point of view. Steel STN 17
247 proved 5 years in operation at SG35 seems
to be the optimal solution of this problem.
Nevertheless, periodical inspection of the feed
water tubes corrosion (after 10, 15 and 20 years)
was recommended.

Based on the results of visual inspection
performed on April 19, 2002 at SG16 (NPP V1),
it was confirmed, that the steam generator was in
well condition also after 23 years of operation.
Specimens taken from the internal body surface
of PG16 confirmed that hematite concentration
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increases in the vertical direction (from the
bottom part to the top one).

Results from 2008 confirm good operational
experiences and suitable chemical regimes
(reduction environment), which results mostly
from the creation of magnetite (on the level of
70% or higher) and small portions of hematite,
ghoetite or hydroxides.

Regular observation of the corrosion-erosion
processes is essential for keeping NPP operation
on a high safety level. The output from
performed material analyses influences the
optimization of operating chemical regimes as
well as it can be used in the optimization of
regimes at decontamination and passivation of
pipelines or secondary circuit components. It can
be concluded that longer passivation time leads
more to magnetite fraction in the corrosion
products composition.

Differences in hematite and magnetite
contents in corrosion layers taken from hot and
cold collectors at SG11 in 2004 have shown that
there is a significant lower presence of magnetite
in case of hot collector. This fact can be devoted
from 2 parallel factors: (i) difference in
temperature (about 298°C — HC) and (about
223°C - CC) and mostly due to (ii) higher
dynamics of secondary water flowing in the
neighbourhood of hot collector, which high
probably remove the corrosion layer from the
collector surface.

With the aim to summarize our results in the
form suitable for daily use in the operational
conditions, a “corrosion map” was created (see
Fig. 13). Corrosion products phase composition
(limited to magnetite and hematite only) is
presented in the form of circular diagrams.

Basically, the corrosion of new feed water
pipelines system (from austenitic steel) in
combination to operation regimes (as at SG35
since 1998) goes to magnetite. In specimens
taken from positions 5 to 14 (see Fig. 13 — right
corner), the hematite presence is mostly on the
internal surface of SG body (constructed from
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“carbon steel” according to GOST 20K). Its
concentration increases towards the top of the
body and is much significant in the same part of
SG where flowing water via erosion removes the
corrosion layer better than from the dry part of
the internal surface or the upper part of the
pipeline.

The long-term study of phase composition of
corrosion products at VVER reactors is one of
the preconditions to the safe operation over the
projected NPP lifetime. The long-term
observation of corrosion situation by Mdssbauer
spectroscopy is in favour of utility and is not
costly. Based on the achieved results, the
following points could be established as an
outlook for the next period:

1. In collaboration with NPP-Bohunice experts
for operation as well as for chemical regimes,
several new additional samples from not
studied places should be extracted and
measured by Maossbauer spectroscopy with
the aim to complete the existing “corrosion
map”.

2. Optimization of chemical regimes (having in
mind the measured phase composition of
measured corrosion specimens from the past)
could be discussed and perhaps improved.

3. Optimization and re-evaluation of chemical
solutions used in cleaning and/or
decommissioning processes during NPP
operation can be considered.

In connection to planned NPP Mochovce 3, 4,
commissioning announced officially for 2013, it
is recommended that all feed water pipelines and
water distribution systems in steam generators
should be immediately replaced before putting in
operation by new ones constructed from
austenitic steels. The Bohunice design with feed
water distribution boxes is highly recommended.
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Feed water pipelines PG 24 HK

HK 25/1

V2 PG 33 pipelines

Period 1998-99 1-13
Period 2002-03 2.11-2.15
Period 2006-08 3.1-3.6

VTO - outlet

FIG. 13. “Corrosion map” of NPP V-2 Bohunice (Slovakia) performed according to results from period 1998-

2008.
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Abstract: This paper deals with the electron optical properties of a set of asymmetrical
electrostatic immersion lenses with two electrodes which have been designed using
different angles () of the outer lens electrodes as well as air gaps (S) between the
electrodes of each lens. It was found that the angle of the outer electrode and the air gap
have a clear effect on the electron optical performance of such lenses. In addition to that, it
was noticed that the better electron optical properties occurred when the angle of the outer
electrode equals (0 = 0°) and the air gap equals (S = 11 mm). The results of the preferable
design of the present work were compared with those in published papers in terms of the
optical properties. It was found that the results are in good agreement with each other.

Keywords: Asymmetrical electrostatic immersion lens; Angle of the outer electrode; Air

gap.

Introduction

A wide variety of electrostatic lenses has
been used for focusing charged particles [1, 2].
The appearance and physical properties of lenses
which were previously designed for different
applications are totally different in geometrical
shape. It is difficult to develop a general optimal
lens design for all applications. A systematic
investigation on a suitable lens is possible only if
we are able to identify the most characteristic
parameters and investigate their influence on the
optical properties of different lenses. It is also
evident that one can only hope to find such
simple geometrical parameters in terms of the
axial potential distribution [3].

Two-element electrostatic lenses have been
used in low energy electron spectrometers in
order to increase sensitivity and resolution [4].
Coaxial cylinder electrostatic lenses are mainly
used for accelerating or decelerating the electron
or ion beams. Firestein and Vine gave in 1963
useful design criteria for overlapping two
cylindrical lenses [5]. This configuration gives
the least spherical aberration in which the

cylinder at high potential has the smallest
diameter. Details of the optical properties for
several types of two-element coaxial cylinder
electrostatic lenses were found in many
references such as [3, 6]. It is well known that a
two-element lens system cannot keep the image
position constant while varying the ratio of final
to initial electron energy. Details of the
properties of several types of electrostatic lenses
can be found in [7]. The focal properties of
multi-electrode electrostatic lenses have been
obtained by [8] using electrostatic immersion
lenses and by [9] using unipotential electrostatic
lenses. Moreover, (Abd-Hujazie, 2006), (Frosien
et al., 2009), (Al-Jumayli, 2010), (Al-Khashab
and Hujazie, 2010) and (Al-Khashab and
Hujazie, 2011) [10-14] used two electrodes
electrostatic immersion lenses for different
geometry and distance between two electrodes.

The imaging properties of electrostatic lenses
and their aberration are less well known. The
properties of the lens approximation have been
much less systematically studied, partly because
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of premature loss of interest in electrostatic
optics. Electrostatic lenses are difficult to
characterize. Even for a simple lens, there are
several  geometrical parameters involved
(thickness of electrodes, electrode air gap
distances and diameters and the electrode
shapes) that affect the potential distribution. For
the above reasons, the production of the
universal curves for the electrostatic lenses is not
of similar manner like the universal curves of
magnetic lenses [15]. The final design would
usually be based on trial and error, different
electrode geometries and voltages are tried until
acceptable results are achieved.

The aim of this paper is to achieve an
improved design for the electrostatic immersion
lens suitable for an objective lens. The work
tackles the influence of the outer electrode angle
as well as the influence of the electrodes air gap
on the performance of these lenses which have
been investigated under the same optical
conditions.

The Consideration of Asymmetrical
Electrostatic Lens Design

Intensive studies on asymmetrical
electrostatic immersion lenses have been carried
out on a family of identical lenses which are
designed to consist of two coaxial electrodes
overlapping each other. The inner electrode I(in)
is in the form of a cylinder, while the outer
electrode II(out) is in the form of a conical
shape. The studies have been carried out through
two principal parts:
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geometry of the inner electrode while different
angles of the outer electrode have been changed
to find the preferred lens design.

In the second part, the effect of the air gap
between the two electrodes on the electron
optical properties has been studied for the lenses
which possess a preferred design of outer
electrode angle obtained from the former part.

The cross-section of the lens geometry and
the design parameters are shown in Fig. 1. The
lens model is asymmetrical in shape; namely
(two coaxial cylinders) and consists of two
electrodes in the form of an overlapping system.
Therefore, the geometry of the inner electrode
I(in) in the form of a cylinder remains constant,
and the outer electrode II(out) like a conical
shape makes an angle 6 with the horizontal
direction. The air gap (S) between the electrodes
is chosen to be (7mm).

The investigation has required extensive
calculation based on several physical and
mathematical concepts. The design work and
calculation are accordingly handled with the aid
of a personal computer, so that several computer
programs are being employed in order to
understand the behavior of electrostatic lens
system. A technique for calculating the
equipotential lines due to the effect of the outer
electrode angle as well as the electrodes air gap
on the electrostatic lens is also presented. Each
shape is illustrated by a typical computer result
on graphical screen. It should be born in mind
that the optical properties of the lenses have been

investigated under  zero magnification
In the first part, a set of the asymmetrical  ¢onditions.
electrostatic lenses are designed with a constant
13 mm eI MM o 10mm
f(mm)
Il (out)
Bél \ 14

| (in ¢ 9
)_% <+—i> 5
S >0

-20 -7 0 10

|
Z (mm)

FIG. 1. Schematic diagram of the cross-section of the asymmetrical two-coaxial electrodes electrostatic lens
design, showing the inner I(in) and outer II(out) electrodes.
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The Effect of Outer Electrode Angle Design

In order to investigate the effect of the outer
electrode angle on the two-electrode electrostatic
lens designed, the inner electrode represented by
I(in) was chosen of a constant geometry at a
voltage of (Vi = 8000 V). However, the outer
electrode like a conical shape represented by
II(out) was chosen with different angles 6 (0° -
40°) and at a constant voltage of (Virouny = 100
V). These lenses have been studied under zero
magnification conditions.

In order to investigate the performance of the
electrostatic lens with the variation of the outer
electrode angle, five configurations of the lens
model of an identical geometry are chosen.
Different angles in the range (0° - 40°) and a
constant air gap which equals (7mm) were
selected. The calculation of the properties of any
electrostatic lens requires knowing the axial
potential distribution V, along the optical axis Z.
The values of V, for the electrostatic lenses are
computed with the aid of program E11 [16],
using the finite element method. The analysis is
based on dividing the upper half of the cross-
section for each of the lenses into quadrilateral
areas so as to make the lens geometry correctly
specified. The total number of the meshes was
chosen to be constant for all lenses designed
with a size which is equal to (15 radial x 20
axial). Fig. 2 shows the axial potential
distribution V, as a function of Z for the previous
lenses of angles (0° - 40°), where the voltages of
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7000

6000

5000

4000

3000

2000

1000

0

-20 -15 -10 -5 0 5 10
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the inner and outer electrodes equal (Vi =
8000 V) and (Vieuw = 100V), respectively.
Therefore, the region from (Z = - 20 mm to - 6
mm) is given in the above figure and is called a
divergent region. In this region, the longitudinal
component of the electric field accelerates the
electrons. Thus, the diverging power diminishes
as the divergence action lasts for a shorter time,
while the region from (Z = - 2mm to 10mm) is
called a converging region. The longitudinal
component of electric field retards the electrons,
and the converging power increases.
Consequently, the converging effect exceeds the
diverging effect and the whole lens becomes
convergent [17].

In order to demonstrate the performance of
the previous lenses at different outer electrode
angles, the trajectory ray R(z) inside the lenses
has been computed by program E21 [16] for
calculating the optical properties of these lenses
by solving the paraxial ray equation, using the
fourth order-Runge-Kutta formula [18]. Figure 3
indicates the trajectories of the electrons inside
the lenses at constant inner and outer electrode
voltages as mentioned above and at a constant
air gap (S = 7 mm). This figure shows that the
lens that possesses the outer electrode of (6 = 0°)
has acquired a minimum value of the working
distance (W.D.) in the image plane at (Z; = 7.2
mm), which in turn, gives an acceptable

performance in comparison with  other
electrostatic lenses.
R(z) mm Angles B°
1.3 0
AT Y S 10
—--— 20
i - & o\t _.-.- 30
1 -40
0.9
0.8
0.7
0.6
0.5 ' z
-0.02 -0.01 0 0.01 0.02
Zx103(mm)

FIG. 2. The axial potential distribution of the FIG. 3. The trajectories of the electrons inside the

electrostatic lenses of different angles (0) at
voltages Viin=8000 and Vijouy=100V.

electrostatic lenses of different angles (0) at
constant voltages VI(in)=8000 and VII(out)=100V.
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In order to study the effect of the outer
electrode angles 6(0° - 40°) on the above lenses,
it is important to compute the equipotential lines
of the electrons inside the structure of these
lenses. The trajectory of equipotential lines of
the electrons of the previous lenses has been
calculated by using program E31 [16] and
modified by [10]. Fig. 4 illustrates the
trajectories of equipotential lines for the above
lenses at constant mentioned conditions. It is
noticed that the equipotential lines are more

Al-Khashab and Ahmad

converging toward the optical axis as in the lens
of (6= 0°) compared to those in the other lenses
whose equipotential lines are more diverging
away from the optical axis. Therefore, the
focusing of the electrons is displacing away from
the specimen position. This behavior is
important for reducing the beam voltage
reaching the specimen surface. This is one of the
important parameters to protect the specimen
from damage.

0=20°
0=(
ll{out)
= ————1
=T
I ———
6=30° 9=40°
— —
— 1

FIG. 4. The equipotential lines of the electrostatic lenses of different angles, at constant voltages (Vi) = 8000 V)
and Vieuy= 100 V).The air gap between the two electrodes (S = 7 mm).

Before a commitment is made as to which
angle of the lenses is the most suitable, the
objective focal properties must be investigated.

In order to evaluate the effect of outer
electrode angle on the electron optical properties
of the previous lenses, the objective focal
properties have been calculated by program E21
[16].

The most important optical properties of an
objective lens are: the objective focal length f.,
spherical and chromatic aberration coefficients
C; and C., respectively. When the relative
aberration coefficients are considered, the results
will be independent of any scaling factor. The
variation of the relative spherical and chromatic

70

aberration coefficients (Cyf,, C./f.) of the
electrostatic lenses as a function of the outer
electrode angle is shown in Fig. 5. It is
noticeable that both curves are similar in shape
and their values increase slowly with increasing
the angle in the region where 6(0° - 20°), but the
rate of the values increases a little bit more in the
region where 6 > 20°. It is clear from the above
mentioned figure that the lenses of outer
electrode angles (0 = 0°) and (0 = 20°) have
relatively lower aberration coefficients than
other lenses of higher angles. So, the above
angles (0°, 20°) can be regarded to present the
best design adopted in the next part of the
investigations.
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FIG. 5. Variation of the:(a)relative spherical aberration coefficient (Cy/f.) and (b)relative chromatic aberration
coefficient (C/f,) of the lenses as a function of the angle at (Vyixy= 8000V and Vijuy= 100V).

The Effect of Air Gap Electrodes Design

Research work has been conducted on the
influence of air gap electrodes distance on the
other set of electrostatic lenses.The principles in
the above section can be applied to the different
air gap lenses at the preferred angles (0°and 20°),
respectively. This involves operating the lenses
at the same optical conditions (Vi) = 8000V,
View = 100V) and at zero magnification
conditions.

In order to calculate the variation in the
electron optical properties of the two types of
lenses having angles (0° and 20°) with the air

gap, six different kinds of asymmetrical
electrostatic lenses are chosen for the
performance of detailed calculation. The

corresponding values of the air gap distance are
taken [S = (0,3,5,7,10,11 &15) mm],
respectively for the two types of lenses (0° and
20°). These lenses are identical in all dimensions.

The variations of the axial potential
distribution of the previous lenses for different
air gaps are calculated at constant electrode
voltages (Viiny = 8000V and Vyeuy = 100V) as
demonstrated in Fig. 6 for the angles (a) 6 = 0°
and (b) 6 = 20°. It is noticed from this figure that
the half-width of the potential distribution in
both angles decreases as the distance of air gap
increases; see Fig. 6(a and b), (i.e. when the
inner electrode I(in) becomes far from the
specimen). Other tests for the air gap distance
were performed and yielded the fact that the
preferred electrode angles (0° and 20°) produce
the best optical performance. It is worthy to

calculate the trajectories of electrons inside the
previous electrostatic lenses in order to compare
their optical performances. The trajectories of
electrons R(z) of these lenses as a function of Z
are calculated at the same optical conditions as
mentioned before for different air gaps of the
two values of angles (0°and 20°) as illustrated in
Fig. 7. When the air gap value increases, the
working distance decreases. It is clear that there
is a linear relation between them as given in Fig.
7(a and b).This in turn will give good results in
relation to the optical performance of these
lenses.

Systematic investigations have been carried
out on the effect of the air gap on equipotential
lines of electrostatic lenses for both angles (0 =
0°) and (0 = 20°) at the same optical conditions
as mentioned before in order to compare the
trajectories of equipotential lines in the
structures of these lenses. The equipotential lines
of the previous lenses for different air gaps are
calculated at the same voltages as represented by
graphical results shown in Fig. 8. It is noticeable
that for the lens of the air gap (S = 0), the
equipotential lines emerge in the circular paths
from the outer electrode region compared with
the lens of (S = 15mm). The equipotential lines
are converging toward the optical axis and do
not exceed the outer electrode region in both
angles (0 = 0° and 6 = 20°); therefore, the air
gap of (S = 15 mm) can be considered a
preferred gap for these lenses. It should be
mentioned that the air gap distance has a great
effect on the electron optical properties of the
asymmetrical electrostatic lenses.
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FIG. 7. The trajectories of the electrons inside the electrostatic lenses of different air gaps (S) at voltages (VI(in)
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FIG. 6. The axial potential distribution of the electrostatic lenses of different air gaps (S) at voltages

(Viny=8000V and Vi0uy=100V) of the two values of angle (a) 6 = 0° and (b) 6 = 20°.
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FIG. 8. The equipotential lines of electrostatic lenses of different air gaps S = (0, 10, 15) mm at voltages (VI(in)
= 8000 V and VII(out) =100 V) of the two values of angle: (a) 8 = 0° and (b) 6 = 20°.

This paper studies the impact of both
parameters, the air gap (S) and the outer
electrode angle (0), on the improvement of the
electron optical properties of the electrostatic
lenses. A systematic investigation has been
carried out on the effect of the above parameters
(S and 0) on the optical properties in order to
obtain the performance of these lenses. The
spherical and chromatic aberration coefficients
of these lenses were calculated as mentioned in
the previous section at the same optical
conditions. Fig. 9 shows a comparison between
the relative spherical aberration coefficient
(Cyf.) of the above lenses of angles (6 = 0° and 0
= 20°) as a function of the air gap at the same

inner and outer electrode voltages (Viin=
8000V) and (Viouw = 100V) respectively. It is
noticed from Fig. 9 that both curves for (6 = 0°,0
= 20°) intersect and acquire their lowest values
of the relative spherical aberration coefficient at
(S = 11 mm). Fig. 10 also shows a comparison
between the relative chromatic aberration
coefficient (C./f,) of the two types of
electrostatic lenses of angles (0° and 20°) as a
function of air gap at constant voltages as
mentioned above. From the previous figure, it
can be noticed that the curve of (6 = 0°) has
acquired the lowest value of (C./f.) at (S = 13
mm) in comparison with the other curve of (6 =
20°), and their values decrease irregularly.
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FIG. 9. Comparison between the relative spherical aberration coefficient (Cy/f;) of the two types of electrostatic
lenses of angles (0° and 20°) as a function of the air gap at constant voltages (VI(in) = 8000 V and VII(out) =

100 V).
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FIG. 10. Comparison between the relative chromatic aberration coefficient (C/f.) of the two types of
electrostatic lenses of angles (0° and 20°) as a function of the air gap at constant voltages (VI(in)=8000V and

VII(out) = 100V).

From the above investigation, it is interesting
to point out that there are progressive
developments in the electron optical properties
of the electrostatic lenses concerning the above
discussed parameters.

Comparison with Earlier Published
Results

In this section, a comparison between the
electron optical performance of the preferred

asymmetrical electrostatic lenses designed and
presented at this work with that of other

74

electrostatic lenses studied earlier by other
researchers as indicated in Table 1. It can be
noticed that the lowest values of the relative
spherical and chromatic aberration coefficients
occur corresponding to the present work in
comparison with those of recently published
results by other researchers which in turn gives a
better resolution in comparison with other lenses.
However, these lenses have verified higher
resolution in the image formation of the electron
microscope.
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TABLE 1. Comparison between the relative spherical and chromatic aberration coefficients (Cy/f, and
C./f.) for the asymmetrical electrostatic lenses of the present work with those of published results.

Lenses of published results C/f.  Cdfe Vi (Volb)
Al- Meshhadany (2002) [19] 360 079 e
Abd- Hujazie (2006) [10] 0.53 0.26 100
Al-Khashab and Al-Shamma (2009a) [8] 485 4.20 100
Al-Khashab and Al-Shamma (2009b) [9] 2.68  0.60 100
Present work (6 = 0°, S = 11 mm) 0.53 0.19 100
Present work (0 = 0°, S = 13 mm) 0.59 0.16 100

Conclusions

It is found out from the foregoing analysis
that the plots of equipotential lines can be very
essential in the early design stages of the real
system, since they can often explain the
apparently unusual behavior of the lens in
comparison with the design expectations based
on axial potential distribution only.

In the present investigation, it has been
observed that the outer electrode angle together
with the air gap of the electrodes have a very
important effect on the design characteristics of
the asymmetrical electrostatic lenses and
consequently on their objective focal properties.
This lens design of (6 = 0° and S = 11mm)
probably represents the best performance that
can be obtained with the present technology.
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Abstract: Gamma ray transmission and the parameters which affect this process;
attenuation coefficients, cross-sections, effective atomic numbers and electron densities,
were studied for brass, Fe, Al, PVC and Perspex, using gamma spectroscopy. The
comparison between experimental and theoretical values is made; these are found to be in
good agreement. The inverse relations between energy and attenuation coefficients, as well
as cross-sections were emphasized. In the energy range (661.6 keV-1332.5 keV), the
effective atomic numbers showed a constant behavior with energy. Brass shows up as a
good attenuating material, while other samples are relatively weak attenuators. The effect
of the composition of the compound appears obviously in this study.

Keywords: Attenuation coefficients (linear and mass); Cross-sections; Effective atomic

number; Electron density.

Introduction

Increasing the use of gamma active isotopes
in support of application, makes the study of the
absorption and interaction of gamma radiation in
materials an important research field. The photon
attenuation coefficients (linear and mass
attenuation  coefficients), effective atomic
number and electron density are basic quantities
required in determining the attenuation of X-rays
and gamma photons in matter.

The purpose of this research is studying the
factors which affect gamma ray transmission in
different methods. The comparison between
different methods and between experimental and
theoretical values for each factor is made.

The importance of the attenuation of photons
has prompted many investigators to measure the
attenuation coefficients, effective atomic number
and electron density by employing different
methods. Some of these factors are determined
for alloys [1-3], amino-acids [4-5], thermo-
luminescent dosimetrics (TLD) [6],
superconductors [7] and building materials [8].
Other used X-ray to determine the effective
atomic numbers of materials of dosimetric

interest at energies 1-20 keV [9]. Another paper
reports a comprehensive set of formulae for
calculating the effective atomic numbers and
electron densities for all types of materials and
for energies above 1 keV [10]. Some
investigators defined the previous parameters,
and further they found a quantity called effective
atomic weight which they defined as the ratio of
the molecular weight of a sample to the total
number of atoms of all types composing it. A
new effective atomic number relation has been
evolved [11]. Also, wvariation method and
Compton scattering are two different methods
used to calculate the effective atomic number
[12].

In this work, the transmission factors; linear
and mass attenuation coefficients, effective
atomic numbers, cross-sections and electron
densities are studied for five different kinds of
samples, which are pure elements (Al, Fe),
thermoplastic (Perspex, PVC) and alloy (Brass),
by using gamma ray spectroscopy.

The linear attenuation coefficients of the
samples are determined by the transmission
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experiments as a Non-destructive testing
method, under a good geometry condition
(collimated gamma ray transmission method).

As a photon makes its path through a matter,
there is a probability that it makes an interaction
with the material such as absorption
(photoelectric effect), scattering (Rayleigh or
Compton  scattering) or  splitting  (pair
production). Therefore, part of the incident beam
of intensity (/,) will be partially or completely
removed from the beam as a result of
interaction(s) within the absorber of thickness x.
This reduces the transmitted intensity that
reaches the detector to (/), where, introducing u,
the linear attenuation coefficient, the transmitted
intensity is given by;

1(x) = I, exp(~x) ()

This is called the Beer-Lambert law, where u
measured in units of length” describes the
probability of absorption or scattering occurring
per unit length within the absorber material [13].
The exponential means that equal thickness of
the absorber attenuates the photon beam by an
equal fraction or percentage [14].

i is also called the total attenuation
coefficient due to the contribution of different
effects in the attenuation process. Hence, the
total attenuation coefficients may be expanded
as:

H=0O+T+O0O+K+T )
where, w: the probability of coherent scattering,
7. the probability of photoelectric absorption, o:
the probability of Compton scattering, x: the

probability of pair production and z: the
probability of photodisintegration.

Therefore:
exp(—ux) =exp(—wx)+exp(—7rx)
+exp(—ox) + exp(—kx) 3)
+exp(—mx)
To overcome the dependence of the linear
attenuation coefficient on the absorber density
(p), it is normalized by the absorber density.

Hence, the mass attenuation coefficient is
defined as;

=1 p (4)

Using u,, instead of u, equation (1) becomes:

10=1,exp(-4/) px s
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In the case of a compound of various
elements, it is assumed that the contribution of
each element of the compound to the total
photon interaction is additive, obeying the well-
known mixture rule and it is also called Bragg
law. Therefore, the mass attenuation coefficient
for the compound can be written as:

U Z U
( )mlx l M}l ( )l ( )

where w; is the weight fraction of the element i
(w; = a;4; | Ya;4;; here A4; is the atomic mass of
the ith element, and a; is the number of atoms of
this element in the compound), (u/p); is the mass
attenuation coefficient for element .

Berger and Hubbell developed XCOM, for
calculating mass attenuation coefficients or
photon interaction cross-sections for any
element, compound or mixture, at energies from
1 keV to 100 GeV [1].

The cross-section can be defined as the
probability of an interaction to occur, it has the
dimension of area in units of barn abbreviated
b=10"m’ = 10**cm” = 100fm’.

There are different kinds of cross-sections;
atomic, molecular and electronic cross-sections,
the atomic cross-section for an element of atomic
weight A is given by:
o, =14 )

P N,

N,, represents the Avogadro's number.

For a compound the molecules of which have
n; atoms for the i-th element, the atomic or
molecular cross-sections are given by:

_Asmd 1
%_pZZmMV (®)

The electronic cross-section for an element is
given by:

o, =— )

Hence, for the compound, the electronic
cross-section is:

_ s LA
q—NyZ(prx

a

(10)

where f; (= n,/) n;) is the fractional abundance of
element i, with respect to the total number of
atoms. Z;.1s the atomic number of the element.
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The effective atomic number (Z;) is a
property for a compound, it describes the
properties of the composite materials in terms of
equivalent elements, it represents the weighted
average atomic number of the compound
composed of different materials, the average is
weighted according to the relative number of
each type of atom, Z.; value of a material varies
within a range with lowest and highest atomic
numbers of its constituent elements [7].

The effective atomic number is equal to:

Yo, LSAC),

Zo =57 o, l A
o, i i (H
Ly 2l )

i i

(11

The electron density can be defined as the
number of electrons per unit mass, and it can be
mathematically written as:

(12)

where N, represents the electron density in unit
of electron/gram, (u/p) . is the compound mass
attenuation coefficient and o, is the electronic
cross-section.

TABLE 1. The gamma source description.

Experimental Procedure:

Transmission experiments with the narrow
beam (good-geometry) setup were used for
measuring the incident and transmitted
intensities, and hence calculating the attenuation
coefficient. Further calculations of the cross
sections (atomic, electronic and molecular),
effective atomic numbers and electron densities
were performed.

Two gamma sources were used in these
experiments so that the above parameters were
studied at three different energies. Table 1
displays the properties of the gamma sources
used in this experiment.

The five sample materials were shaped each
in five square slices, for measuring the
attenuation, these five slices are stacked one by
one on the detector, the intensities of the
transmitted photons were determined by
choosing the counting time as 100 minutes,
counts were recorded under the photo peaks, ad
statistical uncertainty was kept as low as
possible, Henceforth, different thickness is
achieved each time. The dimensions of the
samples were measured with a vernier caliper.
Then the samples were weighted with a digital
balance, and the density was calculated.

Activity (uCi) Count rate at
Gamma-ray source  Half-life (days) (Production date Energy (MeV) aperture
1999) (count/sec)
P1Cs 11012 0.9508 0.6616 12.2
“Co 1923 1.016 1.173 9.0
“Co 1923 1.016 1332 9.0
TABLE 2. The sample description.
Sample Chemical Dimensions (cm) Average  Average density
P composition Length xWidth xThickness  mass (g) (g/em’)
Aluminum Al 3.95 x 5.69 x 0.51 30.75 2.68 £0.016
Perspex CsH;z0, 5.17 x 5.07 x 0.45 13.31 1.12 £ 0.022
PVC
(Poly-Vinyl Chloride) C,H;Cl 5.08 x 5.03 x 0.51 17.61 1.34£0.014
Iron Fe 5.00 x 5.00 x 0.20 37.45 7.49 £0.34
Brass CuzZn, 5.10 x 5.11 x 0.21 43.73 7.85+£0.36
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The experiment was performed at the
Radiation Measurement Laboratory at Al- Balqa
Applied University. The gamma rays are well
collimated using two collimators; one at the
source and the other at the detector. Each of the
collimators has a cylindrical shape and a circular
aperture. The signal is detected by Nal (TI)
scintillation detector of a (3x3 inch) crystal and a
high bias voltage of 1000 volts. A lead shield
surrounds the detector to reduce the undesired
external radiation. Fig. 1 below shows the

system setup, the source collimator and the lead
shield in which the detector is embedded.

r’% Fecm

et

FIG. 1. The experimental setup and the source
collimator dimensions.

The weak detector pulse enters the
preamplifier (or preamp.). The pulse then enters
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the linear amplifier which has two main
functions; pulse shaping and amplitude gain, for
which the multi-channel analyzer has been
designed. The amplified pulse is then fed to the
Multi-Channel Analyzer (MCA), which converts
the analog signal into a digital number through
an analog to digital converter (ADC), in this case
the software is used to control the MCA
functions and other settings, in this experiment
Senti-vision was used to analyze the spectrum.
The energy and the efficiency of the system were
calibrated using a certified standard source from
the International Atomic Energy Agency
(IAEA).

Results and Discussion

The linear attenuation coefficient quantity ()
is determined by measuring the incident photons
intensity (/y) and the intensity (/) of the photons
after passing through samples with thickness (x),
a graph of In(/y/I) versus thickness (x) is drawn,
a linear relation appears, each linear graph is
fitted by linear fit method, the slope of the linear
fit equation represents the value of the linear
attenuation coefficient.

From the graphs, it is clear that the linear
attenuation coefficient is inversely proportional
to energy, and that's related to the dependency of
the linear attenuation coefficient on the
interaction between photons and matter, when
the photons energy increases, the transmitted
photons increase and the absorbed photons
decrease, as a result the linear attenuation
coefficient decreases.

Another definition which is associated with
linear attenuation coefficient is the mean free
path, it represents the distance between
successive interactions. Mathematically, it is the
inverse of the linear attenuation coefficient, the
direct relation between it and energy is found,
and it explains why the number of interactions
becomes higher when the distance between the
interactions gets smaller.
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FIG. 2. Linear attenuation coefficient of Al at (a) 661.6 keV, (b) 1173.2 keV and (c) 1332.5 keV.
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FIG. 3. Linear attenuation coefficient of brass at (a) 661.6 keV, (b) 1173.2 keV and (c) 1332.5 keV.
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FIG. 6. Linear attenuation coefficient of PVC at (a) 661.6 keV, (b) 1173.2 keV and (c) 1332.5 keV.
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FIG. 7. The mean free path for all samples at different energies.

TABLE 3. The linear attenuation coefficients and mean free path for the samples.

Sample Linear attenuation coefficient (cm™) Mean free path(cm)
661.6 keV 1173.2keV 1332.5keV 661.6keV 1173.2keV  1332.5 keV
Aluminum  0.1991 0.1530 0.1448 5.020 6.530 6.906
Iron 0.5850 0.4256 0.4034 1.709 2.349 2.478
Brass 0.6143 0.4497 0.4099 1.628 2.223 2.439
Perspex 0.0908 0.0736 0.0694 11.013 13.586 14.409
PVC 0.1125 0.0882 0.0801 8.884 11.336 12.475
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In this experiment, the samples are chosen to
make a comparison between pure elements (Al,
Fe), thermoplastic materials (PVC, Perspex) and
alloy which is represented by Brass. It’s found
that brass (the alloy) is a good absorber and then
come pure elements but thermoplastic materials
are not, from this arrangement the dependency of
the linear attenuation on density is obvious, if we
normalize the linear attenuation by the absorber
density. Hence, the mass attenuation coefficient
() 1s defined.

Alallak and Sarhan

From the tables, it is observed that, as the
density increases the mass attenuation coefficient
decreases; this confirms the contribution of the
absorption  process (photoelectric  effect),
scattering process (Compton, coherent) and pair
production.

The experimental results for mass attenuation
coefficients are compared with the XCOM data
base and mixture rule, the results are close to
each other, and Table (4) below clarifies that.

TABLE 4. The mass attenuation coefficients of the samples at different energies

7Cs data (661.6 keV)

Co data(1173.2 keV)

PVC 0.079  0.082  0.079 2.8 0.060 0.063 0.060 6.0
Perspex 0.083  0.079  0.083 52 0.063 0.064 0.063 0.80
Aluminum  0.074  0.073 - 1.3 0.056 0.057 - 3.5x10°
Brass 0.072  0.073  0.072 0.2 0.054 0.053 0.054 1.8
Iron 0.073  0.074 - 1.0 0.055 0.054 - 2.3
%Co data(1332.5 keV)
PVC 0.056  0.058  0.056 2.8
Perspex 0.059  0.063  0.059 1.4
Aluminum ~ 0.053  0.054 - 7.5x10°
Brass 0.051  0.048  0.051 4.5
Iron 0.051  0.051 - 12

Trials are made to make a relation between
mass attenuation coefficient and energy. First,
suppose that the mass attenuation coefficient can
be written as [15]:

M, =AE" (13)
Take the logarithm for both sides:
Inpg, =mA-BhnE (14)

This relation represents a straight line with
slope (—B) and intercepts In (4).

The linear attenuation coefficient can be
written as:

p=pAE~" (15)
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The equations that represent the relations
between linear attenuation coefficient and energy
for samples can be known after finding the
constants which are:

For Al u =3.86181E 7%
For Fe 11 =19.42989E "%
For Brass u = 24.4989E "7,
For PVC p =2.350692E 4"
For Perspex u =1.23073E %%

\

(16)

/.

The previous relations “represent a
generalization of the samples to find the linear
attenuation coefficient at any energy.
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FIG. 8. Mass attenuation coefficient versus energy for all samples.

Another important parameter that affects the
transmission photons is cross-section (atomic,
molecular and electronic cross-section), which
has an inverse relation with energy and is
associated with the mean free path definition.

Atomic cross-section which is represented by
Al and Fe in this experiment, has linear
relationships with atomic weight and mass
attenuation coefficient, the atomic weight for Al
is 26.98 while for Fe is 55.8 with a difference
equal to 28.82, for this reason iron has a higher
value of atomic cross-section than Al, although
Al has a higher mass attenuation coefficient.

Turning to the compounds, the molecular
cross-section plays an important role in the
interaction between photons and matter, if we
assume that the molecular cross-section is
related to the molecular weight and energy by
the expression:

On= KAE® (17)
where k and b are constants, then we have:
In (6,,/4) = b In (E) + In (k) (18)

This is a straight line of slope b and intercepts
In (k). The numerical values of k and b are given
under the assumption that the energy is
expressed in units of keV, the atomic weight in
gmol’ and the molecular cross-section in
barn/molecule. The straight line fitting yields the
values of b, In (k), the equation of the molecular
cross-section is;
On= 3.62879%62.4967 E**!
0,=1.21191x100.1112 E**'*

o,=3.14842%321.398 05009

Brass molecules have the highest probability
of interaction, then Perspex, but PVC molecules
have low interaction probability, the explanation
of this result is related to the large difference of
the molecular weight, for brass it equals 321.398
comparing with Perspex which has a molecular
weight of 100.1112, but for PVC the molecular
weight is only 62.4967.

Due to the size of the atoms which compose
the compounds, Cu and Zn of brass are
sufficiently large so the electrons in the last shell
are fewer bands to the nucleus; this point
increases the interaction probabilities, comparing
with H-atom, C-atom, O-atom and Cl- atom in
Perspex and PVC, which seem small relative to
Cu and Zn.

Molecular cross-section is also found by
using Eq. 8, the comparison between the results
of the two methods is made, and the results are
almost compatible.

The last definition in cross-sections is
electronic cross-section, for the compounds brass
has the largest value. However, PVC and
Perspex are approximately close to each other,
with a small difference between them; PVC has
a greater value than Perspex; attributed to the
existence of chlorine (Z = 17, A = 35.45) in
PVC which is a little greater than Oxygen (Z =8,
A =17) in Perspex, although oxygen has a higher
value of mass attenuation coefficient.
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TABLE 5. The atomic and electronic cross-sections of the pure elements.
661.6 keV 1173.2 keV 1332.5 keV
Sample 102 0.x10% 0,107 0.x10% 0,107 X107
Al 3.282 + 2.525 + 2.509 + 1.930 + 2414 + 1.863 +
0.02090 0.01869 0.3849 0.04606 0.05086 0.03643
Fe 6.770 £ 2.639 + 5318+ 2.045 + 4.742 + 1.824 +
0.04413 0.02471 0.1481 0.05696 0.03508 0.01348
TABLE 6. The molecular and electronic cross-sections of the samples.
o, from fitting equation o, from equation(8) x(10™) 25
2 0.%10
Sample (barn/molecule) (cm’/molecule)
P 661.6 1173.2 13325 661.6 1173.2 1332.,5 661.6 1173.2 1332.5
keV keV keV keV keV keV keV keV keV
3902+ 2969+ 272712+
Brass 8.263 6.169  5.781 0.01183 003301  0.05688 2.644 2563  2.566
1.313+  1.105+ 1.021 +
Perspex 13.18 10.84  10.37 0.009970 0.04710  0.005850 1.977 1956  1.957
0.8204+ 0.6411+ 0.5602 +
PVC 39.11 2936 27.54 0.08318 011566 0.09432 1.856 1.827  1.828

Note: o, has a unit of (cm”/atom), g, is in barn/molecule and o, is in (cm’/electron).

Table 7. The effective atomic number and electron density of the samples.

Zeotiective from constituents  Zepreeive from equation (11) Electron density

Sample 661.6 11732 13325 661.6 1173.2 13325 661.6 1173.2 1332.5
keV keV keV keV keV keV keV keV keV
Brass 2949+ 29.99+ 29.39+ 2950+ 30.04+ 2939+ 2763+ 2.809+ 2.754+

0.08426 0.3222 0.5959 0.09154 0.3351 0.6129 0.007890 0.03018 0.05582

3.414+ 3783+ 3.715=+
0.02716 0.06115 0.02128

3.415+ 37766+ 3.724=*
0.02718 0.06077 0.02133

3.080 =
0.02451

3.413+ 3352+

Perspex 0.05518 0.01921

5311+ 5470+ 5.083+

PVC  0.05371 0.09854 0.08546

5329+ 5387+ 5.109=+
0.05403 0.1139 0.08519

3.070 =
0.03104

3.162+ 2.939 +
0.05696 0.04942

After finding the cross-section of the samples,
the calculation of effective atomic number
Zerective and electron density becomes possible,
by using Eq. 11, the results are arranged in the
table above.

There is another method for determining
effective atomic numbers and electron densities.
These have been determined by matching the
atomic cross-section with the corresponding
values of the elements of the compound at a
given energy. In other words, the effective
atomic number for each sample was determined
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by using the atomic cross-section for the
compound constituents.

Since the mass attenuation coefficients for
each individual element in the compound for the
energies 661.6, 1173.2 and 1332.5 keV are not
available experimentally, these attenuations were
taken from the XCOM data base, assuming that
the elemental cross-section can be written as [6]:

o = A(Z)E*? (19)
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Since this cross-section shows a non-linear
relation with energy £ and atomic number Z;
A(Z) and B(Z) are constant with respect to
energy. Taking the logarithm for both sides of
the previous equation gives:

Inoc=mA(Z)+BhnE (20)

This equation represents a straight line with
slope B(Z) and intercepts In (4(Z)). The linear fit
is taken to determine the values of B(Z) and
In (A(2)). Since In (4A(Z)) and B(Z) are simple
functions of the atomic number, it is assumed
that it can be written as [6]:

InA(Z)=InA4,+B InZ
and

B(Z)=InA4, +B,InZ 1)

These equations also represent straight lines
with slopes B, and B, and intercept In (4;) and In
(4;), respectively. All of the previous
coefficients are constants and can be determined
using the linear fit method.

The formula that can be used to determine the
effective atomic number in this case is:

Gcom ound 11/ d
Zgﬁ" :[AEplnAz 1 (22)
1
where
d=B +B,InE 23)

The electron density can also be calculated
using the formula:

>

Nel:NavZeﬁ"w

24

Theoretically, the variation of energy makes a
difference in the effective atomic number. In
general, that is not clear here in this experiment,
where the effective atomic numbers for different
energies are very close to each other. This is
attributed to the Compton scattering which is
dominant in this range of energy. Although we

take the net area under the photo peak, Compton
scattering cross-section has a Z-dependence,

where it is proportional to Z' asc o« Z.

compton
Therefore, the effective atomic number is
constant in this energy range.

Comparing the three compounds in terms of
the effective atomic number, we find that Brass
has the highest value, then PVC, and Perspex is
the last one. The reason of this order is the kind
of atoms in each compound, the atomic numbers
of the constituents affect the atomic number of
the compound, Cu (Z = 29) and Zn (Z = 30) in
Brass, have atomic numbers higher than carbon
(Z = 6), hydrogen (Z = 1) and oxygen (Z = 8) in
Perspex. In PVC, in addition to carbon and
hydrogen, there is chlorine (Z = 17), so there is a
large difference between the constituents of
Perspex and PVC relative to those of Brass.
However, a reverse order is found for electron
density because of the big difference in the
atomic weight of the compounds.

Conclusion

Attenuation coefficients of the samples have
been measured, using collimated gamma ray
transmission method, the other factors; cross-
sections, effective atomic numbers and electron
densities; have been calculated with respect to
the mass attenuation coefficients.

From the analysis, brass appears as a good
attenuator, and the inverse relation between
energy and gamma attenuation clearly appears.
The cross-sections for the ’Co lines 1173.2 keV
and 1332.5 keV are very close to each other,
which means the probability of interaction is
approximately the same. On the other hand, the
effective atomic numbers for the samples are
found to be constant; also the effective atomic
number and electron density of composite
material give an indication of their atomic
composition.
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Studying the Structural and Optical Properties of ZnO:Cu Prepared by
APCVD Technique

Mekhaiel Manssor
Physics Department, College of Education, Mosul University, Iraq.

Abstract: Undoped and Cu-doped ZnO at (3-9 wt. %) thin films have been prepared by APCVD
technique on glass substrates at 500°C. The structural and optical properties of these films were
studied. The results of the structural tests showed that these films are of a polycrystalline hexagonal
structure with a preferred orientation in the (002) direction, the optical properties included
transmittance, energy gap, absorption coefficient, reflectance, refractive index and extinction
coefficient, the energy gap values were found to decrease from (3.25 to 3.15 eV) and the average
transmittance was found about (90%) in the visible region.

Keywords: TCO; ZnO; APCVD; Optical properties.
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