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Abstract

Surface activity of 15 corrosion/erosion and fission
products was determined by in-situ gamma-spectrometry
for 2-2 locations on the hot and cold legs of each loop,
respectively. Gamma-dosimetry in the assay points was
performed. Activity profiles of ion exchange columns
were analyzed. Combined measurements along the steam
generators completed the characterization of the primary
circuits. Most of this technique was regularly included
into all maintenance periods.ever-4he-past43_$2ears--started
•ffemJhe~2ad-sh^dQivji-ef43itK^
-reactor=p;ar—-experience in—ike
transport. Data evaluation was performed for the surface
contaminations as well as coolant activities and reactor
operation features for years 1985 - 2001. Trends and
tendencies were investigated in the time behavior of the
specific activities. Asymmetry in the surface conta-
mination at the primary loop points, cold-leg activity
inversion, water chemistry effects, isotope selectivity
were observed. Correlations in different parameters have
been calculated and analyzed.

1. Introduction
Radioactive species are produced in the primary

loops by reactor neutron activation of corrosion and ero-
sion elements as well as by release of materials from the
dehermetized fuel rods. All these nuclides remain mainly
in the liquid phase during reactor operation. After shut-
down they precipitate onto the inner wall surfaces of the
primary circuit and its technological components. Ion
exchange columns absorb radioactive materials to clean-
up the coolant.

For maintenance crews this radioactivity results
in health risk of radiation dose by highly penetrating
gamma-photons. In reactor operation such materials are
messengers for malfunctions, for alterations of water
chemistry, for the state of the fuel rods, for lost-material
handling. For the long time scale, important tendencies
may be observed for the entire conditions of a block being
essential for the life-time extension of the reactor.

2. Method
High resolution gamma-spectrometry is utilized to

determine the absolute surface activity of the nuclides
around the primary circuit and equivalent activity in the
mixed-bed ion exchange column. Some measurements were
performed on the steam-generators, too. As an addition to
the gamma-spectrometry, simple gamma-dosimetiy is also
carried out. All these measurements [1,4] are taken after
reactor shut-down at a cooling time of 1 - 14 days.

2.1. Gamma-spectrometer
There are some aspects to choose the appropriate

volume of a high energy-resolution detector: activity (dose)
level of the field; required efficiency for optimum
sensitivity and acquisition time; permissible personal dose
and worktime in the hermetic box; peak-to-Compton ratio;
count-rate and electronics; collimator acceptance angle,
required spatial resolution and reproduciblity of the
geometry over years. Our experiences show to use relatively
small detectors of appropriate crystal geometry (acceptable
efficiency at high energy) for doserates of 0.5 - 10 mSv/h
with a collimator of rather wide angle acceptance.

Portable HP Ge-detectors of different volumes are
used with appropriate electronics. The preamplifier should
be able to drive a 100 m long cable connecting it to the main
(pulse-shaping) amplifiers or digital signal processors.
Computer based multichannel analyzers perform data
acquisition. The main requirements against the analog and
digital electronics are: (i) high count rate (up to 100 kcps)
and (ii) acceptable energy resolution (<2 keV at 1.33 MeV)
on that long cable.

The gamma-detector has a multielement shield and
collimator (i) to confine the acceptance angle/surface of the
system to the appropriate dimensions and (ii) to avoid the
detection of the background radiations emerging from the
surrounding tubes and other sources. Paired measurements
are performed, i.e. spectrum acquisition with closed and
open collimator to determine the net activity [2].

Detector calibration was carried out experimentally
and by calculations to convert counts/s values of a given
peak to surface (specific) activity of the nuclide in Bq/cm2.
Evaluation includes different conditions of the tubes: empty
or filled by coolant, wrapped by thermoinsulator or bare [3].
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Figure 1. Scheme of the primary circuits in WER-440 reactors and the assay points.

2.2. Topology of the measurements
The primary circuit of WER-440 reactors

consists of 6 loops. It seemed to be informative to take
gamma-spectra at 4 locations a loop: two points on the hot
leg and two on the cold leg. Details are depicted in Fig.l.
This order of the points 1-2-3-4 reflects some temperature
systematics from the supposed highest to the lowest value.

The detector centre is aligned to the horizontal axis
of the tubes. The distance between the collimator entrance
window and the accessible surface is chosen so as to
confine the efficiency into the range of the least un-
certainty. The measured activity is physically averaged by
the geometry over a tube length of ~ 0.5 m. Gamma-dosi-
metry is also performed at all points using the same
collimator (open and closed) as well as with bare device
on the surface and at the position of the collimator.

Activity profile of the nuclides is determined for
the (mixed-bed) ion exchange column to account for the
contamination of the absorbing material. The detector
system is moved from up to down through a vertical
distance of ~ 1 mat 6-8 locations.

Experiments are in progress to scan the steam
generator radiation field by gamma-spectrometry in the
course of its decontamination process. The available sur-
face on the horizontal axis is measured at 10-12 points
over a length of ~ 12 m before and after cleaning.

Gamma-spectra were taken frequently at a single
point to monitor the decontamination process in time.
Gamma-doserate is regularly determined for all steam
generators a block at 10-12 points.

2.3. Observed nuclides
Possibility to detect a nuclide is determined by its

half-life and the cooling-time, branching-ratio and energy
of the gamma-lines, attenuation by the tube and coolant,

detector efficiency, acquisition time. Moreover, sensitivity
and precision is affected by the energy resolution of the
spectrometer, physical background and "spectrum" back-
ground under the peaks originating from Compton-continua.
The last two conditions vary from spectrum to spectrum and
makes it difficult to quote a general figure for the minimal
detectable surface activity and statistical errors. For e.g. Co-
60 these values are in the order of 1 Bq/cm2 and 1 %,
respectively, in the best cases.

The following nuclides are regularly detected:
Cr-51 (from element Cr), Mn-54 (Fe), Fe-59 (Fe), Co-58
(M), Co-60 (Co), Zr-95 (Zr), Nb-95 (Zr...), Ru-103, Ag-
110m (Ag), Sb-124 (Sb), 1-131 (I), Cs-134-136-137 (Cs),
Ba/La-140. Zinc is observable through Zn-65. At short
cooling time Sb-122 (Sb) and Au-199 (Pt) were also
detected. The last three nuclides have been evaluated in
spectra taken at Biblis-A NPP (Germany), [3]. The first 5-7
nuclides refer to corrosion materials, while the others belong
mainly to fission products. Source locations are tube and
vessel inner surfaces, technological parts, fuel elements,
welding, seal, lost materials.

2.4. Applications
The in-situ gamma-spectrometry was first utilized at

Paks NPP in 1985 for the 2nd shut-down of Block 1 [1].
From that time all maintenance periods of the four reactors
had this method integrated into the refuelling actions. Now
there is a 63 reactor-year experience behind physicists and
chemists. An extended data evaluation project has been
launched to exhaust as many information from this out-
standing database as possible. Although there are many nu-
clear power plants all over the world utilizing in-situ gam-
ma-spectrometry for loop inspection, not so systematical
and extended data sets have been collected like Paks NPP.
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Three missions have been performed at Biblis-A
NPP organized by the Quantec Technologies (Wien).
Loops, steam generators and service equipment were
analyzed [4].

3. Results of the measurements
There are three main directions of the utilization of

the method: (i) prompt information about the physical and
chemical conditions of the primary loop; (ii) observation
of short-term effects (comparing data of two consecutive
years); and (iii) long-term variations in the corrosion
activities. These items, of course, are not strictly exclusive
to each other.

The results reflect the changes in the water-
chemistry, decontamination efficiency and possible mal-
functions. When estimating the possible origin of cor-
rosion/erosion products it should be kept in mind: (i)
measurement and source locations may (or should) be
different; (ii) homogenization of the coolant from the
different loops in the reactor vessel is by far not perfect;
(iii) corroded and/or decontaminated surfaces are good
landing sites for floating products to be reabsorbed.

3.1. Spatial distribution of surface activity
There is a very explicit asymmetry in the conta-

mination along the loops. All nuclides have higher activity
in the cold legs (points 3 and 4, see Fig.l.) than in the hot
ones for blocks 1, 3 and 4. This asymmetry may be called
type Al. The reverse is true for Block 2 giving the form A2.
The former effect may be explained by the lower
temperature which would force the floating materials to pre-
cipitate to the wall during and after shut-down. In other
words: solubility is lower in the cold leg. This principle
definitely fails for Block 2. The reason is not yet clear. All
blocks are operated almost in the same conditions of reactor
physics and water chemistry. May some difference in the
material composition of Block 2 be the key for the solution?

The asymmetry is not equal for all nuclides at type
Al. The highest values are observed for Co-60 with a value
of 3 to 6 while for the other nuclides it is 1.5-2.0. For type
A2, however, the ratios of hot-to-cold do not differ more
than 2. Here Mn-54 has slightly higher values than others. A
comparison is shown in Fig. 2. Small, not unambiguous
differences exist between points 1 and 2, 3 and 4.
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Block 1
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Figure 2. Comparison of the loop points and legs of 15 measurements
Points PI and P2: hot leg, P3 and P4: cold leg. (Columns in this order are drawn.) ("102": 2nd cycle of Block 1)
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Figure 3. Activity inversion in the cold legs of Block 4
Horizontal axis: measurement points on the loops for a given shut-down and year

All four points are drawn for a loop; 1st points are quoted on the x-axis, only. ("3/1": loop 3 point 1)

3.2. Cold-leg activity inversion
This special effect was discovered in Block 4.

Detailed, point-by-point data are shown in Fig.3. There is
a "modulation" of the activity of cold leg points 3 and 4:
- The surface activity of point 4 is systematically higher

than that of point 3 for loops I., II. and VI. This direction
of the increase coincides with the by-pass pumping and
main circulating flow. Here the boron control system and
the anion-cathion exchange column are connected to the
primary circuit.
- The surface activity of point 4 is systematically lower
than that of point 3 for loops III., IV. and V. Thus its
sense is opposite to the pumping direction. Here the
mixed-bed ion exchange column and the feed-water
system are working (see Fig.l.)

The above observation is valid for nuclides Co-60
(mainly in the first 10 cycles), Fe-59 (1st cycle, others are
masked by an other effect), Co-58 (at the beginning).

Blocks 1 and 3 indicate that the "natural" order in
the activity of the cold leg may be an increase from 3 to 4.
It is reflected in loops I., II. and VI. where no cleaning is
performed generally. Moreover, boron-acid may be an
aggressive solution in such circumstances (temperature,
pressure, turbulent flow just after the main pump -
cavitation??). Effect of the mixed-bed ion exchange
column may then be seen in loops III., IV. and V. which
lowers the contamination at points 4. However, these
speculations are not well supported by the other blocks.

3.3. Failures
Fission product activity is generally below the

level of detectability. However, 1-131 was observed with
an increased intensity in one of the shut-down periods
which indicated some dehermetization of fuel rods. It was
confirmed by other analytical methods used at the NPP.
Cs-isotopes were sometimes detected, too.

High oxygen content of feed-water caused probably
an extraordinary corrosion (and phase-alteration?) in the
stainless steel structures of Block 4. Time dependence of the
Fe-59 activity (i.e. iron quantity produced) is shown in
Fig. 4. Similar distribution characterized the behaviour of
nuclide Nb-95 which is quite unexpected. Specific activities
were highly increased at point 4 in loops III., IV. and V.
where the feed-water is connected into the primary circuit
(see Fig.l). These two elements together with the un-
changed Mn-54 indicate a rather special material transport
from 1990 to 1995. This effect was explored by the in-situ
method about 3 years earlier than by any other techniques.

"Retrospective" detection of lost material is an other
feature of the in-situ gamma-spectrometry. After the 13th

cycle of Block 2 a very high contamination has been
measured for Co-58 representing nickel. Loops 1, 2 and 3
have been mainly involved with their points 1 and 2, see
Fig.5. (Remember: Block 2 has a type A2 primary circuit
where hot leg is always more active than cold leg.) The
surface activity was 5 times higher than the average from
earlier years. Iron content, measured through Fe-59 activity,
has also been increased at these locations but with a less
extent of about 2. The other iron monitor Mn-54 showed
nothing although they are correlated on a medium level.
Nuclide Co-60 was left unchanged so the ratio of Co-58 to
Co-60 increased by a factor of 3 relative to the previous
year, cycle 12. (However, this ratio was even lower one year
before, at the 11th shut-down.) Having observed this failure
a shorter (about half) operation period has been decided for
Block 2 with a long maintenance for decontamination and
technical upgrade. Results for cycle 14 in Fig.5. show
interesting changes in the surface activities: Fe-59 increased
by a factor of 4 while Co-58 decreased to half comparing to
cycle 13. Activity of Mn-54 followed that of Fe-59 by
increasing so their correlation reestablished. Inspecting
Fig.5. a shift between Co-58 and Fe-59 may be observed.
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Figure 4. Enhanced corrosion of iron at Block 4 shown for 5 reactor cycles
Loops 3, 4 and 5 are in connection with the feed-water system.
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Figure 5. Activity of Fe-59 and Co-58 increased by lost material in Block 2.
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Everlasting problem occurs at point 3 in loop 1 of
Block 1. From its first assay (2nd cycle) this location is
highly contaminated by radioactive corrosion products
Mn-54, Co-58, Fe-59, Co-60. Even Sb-124 behaves
similarly to the corrosion group. There is no real inter-
pretation to this effect which was not yet handled. This
high activity level is almost unchanged for many years.

3.4. Ion exchange columns
Mixed-bed ion exchange column is cleaning the

coolant continuously through a by-pass. Its filling should be
replaced when it is saturated. In-situ garnma-spectrometry
provided the activity profile, like in Fig.6., which helps to
decide the appropriate processes. The measurement is
performed by the same detector used for the loop assay.

Block 2, cycle 17
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Figure 6. Nuclide distribution aiong the mixed-bed ion exchange column

Analysis on the variations of the activity on the
tube walls and in the column volume may be used also to
account for the material transport in the primary circuit. A
fraction of the entire coolant flows through this device
from up to down which is connected to loops 3., 4. and 5
(together with the feed-water system, see Fig.l).
Contamination of column in Fig.6. is very high at the
upper quarter heights showing the necessity to replace
the resin soon.

3.5. Steam generators
Their regular clean-up is necessary for the re-

duction of the collective dose (man.Sv) of the technical
team. Decontamination efficiency as well as operation
characteristics may be controlled by gamma-spectro-
metry. As a first step dose-rate measurements were
carried out along the horizontal axis. Such distributions
are reproduced in Fig.7. The measurements are carried out
on the "gallery", i.e. from the "inner" side of the cylinder
facing the reactor vessel. The device-middle is in-between
the cold and hot leg collectors (the latter being closer to
the reactor). To assess the reality of the "valley" around
assay points 6 - 9 the following should be taken into
account: (i) collector activity may be high but the photon-

attenuation is also high because of the material thicknesses
around and on the wall which is doubled here; (ii) all
devices are of the same construction; (iii) not all have
"peak" at the sides. The minimum doserate peaks of steam
generator 1 and 5 may not be attributed to any feature of the
ion exchange columns and feed-water or boron control
systems. It may be noted that Block IV is the cleanest one of
the four reactors and its steam generators have not yet been
decontaminated at all.

A new program has been launched to investigate the
decontamination processes of steam generators. In-situ
gamma-spectrometry is widely used to measure surface
activity on their inlet and outlet like any points on the loops.
Our plan is to establish an isotope selective topography to
recognize the important processes of contamination and
decontamination since steam generator life-time and its
possible extension are the main goals of the maintenance in
the future.

Dosimetry showed to expect gamma-intensities out-
side lower than on the loops. Therefore a HP Ge detector of
high volume was utilized. Before and after decontamination
gamma-spectra are taken in as many points around the body
as possible. It may be performed, however, from one side
only, according to the mechanical and architectural con-
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2 3 4 5 6 7 8 9 10 11 12 13 14 15
Measurement location

Figure 7. Horizontal gamma-dosimetry profile of steam generators
I. - VI. Steam generators of loop 1.-6.

struction. The detector with its shielding and collimator
were placed on a strong stage built up on the side far from
the reactor (opposite to the "gallery"). During the
chemical processes a series of measurements have also
been performed at a fixed location. Net Co-60 activity or
intensity of the 1332 keV peak as well as the ratio of the
two gamma-peaks are shown in Fig. 8. as a history. Beside
the appropriate chemistry operations in the primary circuit
of the steam generator the conditions of the secondary
circuit was also changed by filling and draining water. It
may be seen in Fig. 8. with variations in the intensity ratio.
Althogh, the relative peak intensities are seem to be
constant during the processes, there is a ~ (6.5 +/- 2.0) %

systematic increase in periods 2 and 4 compared to 1 and 3.
Thus the secondary circuits might be filled up in periods 2
and 4. The intensities are higher in periods 1 and 3 by a
factor of 3 - 4 a fraction of which should have been
associated with some recontamination (?). Why do' these
high levels exist in period 1 and 3 ? Has the assay location
special surroundings, tubes, etc, nearby? A rough estimation
based on the data of phases 2 and 4 in Fig. 8. results in a
factor of 3 for the effectiveness of the decontamination. This
value may be even 10- 15 if the highest intensities (periods
1 and 3) came from real contaminations directly. A more
comprehensive data analysis together with the appropriate
calibrations are in progress.
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Figure 8. Co-60 activity during decontamination of Steam generators at Block I, Cycle 18.
Mean ratio of the peaks 1332 keVto 1173 keV: <R>=1.265 +/- 0.044 (3.5%).
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4. Summary: Complex mid-term database
Measured activity from corrosion/erosion and de-

hermetization exists for the loop inner surfaces and ion
exchange columns as well as for coolant. Inactive material
content and pH-value(s) for this latter are determined, too.
There are also operation events ranging from water
chemistry to malfunctions. Temperature, thermal and
electric power and production characteristics are known.
This knowledge for 63 reactor years requires a detailed
evaluation and correlation study [5].

4.1. Water chemistry
Hydrazine-hydrate (N2H2) regime, instead of the

ammonia (NH3) in the primary circuits have been
established from 1990 to 1995 (in the 7th to 10th cycles of
the blocks). The results are not easy to interpret. Effect (if
any) of the hydrazine is not prompt, generally. There are
some year's delay when it is possible to observe changes
in the coolant and surface activities. The discussion below
refers to the averaged activities of the coolant nuclides
during reactor operation and to the average surface
activities. Behavior of nuclides Co-58 and Co-60 are
interesting from a corrosion as well as a dosimetric point
of view. Nuclide Ag-llOm also has some dosimetric
importance but its high level appearance in some periods
of the early operation of the reactor units was a real
question not yet answered.

Qualitative picture can be given, only. The
results of the coolant are not valid for all blocks and
nuclides (elements). Soluble and mainly insoluble
("floating") fractions of the different corrosion and
erosion products in the coolant were lowered by the new
water-chemistry regime. However, the contamination later
increased again. The main effect is observable for Co-58.
Activity of Co-60 in the coolant decreased to a lesser
extent. Coolant contamination from Ag-llOm seemed to
be lowered in a more effective way.

Surface activities show much lower effect with
hydrazine than did coolant activities. A short, 1-3 year
period decrease for Co-58 is observable. Contamination
from Co-60 shows a slight, short-term effect (-30% at
Block III). Ag-llOm was significantly reduced on the
surfaces earlier than the new regime was introduced.

These ambigous results are characteristic not only
for hydrazine but also for zinc applied in Western
European reactors for decreasing the Ni-corrosion.

4.2. Correlations
Two main types of relations may be devised:

correlations of integral and differential data. The former
refers to time and/or location averaged concentrations of
elements and technological materials in the moderator
(coolant), coolant and surface specific activities, power
and energy data, etc. The latter relates daily measured
values of concentrations, temperature, power, activities.
There are also some methodical questions for interpreting
and establishing correlations.

Integral correlations were investigated recently.
Quantitative characterization is performed by regression
(linear or parabolic, exponential, etc). Regression coeffi-

cient and its square are utilized for characterizing the
goodness of a relation. There are four classes of correlations
as discussed below. For interpretation it should be kept in
mind that the coolant activity data refer to the operational
periods of the reactor while surface activities are measured
after shut-down. These features suggest that processes
affecting the surface activity are caused mainly by the
transition state of the reactor shut-down. This may be an
other (indirect) evidence for the so called spikes in the
reactor operation when decreasing its power from the
nominal value to zero.

Class I: general relations. Electric energy produced
during reactor operation (i.e. total thermal load or yearly
neutron fluence) does not affect the corrosion process.
Corrosion elements in the coolant (Ni, Co, Fe) have well
defined cross-correlation among them being general for all
blocks. Different radioactive nuclides and their precursor
elements behave in very different ways. Coolant Co-58 and
Co-60 activities correlate well with the relevant atom
compositions Ni and Co, respectively. The appropriate
surface activity of Co-60 is in a good anticorrelation with
the coolant Co concentration. However, the question arises:
Why is the surface Co-58 activity not related to the coolant
Ni-content? Also an interesting feature is that the surface
and coolant corrosion activities correlate for Blocks 2 and 3,
only. Why is this "obvious" relation not general for all the
four blocks?

Class II: correlations among the surface activities.
No general, all-4-block valid relation of high confidence
level was found among the specific activities of loop
surfaces. A weak general (4 block) correlation exists
between Co-60 and Mn-54. Iron isotopes of different
chemical and physical origin have partial (3 block)
correlation, only (Fe-59 and Mn-54 coming from Fe-
isotopes). Why is it not general and of high confidence
level? Partial correlations regarding two blocks, only, may
be taken as occasional relation.

Class III: relations among the coolant activities.
Results of coolant activity intercomparisons seem to be
more interesting. Correlations of four out of 21 datasets
have overall validity for the four blocks, although tlieir
confidence levels are not too high: Co-60 to Co-58, Fe-59 to
Co-60, Mn-54 to Co-60, Mn-54 to Fe-59. It suggests an
intensive mixing inside the coolant (reactor zone and
primary loops). There are also some partial, local cor-
relations of low confidence giving mainly virtual relations.

Class IV: correlation of the surface and coolant
activities. These results might be expected to explore the
origin and processes of the corrosion and other materials
which interact with the inner surface of the primary loops.
Not a real, general and overall correlation has been found
so farl It means, the conditions of the coolant affect the
surface activities very moderately! The activity of the same
nuclide in the coolant and on the surface does not correlate
("autocorrelation"). Intercorrelation of different nuclides are
also on a very low confidence level. A partial correlation
was only found for the total corrosion activity for the two
media. These results also explain the observation of very
low effects from the hydrazine-regime.
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