


Date of issue

TET y )0 0156
UPPSALA UNIVERSITET UPTEC 90 01> Jan. 1990

TEKNISKA HOGSKOLAN
TEKNIKUM Project name

Institutionen f{6r teknologi

UPPSALA UNIVERSITY Sponsoring organization

Department of Technology

Author(s)

Bjérkholm, Peter B. R.,, Dyring, Anna T.

Title (Swedish)

Title (English)
A Study of a High Rate Gamma-Spectrometer System for
Burnup Measurements

Abstract

This report was made to find the performances and characteristics
of a high rate detector system for gamma-spectroscopy. The tests were
initiated by SKI to verify burnup value and isotope content of spent
nuclear fuel.

A high rate detector system was developed with a portable EG&G
Ortec HPGe GMX-detector as a basis. Throughput characteristics of
different parts of the system are presented together with energy
resolution and energy peak shift. The relative and absolute efficiencies
of the detector were measured for energies between 100 and 1400 keV
which is the relevant energy range. A possible positive effect on the
peak shape by means of shielding parts of the detector was investigated.
Finally, a method for determination of the peak area is presented
which is fairly insensitive to background variations.

Keywords / Indexing Security
Language
English
Supplementary bibliographical information Pages Classification
50
i i
ISSN 0346-8887 ISBN

e e T N T _ :
Postal address Visiting address Phone Fax Telex
Box 534 Villavagen 4 +46-18-18 2500 +46-18-15 5095 76143
S-751 21 Uppsala Uppsala direct no: UPTEC-S
Sweden +46:18-18 30 08
(?1 rarian)




A Study of a High Rate
Gamma-Spectrometer System

Burnup Measurements

Peter Bjdrkholm Anna Dyring
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This report presents the primary tests of a portable gamma-ray
detector system which will be used to verify the burnup value and
isotope content of spent nuclear fuel for nuclear power safeguard
purposes. Such measurements have so far been carried out at low
counting rates with standard spectroscopy systems, and have shown
promising results. According to IAEA, Vienna, it is highly desirable
to improve the counting rate and precision of these measurements so
that a removal of one or a few (out of the order of 100} fuel rods
can be detected.

The project of building a high rate gamma spectroscopy syStem is
a co-operative work between the Swedish Nuclear Power Inspectorate
(SKI) and the Department of Radiation Sciences (ISV) at the
University of Uppsala. The specific task of the testing of the
system is reported here. It was carried out during the fall of 1989
by Peter Bjorkholm and Anna Dyring at ISV. Anna Dyring had the
responsibility for chapters 1, 2, 4 (except 4.4) and 6 while Peter
Bjérkholm was responsible for chapters 3, 4.4 and 5. Both authors
were participating equally in the practical work.
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"fingerprints” of the spent nuclear fuel. Ability and
competence to control these parameters are needed if the
safety requirements of IAEA are to be fulfilled.

1.2 Description of the Method

A non—-destructive method to experimentally determine the
isotope content and burnup value of fuel assemblies has
been developed by the Swedish Nuclear Power Inspectorate
(SKI) in cooperation with the Finnish Center for Radiation
and Nuclear Safety (STUK). The applied technique 1is based
on High Resolution Gamma Spectroscopy (HRGS). The
measurements can be performed with all the data taking
equipment outside the storage basin. The assembly is kept
close to the basin wall, while a semiconductor detector on
the other side analyzes the gamma spectrum through a
collimator in the wall. The detector is a high purity
germanium crystal with good energy resolution. With the
help of an elevator the nearly four meter long assembly is
scanned from top to bottom with one corner facing the
collimator slit (see Figure 1.2.1). This procedure is then
repeated for all four corners.

Tests of this method have been done at nuclear power
stations in both Sweden and Finland. The burnup value was
controlled by measuring the intensity of the 662 keV-line
from 13’Cs and comparing the result to that from a portable

calibration source. 137Cs is a suitable nuclide because its
half life of 30 years 1is long enough to make its activity
independent of the irradiation history of the element. At
the same time activity is strong enough to make possible
the detection of small wvariations in the activity
distribution.
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Fig.1.2.1 The collimator system.




In Figure 1.2.2 the gamma activity of a fuel element is
shown as a function of cooling time (CT). In the tests the
burnup value was verified with an accuracy of a few
percent. It was also possible to detect missing fuel rods
in the assemblies. For a detailed description see [1].
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Figure 1.2.2 Gamma activity as a function of the cooling time (CT) from different
radio nuclides in a typical BWR nuclear fuel element of the O2 reactor calculated
with the code ORIGEN2 [2].
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According to the international safety organization IAEA,
it is not enough to verify the burnup value of assemblies,
but one should increase the sensitivity of the method so
that manipulation of single rods can be detected. It is
therefore necessary to develop the HRGS method towards
higher accuracy and efficiency.

It is important to make the measurements as efficient as
possible to minimize the costs and to not disturb the
normal routines at the reactor station more than necessary.




The standard equipment that has been used so far limits the
data collecting rate to about 15,000 events per second.
This rate is not enough since only about 0.1% of the events
are interesting and consequently it takes a long time to
collect a spectrum. Including handling, more than an hour
is needed to control one assembly.

To speed up the testing it is important to increase the
data collecting rate. It is basically electronic modules
like the preamplifier, the amplifier and the ADC (Analcg to
Digital Converter) that set a limit for the throughput rate
(i.e. the number of analyzed events per second). These
three modules must therefore be replaced by models
especially constructed for high rates.

The spectrum analysis has until now been done with a so
called MCA (Multi Channel Analyzer). The spectra have been
sent to a printer for direct evaluation, or alternatively,
stored on a magnetic tape. This is considered to be quite
out of fashion nowadays. A considerably more convenient and
accurate analysis will result with a portable PC (Personal
Computer) with a fast interface card to the ADC. Spectra
can either be stored on a discette or be evaluated
directly.

The quality of a spectrum that has been collected with a
high counting rate may be rather low. The background level
will be high in comparision to peak heights. High data
collecting rates may also cause the peak form to deviate
from the normal Gaussian. A standard spectrum evaluation
program that is written for analysis of well defined peaks
will therefore be less suitable for this project. It will
be necessary to develop a more flexible program to increase
the accuracy in the determination of the peak areas (i.e.
the gamma intensities).

The demands stated above have been taken into
consideration when designing the new detector system and
when buying new equipment. In practice, the tests will take
place at CLAB in Oskarshamn during a few weeks each year.
The sample of assemblies to be controlled will be randomly
picked out by SKI. Two persons should manage to carry the
equipment and run the safety tests.

This report describes the primary tests of the new
detector system.

2. DETECTOR THEORY -

2.1 The Detection Process

The demands put upon the detector in this application
are high. It will be used in detection of gamma radiation
in the energy range from 100 keV up to 10 MeV. It is of




great importance that the energy resolution is good and
therefore a semiconductor detector 1s the best choice.
To describe how a semiconductor detector works, let us
consider a gamma guantum incident on a detector. It hits
the detector surface and penetrates into the active region,
which usually is a germanium or a silicon crystal. If the
gamma guantum is to be detected it necessarily has to
interact with the c¢rystal atoms. The most probable
interactions for energies below two MeV are photoelectric
absorption and Compton scattering (Figure 2.1.1).
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Figure 2.1.2 An event in a semiconductor detector.

Let us suppose the gamma quantum is totally absorbed by
a bound electron (photoelectric effect) and leaves the
bound state in the atom. It loses kinetic energy in small

portions by creating electron-hole pairs along its path. If




a voltage 1is applied across the crystal, the released
electrons will travel towards the anode and the holes
towards the cathode, thus resulting in an electric pulse
(Figure 2.1.2). If the energy of the incident gamma quantum
is EY and the energy needed to create an electron-hole pair

is €&, the number of created pairs will be_N=EW£. Since the

amplitude of the electric pulse is proportional to N, it is
possible to determine the enerygy of the gamma quantum by
measuring the amplitude of the signal from the detector.

In semiconductor materials the value of € is only about
3 eV so that each incident gamma quantum will give rise to
a large number of electron-hole pairs. This leads to a good
energy resolution since the statistical variance becomes
low. 1In reality the resolution 1is even better than
expected. The variance of the number of created pairs is
reduced by the so called Fano factor which is determined
experimentally to be around 0.1. This explains the
excellent energy resolution of semiconductor detectors.

Good timing characteristics is another property of this
type of detector. A fast signal 1is achieved by quickly
collecting the charges created by incident radiation. This
is done by applying a high electric field across the active
region of the detector so that the charges are swept with a
high drift velocity towards the electrodes. For field
strenghts less than a few hundred Volts/cm the drift
velocity increases linearly with the applied field.

v, = LE; (2.1.1)

q = drift velocity

v
L = mobility of the charge carriers
E = applied electric field

For very strong electric fields the drift velocity gets
saturated, which means that the charges will not move more
rapidly if the field strength is increased. It is desirable
to operate the detector in this saturated region but one
should be careful not to risk detector breakdown by
applying too high voltages.

- Both germanium and silicon will always contain
impurities which can act as trapping centers, i.e. sites in
which charge carriers can be trapped for such a long time
that they will not be included in the signal. As a result
the signal will be reduced. An electron can also be
excluded from the signal if it recombines with a hole
before reaching the electrode. Both recombination and
trapping 1s counteracted by keeping the applied field
strong.




2.2 Properties of Semiconductors

Why is a semiconductor suitable as a detecting medium?
To understand the electric properties of a material we have
to 1look at its atomic structure and, especially, its
electron arrangement. It 1is fruitful to consider the
electrons to be organized in energy bands. Each band can
hold only a limited number of electrons and when a band is
full, filling of the next will begin. If the electrons
belonging to the outermost band (valence band) do not fill
it up completely, they will be relatively loosely bound to
the atom. In practice, a major part of the electrons will
be thermally excited to the so called conduction band where
they can move freely, giving rise to electrical currents.
This kind of material is called a conductor and is
characterized by a very low resistivity.

If, on the contrary, the  valence band is completely
full, the electrons will be tightly bound. The probability
of thermal excitation to the conduction band depends
strongly on temperature as follows:

N, = CT3/2exp (-E4/2kT) (2.2.1)

e
where k = Boltzmann’ s constant
T = absolute temperature
E, = energy band gap
C = proportionality constant.

If the energy gap between the valence band and the
conduction band 1is large there will be almost no free
electrons and the material will be an insulator (Figure
2.2.1a), but if the energy gap is of the order of 1 eV
there will be considerable possibility for thermal
excitation. A material of this kind is called a
semiconductor (Figure 2.2.1b).
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Figure 2.2.1 a) Insulator b) Semiconductor





































































































































