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PREFACE

The international workshop LOWRAD 96 was held in Rossendorf on November 
7 and 8, 1996 with the purpose to a) provide a forum for discussing the newest 
developments in the field of low-level radioactivity measurements and b) identify 
potential new applications for existing and new low-level measuring facilities. The 
meeting was organized by the Institute of Radiochemistry of the Forschungszentrum 
Rossendorf (FZR), and was hosted together with the Verein fur Kemverfahrenstechnik 
und Analytik Rossendorf (VKTA).

The Rossendorf research site has a long-standing tradition in the field of low-level 
radioactivity measurements. In 1983 the Dresden Felsenkeller underground laboratory of 
the former Zentralinstitut fur Kemforschung Rossendorf (ZfK) was established and is 
since then engaged in numerous applications of low-level measuring techniques. After 
the shutdown of the ZfK, the FZR and the VKTA were founded in 1992 at the same site.

The FZR is engaged in basic and applied basic research in the fields of ion beams and 
materials research, radiopharmaceutical and radioecological chemistry, safety research 
and nuclear physics. The VKTA was charged to shut down and decomission most of the 
nuclear facilities of the former ZfK and is furthermore engaged in environmental 
radioanalytics. Therefore, and in order to maintain the capability of measuring low-level 
radioactivity from the site, the Felsenkeller underground laboratory is operated by the 
VKTA. The laboratory was updated and expanded in 1994.

Our invitation to the LOWRAD 96 workshop was followed by about 60 scientists, 
representing 10 countries, the International Atomic Energy Association (IAEA) and the 
Commission of the European Communities (CEC). Twenty seven contributions were 
presented, invited lectures as well as contributed papers. The presentations were mostly 
devoted to basic physical aspects and applications of low-level counting. Papers on 
chemical separation and preparation techniques and on low-level radiation dose 
determinations were also presented.

The LOWRAD 96 workshop has fulfilled all our expectations: A community of reputed 
scientists came together to review the state of the art, to present results and to discuss 
future trends and developments in a scientific field of strongly increasing importance, 
especially in environmental research. Additionally, the participants had the opportunity 
to visit the Dresden Felsenkeller underground laboratory and to continue discussions on
site. We sincerely hope that this two-day meeting will benefit the future work of the 
participants.

This proceedings booklet includes the extended abstracts of all papers that were 
presented during the workshop, the transcript of the panel discussion and the list of the 
registered participants.
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Analysis of background components in Ge-spectrometry 
and their influence on detection limits

G. Heusser, Max-Planck-Institut fur Kemphysik 
P.O. Box 103 980, D-69029 Heidelberg, Germany

*DE010332336*

In low radioactivity measurements the system own background of the spectrometer is, besides 
the counting efficiency, the limiting factor for the achievable sensitivity. Since the latter is 
mostly fixed, background reduction is the only way to gain sensitivity, although it is inversely 
proportional only to the square root of the background rate but directly proportional to the 
counting efficiency. A thorough understanding of the background sources and their quantita
tive contribution helps to choose the most adequate suppression method in order to reach a 
certain required level of detection limit.

For Ge-spectrometry the background can be reduced by 5 to 6 orders of magnitude compared 
to the unshielded case applying state-of-the-art techniques. This reduction factor holds for the 
continuous background spectrum as well as for the line background as demonstrated in Fig. 1 
for a Ge detector of the Heidelberg-Moscow double beta decay experiment [1].
The upper spectrum of Fig. 1 was measured unshielded at the low-level-laboratory of the 
MPI-Kemphysik [2] and the lower one was measured in a pure lead shield at the Gran Sasso 
Laboratory [3]. Such a strong reduction in background can only be realized with very careful 
selection of the detector and shield material for low radioactivity, cosmic ray exposure of the 
crystal and these materials as short as possible, acid surface cleaning and cleanroom condi
tions at the assembly phase, and strong shielding against cosmic rays by overburden as well as 
complete radon suppression during the measurement. With these precautions sensitivities in 
the range of several 10 nBq/kg can be reached for measuring times of several month.
For normal laboratory work with much shorter sample turnover times less effort may suffice 
the measuring task. This becomes obvious if we compare typical detection limits (d.l. accord
ing to DIN 25482-5 [4]) for the shown spectra of Fig. 1 at e.g. 250 keV with the assumption 
of continuous background (no line background under the detected peak) and 1 hour measuring 
time. It results merely in a 34 times lower d.l. for the 10s lower background level compared 
to the unshielded case. Only for much longer counting times the ratio reaches the nominal 
maximal value of 316 (square root of 105) for example: for one day - 136, for 30 days - 266 
and for one year - 301.

In surface or near surface laboratories the following background components have to be con
sidered when designing a Ge-spectrometer:

(a) environmental gamma radiation,
(b) cosmic ray-induced background,
(c) radon and its progenies,
(d) contamination of detector and shield materials,
(e) neutrons from natural fission and (a, n)-reactions.

They are listed in approximate order of importance, but local variations of e.g. the radon con
centration might change the sequence. Progress has been made in recent year in radiopurer 
detector assemblies by the manufacturers (offered as low background or as ultra low back
ground versions). Also for commercially available shields advances have been made. There
fore, the importance of component (d) is of less importance compared to the past [5].
There exist also interrelations of the different components from interactions within the shield.
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At sea level secondary cosmic ray neutrons and muons interact with the shield and thus create 
tertiary radiation which may reach the detector. The most important reactions are inelastic 
neutron scattering (7-emission) and muon induced bremsstrahlung [6, 7]. The latter as well as 
to a less extend also elastic neutron scattering in the crystal produce a continuous background 
spectrum with a prominent annihilation peak and the Pb x-rays [5, 6]. Already behind 10 cm 
of lead this component becomes dominant, so that thicker lead shielding hardly results in fur
ther background reduction. The effectiveness for environmental photon suppression is deter
mined by the attenuation of the 2.615 MeV gamma line of 208T1. Its full nominal absorption 
for e.g. 10 cm Pb (99.2%) become effective only at lower muon flux in deeper locations or 
when the muons are suppressed with a cosmic veto shield.

Thus, depending on the overburden of the spectrometer we can reduce the unshielded back
ground in Fig. 1 (top) with 10 cm of lead up to two orders of magnitude almost homogen
eously (in log scale) for the shown energy range (up to 2.6 MeV). Here, we have, however, 
to take into account that the shown spectrum was measured below 15 meter of water equiva
lent (m w.e.) where the effective neutrons flux (secondary plus muon induced) is reduced al
ready by about the factor 10 and the muon flux by about 2 to 2.5 compared to sea level [5, 
6]. At sea level the thermal neutron flux is also higher within the shield. This gives rise to ad
ditional lines of thermal neutron capture in Ge [6, 8, 9]. Consequently the higher cosmic ray 
induced background level behind 10 cm of lead result by about a 10 fold reduction only rela
tive to the upper spectrum in Fig. 1. It gradually increases to two orders of magnitude with 
the overburden growing higher than 70 to 100 m w.e.. With a cosmic anticoincidence detec
tor system the same reduction can be reached already at a shallower depth of about 15 to 20 
m w.e.. The veto detector is prefentially mounted on the outside of the shield as to register 
muons before they can interact with the shielding material. If they are converted to neutrons 
they are harder to detect, since the counting efficiency of the veto for neutrons is much lower. 
For the same reason cosmic veto shields are less effective at sea level with its much higher 
external neutron flux, [6, 7, 10]. This secondary neutron flux is decreasing rapidly with 
depth, so that below a few m w.e. of overburden tertiary neutrons produced via muon interac
tion in the lead become the dominant neutron source. The background effect of these tertiary 
neutrons (inelastic scattering and excitation of short lived 7 lines) is also well suppressed by 
an cosmic veto shield outside of the lead shield.
Limitation comes here from cosmic induced events, including activation, which have a life
time exceeding the veto blocking time. At 15 m w.e. this fraction corresponds to about the 
fourfold total count rate of the lower spectrum in Fig. 1.
Only below 100 m w.e. or below 15-20 m w.e. with an additional veto shield a higher sup
pression of external photons with further lead becomes sensible. Thus three to almost 4 orders 
of magnitude of background reduction compared to Fig.l (top spectrum) are achievable. This 
is, however, possible only if the detector intrinsic contamination is low enough, radon and its 
progenies are absent in the shield and the 210Pb contamination of the innermost lead shielding 
layer is below 2 Bq/kg.
The energetic 6 rays of the 210Pb progeny 210Bi induce also bremsstrahlung and the character
istic x-rays in lead as muons, but no annihilation. At lower energies up to about 500 keV the 
210Bi induced spectrum resembles that of the muonic induced bremsstrahlung spectrum.
For this energy range a 210Pb contamination of about 2 Bq/kg Pb in the innermost 2 cm of 
the lead shield results in the same count rate as the residual muon induced bremsstrahlung at 
about 100 m w.e. [6], At sea level the 210Pb equivalent corresponds to about 140 Bq/kg. 
Close to 99% of all 210Bi events observed with the detector originate from the first 2 cm Pb 
facing the detector. The Pb x-rays can be absorbed with an inner Cu lining of about 5 mm, 
however, at the expense of a slight increase in the range of 100 to 500 keV if muons are pre
sent [6].
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For the measurement of the lower spectrum in Fig. 1 the detector was shielded by 20 cm Pb 
of 0.4 Bq 210Pb/kg next to the detector plus 20 cm Pb of 20 Bq 210Pb/kg. Radon influx from 
the laboratory air is prevented by a tight steel hood around the lead shield that is sealed to a 
floor plate. N2 gas is continually flushed with a slight overpressure into the center of the 
shield. If the 20 1 inner space would be open to the laboratory air with 50 Bq 222Rn/m3 the 
total count rate (0.1-2.8 MeV) would increase from 50 counts per day to about 3600/cpd and 
consequently the lower background spectrum of Fig. 1 would be higher by about the same 
factor. The count rates of the 214Pb/2^4Bi 7-lines would be even 1200 times larger.

Exposure to cosmic rays was minimized for the Ge crystal and for other materials of the cryo
stat. At sea level production rates (mainly from neutron induced spallation reactions) can be 
as high as 1 mBq/kg e.g. for 57, 38, 60Co from Cu or 68Ge from 70Ge. The full sea level 
saturation activity would double or even triple the background level of the spectrometer 
compared to the displayed lower spectrum in Fig. 1. The cryostat is made mainly from Cu of 
higher radiopurity then 100 pBq/kg for each of the primordial radionuclides U, Th, and K. 
The shielding depth of 3400 m w.e. at the Gran Sasso underground laboratory reduces the 
muon flux by about 6 orders of magnitude. Thus, muons contribute only approximately 2 °/00 
to the background spectrum.
In Table 1 some orientation is given by which shielding conditions a certain d.l. can be 
reached. For each factor 10 of background reduction from the upper to the lower spectrum in 
Fig. 1 the estimated d.l. is given if the counting time is adequately extended. Here it is al
ways assumed that the background components c through e are always well under control.
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Table 1: background reduction (relative to Fig. 1) 

and the resulting detection limit*

background level 
[c/keV kg a]

counting
time

detection
limit*

shielding
condition

104 10 min 1 Bq sea level 5 cm Pb or 20 m w.e. no Pb

103 2 h 90 mBq sea level + 10 cm Pb

102 1 d 8 mBq 20 m w.e. + 10 cm Pb

10 1 week 1 mBq 20 m w.e. + 15 cm Pb + veto

1 1 month 0.2 mBq 100 m w.e. + 15 cm Pb + veto

10'1 1 a 15 nBq 1000 m w.e. + 20 cm Pb

at 250 keV for contineous background, no line background, e = 0.05

energy (keV)

Fig. 1: background spectra of a 2.4 kg Ge detector of the Heidelberg-Moskow double beta 
collaboration [1] unshielded at 15 m w.e. (top) and shielded with 40 cm lead at 3400 m w.e. 
(bottom).

8



ANALYSIS OF BACKGROUND OF LOW-LEVEL |3/y SYSTEMS

DE97FE090 
1. Introduction

PHI Theod6rsson
Science Institute, University of Iceland 

Dunhaga 3,107 Reykjavik, Iceland

!
*DE010332345*

A more descriptive version of the title could be: A condensed, coherent, quantitative background 
analysis. It is condensed because it contains the most important points of an extensive analysis 
given in a new book [1]. It is coherent as the analysis depends little of the type of detector. This 
is possible, because all the detectors are exposed to the same radiation and the interaction 
processes are nearly the same. Finally, the analysis can to a high degree be quantitative, 
although, with present level of information, it suffers in accuracy. The four main types of low- 
level hera/gamma detectors — germanium diodes, Nal(Tl) scintillation counters, liquid 
scintillation counters and gas proportional counters — are discussed.

The introduction of large high-purity germanium diodes in the late 1970s increased the 
interest in double beta decay as 74Ge was considered a likely candidate for this process. A 
germanium diode could therefore serve both as a source and detector, provided that its back
ground could be reduced by orders of magnitude. Resources were invested on a scale never 
before seen in low-level counting for improving these spectrometers. This development work 
has not only brought us better germanium spectrometers, but also a wealth of very useful 
information than can now be used in the background analysis also of the detectors. Further, 
modem low-level germanium spectrometers are the standard against which the background — 
in cpm/kg — of other beta/gamma detectors should be compared. My background analysis is to 
a high degree based on the results of these intensive 15 years’ studies in various laboratories. 2

2. Background components

Cosmic rays and primordial radioactivity close to the low-level systems are the source of the 
background count rate B of (3- and y-detectors. It can be divided into the following components:

B = {B^Ex) + B-/Ct) + By(Rn) + Bp} + {B-JSr) + BN +B^J (1) 

where their source is:

By(Ex):

B^Cty.

By(Rn):

Bp.

By(Sr):

External radioactivity in material outside main shield.

Gamma-active contamination in shield and materials inside it.

Radon, which diffuses into cavities in the shield, and its progeny.

Beta-active contamination in the wall of the sample detector.

Secondary photons (and electrons), excited by muons and protons in the shield. 

Neutrons, induced by muons and protons, mainly in the shielding material.

Bp,: Muons, or muon leakage in systems with anticosmic counters.
In good low-level systems, secondary radiation B-^Sr) is usually a dominant and limiting 
component. All other components should be reduced well below its level. When this reduction 
requires a significant effort or cost, a compromise may be necessary. The tolerance level of all 
minor components should be estimated, i.e., where they contribute about 10% to the total 
background.

9



was added between the sample counter and the guard in order to absorb gamma radiation from 
contamination in the main shield and components inside it. It soon became clear that this 
arrangement also reduced the background component due to secondary gamma radiation induced 
by muons and protons in the shield. The highest background reduction could be obtained by 
having the whole mass of the passive shield inside the guard, that is, an external guard counting 
system. This was partially tested in a couple of gas proportional counting systems by placing a 
single, large, flat guard counter on the top of the shield. Although the results were positive, this 
technique was not developed further.

External guard counters were first introduced in routine use in ultralow-level germanium 
spectrometers late in the 1980s, for example at the Pacific Nortwest laboratory in USA and at 
Max Planck Institut fur Kemphysik in Heidelberg (by G. Heusser). These systems proved the 
high background reduction efficiency of this arrangement. For economic reasons, a single top 
guard counter, giving only a partial anticosmic coverage, has in some cases been used. Now 
there are probably about 10 such low-level germanium spectrometers. External guard counters 
have not yet been used with other types of sample detectors.

4. Overburden background reduction
In carefully designed systems the background component due to secondary radiation 

dominates, also in shallow underground laboratories having an overburden mass mob of up to 
20 meters water equivalent (mwe). Deep underground this component can be reduced practically 
to zero. A guard counter system externally covering all six sides of the shield will reduce the 
background of a germanium detector by a factor of about 6 (83% reduction) in a surface 
laboratory and a factor of about 12 (92% reduction) when the overburden is 15 mwe.

The residual background in well-designed systems is proportional to the flux of the cosmic 
muons. The value of the flux, compared to its value at zero overburden, is given by

Arfmob) = 10"1 -321ogd-0.26(logd)2 (2)

where d = 1+ mobl 10 and the overburden mob is 
given in mwe. This empirical equation describes the 
attenuation of the muons to within 5% down to 100 
mwe. This attenuation is shown in Figure 1. When it 
is taken into account that the external guard counter 
system is about doubly as effective in background 
reduction at 20 mwe overburden than at zero 
overburden, we can expect a background reduction of 
a factor of 10 at this depth, compared to a surface 
laboratory.

The advantage of lower background in an underground laboratory must be weighed against the 
disadvantage of taking the samples to a remote counting room. The extra work depends both on 
the distance and the frequency of sample changing. In most cases the counting time, will be a 
few days, it may even be weeks. With modem technique it is simple to read the the data stored 
in the system computer through a telephone line. One will therefore only need to come for 
changing samples.

Figure 1. Attenuation factor of muons.
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5. Proposed multicounter systems
Examples of multicounter systems will be given below with a brief description. Ge-detectors are 
too expensive to warrant a multicounter system. In systems where the detecting medium is either 
liquid or solid, the pulses from direct hitting muons are large, well above our region of interest. 
We can therefore tolerate that some of the muons hitting the detector are not detected by the 
guard detector. We therefore need less geometrical coverage of the sample detector by the guard 
counter system. This can considerably simplify the guard counter system. A 5-cm-thick layer of 
lead between the guard counter and the sample detector below will attenuate the secondary 
radiation formed in the lead above the guard counter by a factor of 10. A single flat guard 
detector is an accepable compromise between efficiency and simplicity. In order to maximize 
bakground reduction it is probably best to sandwich the guard detector with 5 cm of lead below 
the guard and 5 cm above it as shown in Figure 2B and 2C. This arrangement can be called a 
semi-external guard counter system.

Window flow-detectors of for solid (3-samples. Multicounters of this type are easy to make and 
it is a simple matter to construct a unit with 10 to 20 detectors. A typical detector of this type 
with a window diameter of 25 mm has a background of 0.20 cpm in a surface laboratory. We 
can expect a background of about 0.01 cpm in a system with an external guard counter system 
operating under an overburden of 20 mwe.

Internal gas proportional counters, for example for radiocarbon dating, can be improved 
considerably by replacing the inner guard detector with an external guard counting system. Most 
of the present systems have a 2—4 cm thick inner shield of lead or mercury, which significantly 
reduces the background component due to secondary radiation.

w#«0 C O uni • r

Figure 2. Multidetector systems with anticosmic shielding: with internal sample gas proportional 
counters (A), with single PMT liquid scintillation detectors (8) and with Csl gamma detecting crystal 
where a Si phototube detects the scintillations.

External guard counters will, in addition to reducing the background still further, drastically 
decrease the mass of the shield, by a factor of about 5, as the guard is removed from the inside 
of the shield and the conventional 10-15 cm thick layer of boronated paraffin is superfluous. A 
good counter with a volume of 1.0 liter and working at 3 atm pressure of CO2 at Mob=0 has a 
background of about 1.5 cpm. In a system with an external guard (Figure 2A) we can expect a
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background of 0.8 cpm in a surface laboratory and 0.20-0.25 cpm at M0b= 20 mwe. The total 
weight of the shield with 9 detectors will be about 1500 kg.

Liquid scintillation counting (LSC) systems. A basically simple multicounter system with LSC 
detectors has been described [3]. It uses a single photomultiplier tube (PMT) for light detection 
and the sample vial is surrounded by a large Nal well guard crystal unit. The background is 
about 0.35 cpm in a 70% efficiency 14C window. The system proposed here (Figure 2B) has a 
single semi-external guard counter. In a surface laboratory the background in the 14C window 
will probably by about 0.5 cpm and about 0.3 cpm in a laboratory with an overburden of 20 
mwe. With PMTs made of glass where the radiocontamination has been reduced by a factor of 
10 compared to present day glass, I would expect a background count rate of about 0.1 cpm. 
Because of the simplicity of the sample detector units and the electronics needed, it would be a 
relatively simple matter to have a system with 9-16 sample channels. Such a system would only 
weigh about 1000 kg.

Nal and Csl y-detectors. Ge-spectrometers, with their high energy resolution and low 
background, largely replaced Nal scintillation detectors in the early 1970s in low-level work. 
The Nal detectors still have the advantage of lower price, larger detectors and higher intrinsic 
detection efficiency. The radioactive contamination, which is always present in the glass and 
ceramic supports of the PMTs, limits seriously the possible background reduction. New 
phototubes, made of glass where the contamination has been reduced by a factor of 10-20, may 
partly rehabilitate the Nal units. Multidetector Nal systems with external guard counters in 
underground laboratories may become an attractive possibility in near future in some low-level 
gamma work.

Today, very compact Csl gamma scintillation detector units are being produced where large 
silicone light detection diodes, rather that a conventional PMT, sense the scintillations. These 
units are completely free of radiocontamination, but electric noise in the diode limits their use to 
high-energy gamma radiation, above about 300 keV. Figure 2C shows a proposed multicounter 
system with a guard counter and 9 such sample detector units.

References
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Abstract: This description applies to the parameters of in vivo and in vitro detection systems as they relate to the 
type of the detector (or arrangements of detectors) and the performance of the choice. In detail, measurements of a 
set of pulse-height distributions were done to determine the influence from the detector-crystal dimensions on the 
peak-to-background variation for point and volume sources as well as ambient radiation. The current capability in 
suppression of Compton scattered y-rays using coincidence/anti-coincidence arrangements both for in vivo and in 
vitro system are presented. Criteria and relations as well as advantages and disadvantages of the applicability are 
discussed.

Introduction
There is currently a need for high-resolution, high-sensitive detection systems to study emitted 
photons in the range of x-rays up to 3 MeV for sample (in vitro) or human body (in vivo) 
measurements. It is the purpose, for all different applications, to find the best solution concerning 
the detection systems taking suitable requirements and current capabilities into account.

Therefore, since the availability of high-purity germanium (HPGe) detectors in the field of 
radiation monitoring, the most commonly installed high-resolution in vivo and in vitro systems no 
longer use scintillation crystals such as NaI(Tl) (Sodium Iodide Thallium activated) or Phoswich 
arrangements. Due to the excellent capability associated with the energy resolution, even of small 
size (planar or semi planar) HPGe crystals, but also of highly efficient (coaxial) HPGe crystals 
(i.e. greater than 3”x3” Nal(Tl) crystals), and their preferred peak-to-total (p/t) and peak-to- 
Compton (p/C) ratio has become indispensable [1], Only typical coincidence/anti-coincidence 
arrangements [2] or array's of detectors which allows the summing of energies deposited in 
central and neighbour (or segmented) crystals, results in an additional improvement in p/C-ratio.

The most of present approaches in this work are focused to the peak-to-background variation 
including of that criteria and relations. With the specific aim to be able to identity the lowest limit 
of detection (LLD), for low energy photon lines less than 1 MeV down to x-rays, emitted from 
radionuclides into a sample or human body, in the presence of a relatively high (natural) 
background radiation up to 3 MeV, the dependence on the spectral background influenced by 
different detector dimensions and mounting materials, different local and ambient source 
geometries as well as different passive and active shielding concepts will be described.

Measurements
However, studies are presented to the behaviour of different spectral background components, 
both from the sample and the ambient environment as well as the dependence on the sample 
geometry, and the dimensions of the semiconductor crystals. The explanations and measurements 
are responsible for in vivo and in vitro systems and divided roughly in three parts:
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1. The comparison among five or six types of detectors (see Tab. 1) demonstrated with the 
following three different sources geometries. All the data in this part where measured in a 
labyrinth shielded room:
• During the first studies three point sources have been used on five separate detector 

endcaps for 3 different energies (Cs-137, Co-60, Am-241). Fig. 1 shows, as an example, 
the surprising behaviour of the absolute Compton scattered background, with a very small 
decreasing at the background amount (not more than 2 to 3) in the energy range of Ba x- 
rays and backscatter. For comparison, the variation in the crystal volume is more than 400. 
In Fig. 2, the efficiency/front-surface (for 662 and 1332 keV) and the efficiency (for 59 
keV) vs the HPGe crystal front surfaces for three radionuclides are shown.

• Volume sources have been used at the second studies (10 times 2 ltr Kautex bottles) in 
front of the detector endcap for 3 different energies (Cs-137, K-40, Th-232) and two 
types of detectors. Those sources are like a phantom to a sufficient part of the body with 
homogeneously distributed radionuclides, to study the difference opposed to point 
sources for various crystal dimensions.

• The third study concerning the ambient background was measured in the labyrinth 
shielded room using 5 types of detectors. Fig. 3 shows the pulse height distributions 
between 20keV and 750 keV. The 162% p-type crystal has a 700pm thick Lithium drifted 
dead layer on the front-surface to find expression in a decreased efficiency at low energy 
photons. The calculated cross count rate mainly caused by natural radiation is shown in 
Fig. 4.

2. The comparison between two shielding concepts responsible for person or sample 
measurements. Therefore, the data were acquired in a labyrinth room (in vivo system) and a 
low background lead shield (in vitro system) using two types of detectors.

3. The comparison between two anti-Compton systems used for in vivo and in vitro application. 
The data where measured with two detectors in a lead shield and shadow shielded room:
• closed 4tc anti-Compton suppression for in vitro systems [2].
e front-open 2n anti-Compton suppression for in vivo systems [3]
This measurement demonstrates the current capability of anti-Compton arrangements.

Tab. 1: Types of used germanium detectors: the crystal dimensions and the materials 
(el. = electrolytic, t/f = effective- and front-surface, LB = low background).

type of germanium 
detectors e/f-surface

cm2

crystal
thickness

cm
volume

cm3
mounting

material
endcap window

property

GEM-162% (p-type) 500/93 8,9 830 A1 AL A1 standard

GEM-152% (p-type) Z79 11,5 900 Cu (el.) Cu (el.) Cu (el.) LB

GMX-60% (n-type) 244/37.4 7,7 288 A1 A1 Be standard

LO-AX (n-type) 110/38.5 3,0 115 A1 (Cryal) Mg C LB

LO-AX (n-type) 62/20 2,0 40 A1 A1 Be standard

GLP (p-type) 9/2 1,0 2 A1 A1 Be standard
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Results and Conclusion
Sample (Compton) background (see Fig. 1): Even if the crystal volume is essentially reduced by a 
factor of 400, the absolute amount of the acquired Compton scattered background in the crystal 
(induced through photons emitted from nuclides such as Cs-137 or Co-60,...), for a source on the 
endcap (less than the diameter or volume of the crystal), cannot be reduced considerable. 
Therefore, the improvement in the LLD is only 1.5 to 2 in the low energy range (less than 150 
keV) where the efficiency is relatively constant in this region using n-type detectors.

Sample peak efficiency (see Fig. 2): Even for high energy photons emitted from a point source on 
the endcap (such as from Cs-137 or Co-60), it shows that the efficiency is mostly proportional to 
the entrance surface (not to the volume), independent from the type of coaxial detector. This 
behaviour is in contrast to the real crystal thickness variation from 1 to 12 cm. Following this 
surprising result, the smallest, pure planar detector without the coaxial closed-end hole from the 
back side (opposite to the point source), results in the highest efficiency-to-front-surface ratio (in 
spite of a worse energy resolution) compared to the largest detector.

Ambient continuum background (see Fig. 3 and 4): The partial variation in the ambient 
background count rate between 30 keV and 90 keV results in a factor of 10 whereas the cross 
count rate variation is 280 and the crystal volume variation 400, respectively. Therfore, the cross 
count rate to the effective-surface ratio is nearly constant.

Ambient peak background (see Fig. 3): The ambient low energy photons are sufficiently 
suppressed by using a standard shielding design. The next step in reducing the same background 
components but from local sources requires the use of low background mounting materials for the 
detector and the exchange of the air radioactivity in the vicinity of the detector. The inclusion 
from a standard low background lead shield reduces the continuum background additionally by a 
factor of two to three, where the peak background is entirely reduced excepted the 511 keV.

4k anti-Compton arrangements (see Fig. 5). Fig. 5 shows the state of art Compton suppression 
[2] with about 60 for Co-60 (23 for Cs-137) at the Compton edge and 30 in the average, from the 
Compton edge down to 10 keV. For a multi photon transition nuclide with 3 to 4 de-excites by y- 
cascade, the suppression is nearly 100.

2 n anti-Compton arrangements. Necessary for in vivo systems is arrangements with a divergent 
front open collimator. Therefore, the improvements are best in the range of backscatter to 
Compton edge by 4 to 6 [3] and mostly efficient for nuclides in the body such as K-40 that means 
the source is placed in front of the detector.

Comparison in background reduction (see Fig. 6): This figure shows the comparison of two in 
vitro systems: a standard lead shield using a detector with aluminium mounting as well as a 
standard low-level lead shield with a low-level detector mounting. Four typical photon energies 
are used to demonstrate the current capability of laboratory spectroscopy system (left side nuclide 
descriptions are from low-level and right side from standard system).
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Fig. 1:137Cs point source on the detector endcap
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Fig. 3: Ambient background measured in the labyrinth
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1) Introduction
Low-background germanium detectors cue widely used in measuring low levels of 
radioactivity in research areas as diverse as: geological and biological sciences, 
environmental restoration of former nuclear sites, health physics, dating, non
proliferation and the latest generation of neutrino physics instrumentation. Each of 
these applications has its own unique requirements for detectors, sample sizes, activity 
levels and location of the detection system, as well as the complementary products 
necessary in a low-background gamma analysis system.

We will try to give in this presentation an overview of different Low Level measuring 
systems ranging from the environmental lab to low-background detection systems and to 
the deep underground counting facility. Examples and performances for each of these 
will be given. Attention will be given to the standardised ultra low-background detectors 
and shields which provide excellent performance without the high cost in time and 
money associated with custom designed systems.

2) Background components, origin and classification
Table 1 gives a short overview of the different background sources, some examples and 
a few hints on how to improve the background for any particular source. Unfortunately 
as is often the case in the real world some require opposite solutions for different sources 
and so compromises will have to be accepted. In order to shield more of the environment 
one would like to use as thick a leadshield as the laboratory floor can carry (or money 
can buy) but more lead was shown to increase by as much as ten times the neutron flux 
inside the leadshield[l], thus raising the cosmogenetic contribution.
Although not generally associated with Gamma spectroscopy, some form of sample 
preparation can be beneficial to the background behaviour of the detection system.
Doing chemical separations to concentrate the isotopes of interest is often too tedious a 
task and the errors associated with it make it very unpopular, but a simple water 
evaporation in case of large water samples can be quite beneficial both in reducing the 
thermalisation of neutrons and increasing the geometrical efficiency. It would enable one 
to use a well type detector, which has been shown to have about 10 times higher 
efficiency for small samples than a comparable coaxial detector. [2] 3

3) Optimising Detector cryostat lay-out
It is a good practice to keep all parts that are not really necessary, outside the shielding. 
Some parts however can not be removed far from the detector element and these are the 
most important in the background behaviour. Good LB alternatives exist for crystal 
holder, endcap, window and support but are not readily available for electronic
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components. [4] It would be an impossible job to start selecting both for good electronic 
characteristic and low background behaviour all the components in a preamplifier. 
Luckily locating this preamplifier outside the shielding has no major effects on the 
resolution and stability of the detector. This then leaves only the FET assembly 
electronics (FET, feedback resistor, feedback capacitance) to be selected and/or 
internally shielded.
Table 1:
Oriefai/Source Background component Example Solution
Environment - Natural radioactive series

- Man made RA isotopes
-™U,4"K,™Rn
- Chernobyl fall-out, 
contamination by samples, test

- Use shielding around detector
- Decontaminate laboratory - care 
in sample handling

- Radon emanation
- Building materials

sources
- Ill ventilated cellars 
-Gypsum

- Ventilate counting room
- Check building materials

Sample - Compton scattering

- Bremsstrahlung
- Other radio-isotopes present
- Thermalisation of cosmogenetic 
neutrons

- Primary photons are scattered in 
the sample
-p-decay
-40K
- 51 marinelli beakers water-filled

- Limit amount of sample, use 
high Z sample matrix
- Use low Z-matrixes
- Chemical purification
- Evaporation of sample water

Cosmic radiation - Cosmogenetic isotopes
- Nuclear reactions in 
detector/shield

-l4Mn,,lmGe,MCo...
- ”Ge(nrr)73Ge, positron 
annihilation

- Avoid activation of parts
- Use cosmic Veto shield

- Bremsstrahlung
- Charged particles in detector

- Background continuum 
-Muons

- Use deep under ground lab

Detector/shield - Man made RA isotopes
- Natural RA isotopes
- Cosmogenetic isotopes
- Nuclear reactions in Detector
- Nuclear reactions in shield

- llJCs, “Co,...
- 2l4Bi, 210Pb, "K....
-54 Mn, 73mGe, “Co...
- 74Ge(iyV)74Ge
- 20SPb(n4i’)208Pb

- Select materials
- Use pure, selected materials
- Use deep under ground lab
- Use cosmic Veto shield
- Limit Mass of shielding

The traditional way of locating the preamplifier outside the leadshield and out of the line 
of view of the detector element is using a U-style cryostat. There is also the Remote 
Detector Chamber (RDC), that can achieve the same benefits as U-style cryostats, with a 
set-up close to the traditional, space-saving, vertical build up of dewar, detector, 
shield. [3] Only necessary materials are in the leadshield, and the offset between the RDC 
neck and dipstick effectively blocks the view of preamplifier parts and molecular sieves. 
We are then left with a limited amount of materials that require selection. Below is a 
short summary of the important points concerning those parts :
- Free of natural and man made radioactive isotopes
- Small cross section for (thermal andfast) neutrons
- Mechanically stable, both at room temperature and LN2 temperature
- Low outgassing, good insulator ( 5000 V), good thermal conductor,.....
- Availability in reasonable quantities and price
Although it is fairly easy to find materials free of man made activities, this is not 
completely the case for the natural U and Th chains. Once this selection is done the 
surfaces of these parts have to be cleaned in appropriate ways [4], in order to remove 
any surface (radon) contamination. In order to avoid consecutive contamination, the 
mounting of the detector can be done under filtered, laminar flow air streams, and using 
clean room techniques.
3 . a) Comparing cryostat types
The same crystal (30% N-type) was mounted consecutively in a) a standard vertical 
dipstick, slimline cryostat (-7500SL) b) a standard vertical dipstick, slimline cryostat, 
using low background materials in the crystal vicinity (-7500SL-LB) c) a standard 
vertical dipstick, slimline cryostat, using low background materials in the crystal vicinity 
and a low activity lead disk between crystal and preamplifier(-7500SL-LB/PB) d) a 
Remote Detector Chamber cryostat, using low background materials for the parts inside 
the leadshield (-7500SL-RDC-ULB). This was each time measured for a minimum of
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200.000 s in a Low Level leadshield [ 85 mm lead (50 Bq/kg 210Pb), 15 mm old lead 
(<10 Bq/kg 210Pb), 4 mm high purity Cu],
3.b) Results
First we want to make a difference between peak background and continuum 
background. The crystal mounted in a standard cryostat gave rise to more that 50 peaks 
in the background spectrum whereas in the ULB version not more than 13 could be 
positively identified. In the first case these were mainly from decay of U/Th daughter
isotopes whereas the last, with the exception of 40K, were of cosmogenetic origin.

Cryostat

Model

CPH/keV
Total
CPS

Energy Range in keV
50-100 | 100-300 | 300-600 | 600-1000 | 1000-1500| 1500-2000

7500SL 26.7 15.7 6.6 3.2 1.5 0.6 2.36
7500SL-LB 15.5 11.9 4.7 2.1 1 0.5 1.71
7500SL-LB(PB) 28.3 11.9 4.2 1.9 1 0.5 1.53
7500SL-RDC-ULB 8.9 7.9 3.5 1.6 0.8 0.5 1.22
Table 2: Background continua in different cryostat types
Easier to quantify, and of more important in terms of MDA, are the background 
continuum. The results of these are summarised in table 2. It is clear that, especially in 
the lower energy region, major differences can be found. Seen MDA changes 
oc -JBackground it is clear that for example 239Pu (129 keV) this gives a factor 1,4

lower MDA, solely based on the background continuum.

4) Optimising shielding
A similar series of tests was carried out, but this time using a 100 % Rel. Eff. Coaxial P- 
type detector. (A) a P-type coaxial, 100 % Rel. Eff. And 2,2 keV FWHM @1,3 MeV, in 
standard slimline cryostat standing on the laboratoiy floor. (B) id. in a normal 10 cm 
leadshield. (C) Id. But with detector mounted in U-style ULB cryostat in 10 cm 
leadshield. (D) id. in 10 cm Low Background leadshield (85 mm Boliden lead < 50 
Bq/kg, 15 mm Old lead < 10 Bq/kg) and (E) id. in 15 cm Ultra Low Background

Table 3 :
Background continua in dif
ferent shielding for 100% 
Coaxial Ge detector 
A: No shielding 
B: 10 cm Ft, Std. Cryostat 
C: 10 cm Pb, U-style-ULB 
D: 10 cm LB Pb, U-style-ULB 
E: 15 cm ULB Pb, U-style

We also want to point out here that although some very nice lead (< 1 Bq/kg 210Pb) is 
available in small quantities, and on occasional bases, no regular supply of this can be 
secured. However the continuum in these shield is dominated by the cosmic radiation so 
there is little to be gained by using rare and expensive lead. (Compare C & D)
In (E) care was taken to avoid any streaming from active parts. The materials with large 
neutron cross section (Cd & Cu) were completely or partially replaced by ULB grade tin. 
A total of 150 mm lead, with the inner 25 mm < 25 Bq/kg, was chosen.
4.1) Results (See table 3)

leadshield.
Energy region 

keV
Background Continuum in CPH/keV

A B C D E
45-100 820.5 22.7 14.2 12.1 9.8
100-300 1238.3 17.8 15.2 13.1 8.5
300-600 348 8.4 7.6 6.7 5.6

600-1000 139.4 4.2 3.2 3.2 3.1
1000-1500 88.3 2.1 1.6 1.6 1.4
1500-2000 16.9 1.1 0.9 0.9 0.8
2000-3000 7.8 0.4 0.6 0.6 0.4

Total in CPS 140.4 2.9 2.6 2.4 1.7
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The three last columns of table 3 compare an identical, 100 % Rel. Eff. Ge detector in a 
U-style ULB cryostat, so only influence of shielding has to be taken into account. It is 
clear that, a thicker leadshield can improve on the background behaviour. This was 
confirmed by Monte Carlo simulations [5]. We want to point out that in this case there 
was no major overhead structure, so the main shielding mass is the lead

5) MDA
All these results should be interpreted in terms of their influence on the MDA.
As MDA oc jBackground {Eff)' it pays more to optimise the detection efficiency. 

Optimising efficiency can be achieved, not only by choosing a more appropriate detector, 
but also by optimising the sample-detector geometry, e g. use marinelli beaker, if much 
sample is available, or well geometry in the opposite case.
For an isotope like 241Am (60 keV), there would be a decrease in MDA of 50 % between 
a standard gamma spectroscopy system (B) and a ULB version (E). For higher energy 
emitting isotopes the difference becomes rapidly smaller and priority should probably be 
given to efficiency. E g. 137Cs (661 keV) will have only 15 % MDA difference.

6) Custom Designed Low Background
Apart from these standard ULB gamma spectroscopy systems there also is a need for 
detectors with extremely low background behaviour. These are generally used in deep 
underground counting facilities or using some form of active (anti cosmic veto) shielding. 
This can range from detectors intended to measure very weak sources [6] to astrophysics 
and neutrino related studies. The requirements of these systems are such that no standard 
solutions can be offered and each detector will be custom designed. Some spectra will be 
discussed during the talk.

7) Conclusion
Optimising cryostat and leadshield geometry’s, selecting materials and using appropriate 
mounting techniques, results in gamma spectroscopy systems with much improved 
background behaviour. This can be achieved, for surface laboratories, at reasonable cost 
and with standard available models. This product range has been arbitrarily called Ultra 
Low Background. The advantages are mainly the known background behaviour of such 
systems and the short delivery times. With regard to MDA these systems are close to the 
limit of what can be achieved in normal, ground level laboratories, where the cosmic 
induced background dominates. The influence of background alone on MDA is strongly 
dependent on the energy.
Applications where the cosmogenetic background has been strongly reduced, require 
more elaborate detectors, called Custom Design Low Background.
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Abstract

The operation of low background HPGe detectors at a depth of 225 m, reduced the background by 
two orders of magnitude; a large amount of the remaining background is still attributable to the 
cosmic rays. The selection of radiopure materials, the characterization of reference matrices and 
the measurements of low radioactivities in environmental samples are performed. Coupling the low 
level spectrometry with additional techniques, e.g. neutron activation, will allow to measure 
extremely low radioactivities.

Introduction.

Low radionuclide concentrations in samples were measured at IRMM at the ground level with low 
level HPGe detectors. Due to radiopure, selected materials and sufficiently low-activity shielding 
against the environmental radiations, about 98% of the remaining background was attributable to 
the cosmic rays. Operating the detectors at a depth of 225 m in the High Activity Disposal 
Experimental Site (HADES) of the Studiecentrum voor Kemenergie (SCK/CEN) at Mol, Belgium, 
reduces the background by two orders of magnitude and has required the selection of radiopure 
materials, lead and copper, the removal of radon and the use of an active shield. It is shown that 
low level HPGe detectors are useful tools to investigate the flux of secondary radiations and 
radionuclides produced by cosmic rays. Materials selection, characterization of natural reference 
matrices and low level commercial detectors and material tests in the frame of the Borexino 
Collaboration are going on. It is aimed to operate soon in HADES a new location specifically 
designed to measure extremely low radioactivities in materials.

The underground experimental site and the installed equipment

The IRMM low level laboratory [2] is located at the end of a 32 m-long gallery, in the 
Underground Research Facility (URF) of HADES, Fig. 1. The gallery, lined with 5 cm-thick cast 
iron segments, has an inside diameter of 3.5 m and was dug out at a depth of 225 m in the upper 
third of a 100 m-thick clay layer, about 180 m of glauconite soil containing sand covers the clay

Fig. 1. Schematic geological cross section of the Mol 
site and diagram of the underground facility in the clay.
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layer. It was estimated that this depth corresponds to about 500 m w.e..
Inside the gallery, the air ventilation maintains the radon concentration to about 50 Bq m"3 and the 
resulting exposure rate due to the iron lining and the clay is about 60 nSv h*1. At the depth of 500 
m w.e. the nucleonic component of the cosmic radiation is reduced by at least five to six orders of 
magnitude. The muon flux is reduced by a factor of about 800, compared to ground level and is 
less than 0.2 m'2 s"1 (Table 2). Inside the shieldings, it was found that cosmic induced neutron flux 
was less than 2 m"2 s ' for both, thermal neutrons and fast neutrons with energies above 691 keV 
(Table 2).
At present, three HPGe detection systems, designed with carefully selected low impurity materials, 
are in operation in HADES, as shown in Table 1.

Table 1. HPGe detectors operating at HADES and the main specifications of their shieldings

Ge volume Relative Shielding material and thickness, [cm] Background
[cm3] efficiency electrolytic lead 210Pb activity, lead 210Pb activity counts s"1

(%) conoer [Bq kg1] [Bq kg1] [5- 2700]keV

100 coaxial 20 6 5* 1 10b 17 0.00666 6

40 semiplanar 6 10a 1 5C 700 0.00361 4

250 coaxial 60 15d 14* 15

1 lead originating from old French monuments, * from the Hampton Court roof, England. 
b modem lead from the Bolinden company andc ordinary lead.
d freshly produced copper, immediately stored underground to avoid the cosmogenic production of 
radionuclides, e.g. 57‘58' *°Co. A fourth, modular shielding, planned to accommodate various types 
of experiments and built with copper d and lead * will be soon available.

The U-cryostat configuration is used 
for each of the detection systems as 
shown in Fig. 2. The volume around 
the detector is filled with copper and 
teflon to reduce as far as possible the 
radon contamination. Background 
spectra recorded at the ground level 
and at -500 m w.e. are shown in Fig.3; 
a background reduction by two orders 
of magnitude is achieved.

Fig. 2 . Schematic drawing of the 
semiplanar detection system.

Between 1.1 O'2 and 2.1 O'2 events s"1 kg"1 of Ge are induced within the energy interval 5-2700 keV, 
about 85% of the background is probably attributable to the cosmic rays. An active background 
discrimination technique using a multiple detector event by event recording system [3] is applied to 
distinguish fast muon induced events and radioimpurity events; preliminary results indicate that 
about 25% of the background events are muon induced. In our set-up for each event an
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identification of the detector, the pulse height and the time of occurrence are stored, thus keeping a 
- maximum amount of the available information.
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Fig. 3. Background spectra (left) of the 100 cm3 coaxial Ge diode: A in HADES without shielding, B 
above ground with 15 cm-thick selected lead shielding and C with the shielding described in Table 1. On 
the right, detail of the spectrum B, shows clearly the cosmic ray induced events in the background.

Study of neutron and muon background in low-level germanium gamma-ray spectrometry

Cosmic ray induced neutrons and muons cause activation of nuclei, in particular within the 
detector itself and the shielding materials. At the ground level and at -500 m w.e. the fast neutron 
flux inside the shielding, was deduced from the 691-keV peak intensity resulting from the inelastic 
scattering of fast cosmic-ray tertiary neutrons on ^Ge (Figure 3) and the thermal neutron flux from 
the intensity of the 139 keV y-ray resulting from the environmental neutron activation in 74Ge [1] 
The muon flux was measured due to their high energy deposition (about 6 to 8 MeV per traversed 
cm of Ge) inside the detector [1], From 1985 to 1992 many background spectra were recorded with 
the 100 cm3 Ge diode at ground level. A variation of the fast and thermal neutron flux was 
observed and found in good agreement with the neutron flux data of the Kiel Neutron Monitor, 
measured during this period [1]. The results (Table 2) contributed to optimize the design of the 
shieldings according to the quality and the amount of the materials used.

Table 2 Muon and neutron fluxes, (m 2 s'1), at our experimental sites

fast neutrons thermal neutrons muons
E «UUon> 691 keV

ERMM (15 m above sea level) 140-250 10-50 140-180

HADES (-500 m w.e) < 2 <2 <0.2
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Until the end of 1992, two detectors were operated at the ground level laboratory at IRMM. The 
measurement of natural and anthropogenic radionuclides has been made in environmental samples, 
in particular in aquatic plants chosen as bioindicator [4] and in soil and river sediments [5], The 
fall-out from the Chernobyl accident, e.g. 134Cs, 137Cs, and weak contamination from industrial 
sites, e.g. *Co, ^Ra, were observed. The detection limits (D.L.) of 10"2 Bq kg1 of sample for l34Cs 
and 137Cs, 10"1 Bq kg ' for60Co and of 10"' Bq kg ' for 7Be were determined. An investigation of the 
natural radioactivity of volcanic rock samples [6] aimed to date the magma generation; a breaking 
of the secular equilibrium was observed. Measurement of the concentration of natural 
radionuclides in a Manchester clay standard, used as a reference material in archeometry, was 
done.

Since 1993 the detectors are operating at -500 m w.e.; radiopure material selection is a basic task 
to operate low level detector systems, mainly underground Measurement of 210Pb activity of 
ancient and modem lead has been made, the results are shown in Table 3. 210Pb activities of a few 
tens of mBq kg ' and higher can be measured

Table 3. Activity concentration of 210Pb, Bq kg ', in lead samples.

Applications and achievements of low level counting at IRMM

a b c d e f g h i

29 ±3 8 ± 2 ' 230 ± 12 293 ± 15 693 ± 32 14 ± 2 2.4 ± 1.3 <1 70.1 ±1.4

a, b , c, d, selected, commercial available lead batches; e ordinary lead.
f, g, ancient lead from English and French monuments, used in our shieldings; h Etruscan sample, 
i reference sample from PTB.

The HADES facility has been used to measure the 210Pb decay rate in nutritious fluid of human 
lung cells, to characterize the background components of a 480 cm3 HPGe diode, to participate in 
an international effort to characterize a natural matrix reference material (bone ash), to investigate 
the flux of secondary radiation and radionuclides produced by cosmic rays. As member of the 
Borexino Collaboration since this year, we are involved in the tests of the materials for the 
Borexino detector.

Future at HADES

It is aimed to operate soon in HADES a new location especially designed to measure extremely low 
radioactivities in materials. Technical improvements have to be implemented such as a dedicated 
power line, proper ventilation for the radon reduction and selected low activity wall material. The 
measurement room will be separated from the main gallery by a dusttight prechamber. There will 
be space to operate six counting systems.
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Under the shelter of 1400 m limestone rock the Gran Sasso underground laboratories 
in the Apennines (110 km north-east of Rome at a turn-off inside the Gran Sasso motorway 
tunnel) were designed for running large experiments in the field of neutrino, particle and 
astrophysics by international collaborations. These experiments have in common the basic 
requirement to be capable to detect very rare events like e.g. neutrino interactions and 
double beta decays. Due to this their permanent demands for selecting radiopure materials 
have led to the equipping of a Ge detector laboratory - at present with 6 large detectors.

Of course also the Ge spectrometers profit particularly from the almost complete 
absorption of cosmic rays in the rock. The mean vertical depth of 3800 m.w.e. reduces the 
muon flux by 6 orders of magnitude down to 0.7 muon per m2"h [1]. This corresponds to a 
few counts per week recently measured with a large 500 cm3 Ge as well as with a 600 cm3 
Nal detector in the energy range above 10 MeV resulting in the same suppression factor of 
106 compared to the 1 cps from direct muon events measured with a similar Nal above 
ground [2]. The threshold energy for muons penetrating from the atmosphere is about 1000 
GeV. The underground neutron flux is not dominated by cosmic ray produced neutrons but 
by those from fission and (a,n) reactions in the rock. The resulting flux is about 40 m^'h"1 
for thermal and 140 m"2'h-1 for all neutrons [3], i.e. 3 orders of magnitude lower than that 
one on earth’s surface at sea level. Therefore deexcitation gammas following neutron 
capture and inelastic scattering in germanium and the construction material copper are not 
detectable in the Ge background spectra.

Because of the practically complete absence of cosmic ray induced components the 
other background sources are of special importance in a deep underground laboratory. The 
total gamma flux from the surrounding limestone rock is about 1 ern es'1 [4] and originates 
from 1 ppm uranium, 0.1 ppm thorium and 200 ppm potassium in the rock [5], Changes of 
the external gamma radiation at different places in the underground lab. are of course 
caused by the materials of buildings and the technical equipment. The Ge detectors (not 
considering here those of the Heidelberg-Moscow 76Ge Ovpp decay experiment being also 
in the Gran Sasso lab.) are located in a separate container box. The Radon concentration 
fluctuates around 10 Bq/m3 in this regularly ventilated room while outside the Ge box the 
value is higher (e.g. average 50 Bq/m3 in ‘hall C’ where the same air, 35000 m3/h for the 
whole lab., from outside the tunnel is blown in [6]). The various measures (massive shield, 
Rn expelling) to reduce the detector backgrounds are compiled in a table (next page) 
together with detector data and resulting background count rates. Worth mentioning here is 
the effect of a recently applied 2 cm Roman lead innermost shield (< 20 mBq210Pb/kg ! [7]) 
improving the integral background count rate from 0.67 cpm (measured with a complete 
OFHC copper shield as used for the other Ge detectors) to 0.49 cpm for the detector named 
GePaolo. Until now only two of the detector shieldings are covered by acrylic glass boxes 
which are flushed with nitrogen under excess pressure. Doing this the background lines of 
the 222Rn daughters are reduced by a factor of 2 compared to the previous situation with 
simple nitrogen flushing inside the shield which is covered only by a plastic film.



DETECTOR - name 
- company - year 

-type

GS1 
PGT -1989 

coaxial p-Ge

GeMi 
Ortec -1990 
coaxial p-Ge

GeBer 
Ortec - 1993 
coaxial n-Ge

GePaolo 
Ortec - 1993 
coaxial p-Ge

GS2 
Ortec -1992 
coaxial p-Ge

GePv 
Ortec - 1991 
coaxial p-Ge

REL. EFFICIENCY / 
FWHM at 1.33 MeV : 62% / 2.3 keV 85% / 1.9 keV 53 % / 2.1 keV 113 % / 2.0 keV 94% / 2.0 keV 91% / 1.8 keV

ENDCAP: 1.5 mm Cu 0.5 mm Cu Cu/carbon fiber 1.5 mm Cu 1.5 mm Cu 1.5 mm Cu

SHIELD: - Pb
(< 30 Bq210Pb/kg):

- innermost:
20 - 25 cm

7 cm OFHC-Cu
20 - 25 cm

7 cm OFHC-Cu
20 - 25 cm

7 cm OFHC-Cu

20 - 25 cm Pb,
5 cm OFHC-Cu,
2 cm Roman Pb

20 - 25 cm
7 cm OFHC-Cu

20 - 25 cm
7 cm OFHC-Cu

RADON expelling:
- Nz-flushing from LNz-dewar from LNz-dewar from LNz-dewar excess press, in 

acrylic glass box
excess press, in 

acrylic glass box
from LNz-dewar

BACKGROUND 
(50 - 2700) keV

(cpm)
0.57

(cpm)
1.1

(cpm)
3.3

(cpm)
0.49

(cpm)
0.96

(cpm)
0.82

(100 - 500) keV 0.39 0.76 2.2 0.32 0.60 0.57
46.5 keV (^Pb) 0.0005 0.0014 0.026 0.015 0.013 0.0011
63.3 keV f'Th) < 0.0009 0.001 0.009 < 0.0006 <0.0015 < 0.0007
186 keV (Ra/tiSU)" 0.0015 0.0026 0.006 < 0.0006 <0.001 0.0015
352 keV (2MPb) 0.0013 0.010 0.005 0.0025 0.0046 0.0078
511 keV (MTl/e+e j"" 0.0012 0.0022 0.0018 0.0010 0.0025 0.0010
583 keV (2MT1) < 0.0006 0.0040 0.0015 0.0010 0.0025 0.0026
661 keV (mCs) 0.0035 0.0034 0.0006 0.0011 0.0044 0.0006
911 keV (U8Ac) < 0.0004 0.003 0.001 0.0006 0.001 0.002
1333 keV (“Co) 0.0054 0.003 0.005 0.0014 0.0017 0.0046
1461 keV (40K) 0.0034 0.010 0.004 0.0023 0.006 0.0047
1764 keV (2MBi) 0.0003 0.0022 0.0006 0.0005 0.0012 0.0015
2615 keV (^Tl) 0.0005 0.0025 0.0006 0.0006 0.0015 0.0013
conspiciuous: ,2iSb lines! M2Rn daughters ! Uranium ! 210Pb! "'•^Co^Mn^Zn! 222Rn daughters !
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The background spectra of the different detectors (using here our internal names also 
given in the table) show some interesting details to be shortly discussed here. The integral 
count rate is 1 cpm or less for each of the p-type Ge’s. In general the residual lines are 
caused by internal contaminations within the detectors themselves and by not completely 
removed radon (lines of 214Pb and 214Bi) in small cavities in the shield. The detector GS1 
shows still strong ^SbfT,# = 2.73 y) lines although they are reduced down to less than 20 
% compared to the situation in 1990 when the internally contaminated detector was new. 
GeMi and GePv are mainly suffering from radon daughters, a situation which will be 
improved by applying a radon expelling like for GePaolo. GeBer (the only n-type detector) 
has a higher total background than the others while the peak count rates (except for low 
energies and the 186 keV line) are similar or even better. An internal uranium 
contamination and the unfortunately used indium are the main problems of this detector. 
GePaolo is the largest and in a certain sense also the best detector. But its relatively high 
internal 210Pb contamination should be responsible for a part of the total background due to 
bremsstrahlung of the 210Bi-betas. As an example the plotted spectra on the previous page 
show the background of GePaolo under different shielding conditions. GS2 has brought 
back a number of activation products from its repair trip to the U.S. last year. So we will be 
unfortunately able to observe 57Co, 58Co, increased *°Co, 54Mn and 65Zn and their decay in 
the next years.

The Ge counting for the Gran Sasso underground experiments comprise samples like 
scintillator liquids, PMT components, materials for detector construction (steel, copper, 
plastic etc.), electronic device parts (capacitors, resistors etc.), building materials (cement, 
sand) and various other things (e.g. chemical substances, glue). Often it has to be proven 
that upper limits of contaminations are not exceeded or which out of different material 
variants is preferable from the point of view of radiopurity.

Measurements of direct physical interest are performed for detecting double beta 
(2vpp) decays to excited states of the daugther nucleus. In this case deexcitation gamma 
quanta can be counted by Ge detectors with sufficiently low background. Because of the 
direct connection of the 2vJ3P half live to nuclear matrix elements its determination or at 
least limitation tests nuclear structure models very sensitively and improves therefore also 
the theoretical basis for investigations of the neutrinoless double beta (OvPp) decay. 
Currently a search for the 2vPP decay of 150Nd is performed on two Ge detectors (GS1 and 
GS2). GS2 is counting a sample of 6185 g natural neodymium (5.64% 1S0Nd) for more than 
5 months looking for the deexcitations lines (150Sm levels) at 406.47 keV (02+—>2i+) and 
333.95 keV (2i+—»0g.s+). This cascade is more sensitively searched also by running GS1 in 
coincidence with a Nal and recording multiple event vectors with a CAMAC system.

To improve the capability of the Gran Sasso Ge detector lab. to measure extremely 
small radioactive contaminations a new detector made from specially selected materials is 
under construction at Canberra Semiconductor N.V. in these weeks.
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1. Introduction

Low radioactivity measurements are characterized by low detection limits. They are mainly 

determined by the background. The contribution of cosmic rays may be reduced drastically by 

installation of measurement devices in an underground laboratory. In 1982 we installed a 

chamber with a shield of ultramafic rock for low-level measurements within a cave of an old 

brewery named "Felsenkeller", j|Hetbtg7}984/. In this laboratory we used low-level 7 - 

spectrometry for the measurement of neutron activated samples of semiconductor silicon 

(Niese(1986)), of cosmic induced radioactivity in meteorites, chemically separated long-lived 

nuclides in low-level wastes, contaminated materials and of environmental samples. On the 

contrary to our underground laboratory concept the measurement of rare nuclear events is 

possible only at extremely low background which needs rock covering of more than 1000m. This 

is presently performed in mines (Brodzinski, 1988) and tunnels (Heusser, 1993; Reyss 1995).

2. The underground laboratory 'Telsenkeller" in Dresden (FK)

The underground laboratory "Felsenkeller" is located at normal traffic level within a cave of an 

old brewery in the Weisseritz-valley in Dresden. By a 45 m rock cover 98% of cosmic muons 

are shielded. The remaining 2% may be further reduced by an active anticoincidence shield.

The underground laboratory contains a measuring chamber shielded by steel and lead. The 

length, width and height are 6, 3 and 2.2m, respectively. The shielding consits from outside to 

inside of 10mm new steel, 270mm granulate of hard steel, 36mm old steel, 30mm lead and 12 

mm old steel. The specific surface density amounts to 210gcm"2. The detectors themselves are 

shielded separately with 10-17 cm lead.

In the underground laboratory the rock consists of hornblende monzonite with contents of K, Th 

and U of 5%, 50 ppm and 12 ppm, respectively. This corresponds to activities of 40K, 208T1, and 

214Bi of 1300, 72, and 140 Bq/kg, respectively. In order to shield the high energy radiation of the 

2615 keV line of 208T1, a daughter of Th, a metallic shield with an attenution equivalent to 33
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cm lead is necessary to reduce the radiation to such an intensity that with a 30% Ge-detector 

within a counting interval of two weeks only one count will be registered.

The activity of 222Rn in the cave amounts to about 200 Bq/m\ therefore we introduce heated 

fresh air from outside (40 Bq/m3) into the laboratory. The evaporated nitrogen from the kryostate 

is used to replace the radon containing air within the shielding of the detector.

3. Measurement of materials used for building, shielding and installations

Before constructing the low-level measurement equipment we calculated the maximum 

permissible activity for each of the materials to be used for building, shielding, construction, 

installation and detector. We measured the radioactivity and calculated their contribution to the 

measured background. The total contribution of the activity of all materials for shielding, 

corrosion protection, and installation should not exceed 0.3 count per 14 days to the 2615 keV 

peak or to any other peak.

Because of the fact, that the activity of all tested commercial paintings for corrosion protection 

exceed the allowed value of specific activity, we used a special mixture of selected pigments like 

talkum, iron oxide and zinc powder.

4. Measured background 

Gamma spectrometry

The background measured with a 30% HPGe well-typ detector in our laboratory is reduced by a 

factor of about 50 in comparison with above ground installations. In comparison with results 

from the underground laboratory in Mol, which is located in a clay layer in 225m depth our 

background is higher by a factor of about 10 (Wordel,1993). The main contribution of the 

remaining background in the gamma spectrometry are caused by neutrons from the cosmic rays 

and the surrounded rock. We have compared the intensity of peaks in the background spectra 

measured in our laboratory caused by reaction products of neutrons with the results obtained in a 

well shielded laboratory above ground in the Physikalisch-Technische Bundesanstalt 

Braunschweik (Kolb, 1992). From this we estimated a reduced neutron flux only by a factor of 

about 13 whereas the muon flux is reduced by a factor of 45.

Liqud scintillation counting

The background of the liquid scintillation spectrometer (Type Quantulus, Wallace) is very low
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above ground because of his thick lead shielding and his efficient anticoincidence guard detector. 

After installation in the underground laboratory its background was not reduced remarkable. We 

assume that the main contribution must be caused by the material of the spectrometer itself e g. 

of the PMT.

Beta gamma coincidence spectrometry

With an equipment for fi,y- coincidence spectrometry consiting of a 4"x3" Nal crystal and seven 

plastic detectors placed at the front of the Nal crystal we had demonstrated that the low 

background of the fi,y- coincidence spectrometry at the laboratory above ground was further 

reduced in the underground. The investigation of the background in (3,y- spectrometry was the 

reason for us to start experiments in the underground.

5. Samples to be measured in the underground laborator

We are measuring solid samples of materials with low specific activity, original or evaporated 

liquid samples and chemically isolated fractions prepared for alpha, beta or gamma spectrometry. 

The shielding of the measuring room enables us to measure large samples which cannot be 

placed within the special detector shielding. This has been demonstrated in whole body counting 

and the measurement of the radioactivity of a complete equipment. To use the advantage of low 

background in the measurement, equivalent efforts should be done in preconcentration and 

radiochemical purification of the measuring samples. This include the evaporation of large 

volums of water samples and the separation of radionuclide fractions.

Conclusions

The underground laboratoiy "Felsenkeller" is well suited for the measurement of low 

radioactivity in different types of sample series. The main advantages are

■ Background reduction by two orders of magnitude enables significant improvements of 

detection limits

■ The horizontal cave allows us easy transportation of samples, equipments, and 

personal.

■ Acceptable distance to the laboratories in Rossendorf

■ Incorporation in an analytical department enables combination of 

radioactivity measurements with other methods
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■ The R&D program of the VKTA secure the further application and development of 

low-level counting techniques

Because of the moderate thickness of the rock cover the laboratory is not suitable for 

fundamental physical experiments where an extremely low muon flux is necessary.
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Gamma spectrometers

A gamma spectrometry system designed for the measurement of samples with low and 
medium radioactivity (activity from a few to about 104 Bq in the energy range from 25 
to 2700 keV) has been installed at the IAEA Safeguards Analytical Laboratory in 
Seibersdorf. The system consists of 3 low level detectors:
1) n-type coaxial Ge with 42.4% relative efficiency, 1.85 keV FWHM at 1.33 MeV
2) planar Ge with 2000 mm2 area and 20 mm thickness, 562 eV FWHM at 122 keV
3) NaI(Tl) annulus of 25.4 cm diameter and 25.4 cm height, hole diameter 90 mm.

30020

0*4020

Basic coincidence/anticoincidence, Fast timing 
Fig. L setup of IAEA/SAL Low Level Compton Supression Spectrometer

* on leave from Institute of Nuclear Chemistry and Technology, Dorodna 16, 03-195 
Warsaw, Poland.
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The block diagram of the system is shown in Fig. 1. The 2 Ge detectors are placed 
vertically along a common axis and can be precisely moved in the NaI(Tl) annulus. The 
planar Ge detector can be replaced by a 3 x 3" NaI(Tl) plug detector. The results which 
we present here were obtained with a simplified system shown in Fig. 2.

ANTI

COINC

Fig.2 Spectrometer with the NaI(Tl) plug

Preamp. 
2002 C

Preamp.
2005

Amplifier
2025

Amplifier
2025
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2040

The pulses from the NaI(Tl) annulus and plug detectors adjusted to equal gain are fed to 
a common preamplifier. The output pulses from a fast amplifier-discriminator of the 2025 
main amplifier (incoming count rate - ICR), normally used for pile-up rejection are sent 
to a coincidence unit whose output is used for gating the 2 ADC in anti- and coincidence 
modes. In this way 3 gamma spectra: normal, anticoincident and coincident are 
simultaneously accumulated.

The second gamma spectrometer, installed in a clean laboratory environment has a low 
level, extended range, p-type Ge detector of 90% counting efficiency and a 15-position 
automatic sample changer. This spectrometer is designed for the measurement of low 
activity samples. Both spectrometers have identical cylindrical lead shields of 100 mm 
thickness. The 210Pb activity of the lead is about 1 Bq kg"1.

Compton-suppressed spectra

Fig. 3 shows the normal and anticoincident spectra of a point l37Cs source placed 5 mm 
above the coaxid Ge detector window. In Table 1 the performance data for this source 
are summarized. The peak to Compton ratio in the anticoincidence spectrum at the 
Compton edge is 710:1. The counting loss in the full energy peak of 661 keV is less than 
1%. The Compton-suppression is effective above 25 keV in energy.
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Fig. 3. Normal and anticoincidence spectra of a Cs-137 point source.
Measurement live time 2000 sec.

Table 1. Summary of Compton-suppression performance for 137Cs point source.

p/c60 P/Cp, P/C, Ap/AT

Normal spectrum 129 132 79 0.28

Suppressed
spectrum

581 756 710 0.62

Improvement
factor

4.5 5.7 9.0 2.2

where:
P - full energy peak height, counts
Qq, Cpl, Ce - average number of counts per channel for energy ranges

55 to 65 keV, 358 to 382 keV (Compton plateau) and 
461 to 472 keV (Compton edge), respectively 

A,, - 661 keV peak area, counts
At - total area of spectrum, counts.
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In Fig. 4 there are the normal and anticoincidence spectra of a 60Co point source. The 
Compton-suppression factors for several energies are shown. The Compton suppression 
is efficient above 25 keV energy. The full energy peaks of 1.17 MeV and 1.33 MeV are 
reduced in the anticoincidence mode by factors of 4.2 and 4.5 respectively.
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Fig. 4. Normal and anticoincidence spectra of a Co-60 point source.
Measurement live time 2000 sec.

The coincidence spectra, not shown in Fig. 3 and 4, are complementary to the 
anticoincidence spectra. The algebraic sum of these two spectra gives within + 0.5 % the 
normal spectrum.

Measurements of background

The background was measured for both spectrometers in a normal gamma spectrometry 
mode in approximately 2.5 x 105 sec covering the energy range from 10 keV to 2.7 
MeV. The background is 2.7 cps and 1.3 cps for the 90% and 42% Ge detectors, 
respectively. This corresponds to reduction factor of about 250 in comparison to the 
background without the lead shielding.

Fig. 5 shows the normal and anticoincidence background spectra of the 42% Ge detector 
as well as the normal spectrum of the 90% Ge detector. The anticoincidence mode 
further reduces the background by a factor of about 6 to 0.2 cps which gives a total 
reduction factor of about 1200. This compares favorably with similar systems described 
elsewhere (1.2). The background coincidence spectrum shows practically no other peaks 
except 511 keV.
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Fig. 5. Spectra of the natural background. A - Normal for the 90% HPGe detector 
B - Normal and anticoincidence for the Compton suppression spectrometer
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A low background gamma-ray spectrometer has been contracted for measuring artificial and 
natural radioactive isotopes. The design of the spectrometer, its properties and the 
application to the determination of natural radioactivity of dental ceramics are described.

1. Design

The low-level laboratory is situated in the basement of a three story building. Fig. 1 is a 
sketch of the radiation shield containing two chambers, the interior dimensions are 90 cm 
wide and high. The heavy shielding consists of lead (10 cm) and electrolytic copper (8 cm) 
lined with acrylglas (1 cm). The shield is covered with cadmium serving as neutron catcher.

3 mm Cd
100 mm Pb (18000 kg) 

/ 60 mm Cu (6000 kg)

/ , 10 mm Plexiglas
90 cm

NaJ(TI) 5"x5" NaJ(TI) 12"x12" Ring HPGe

30%. 1.8 keV

Fig. 1. Diagram of the Ge-Nal(Tl) anticoincidence gamma-ray spectrometer

This paper deals with the detector system of the right chamber, a high pure Ge-detector 
mounted on a horizontal cryostat (30% rel. Efficiency, 1.9 keV FWHM at 1332 keV) is 
surrounded by a 12“xl2“ Nal(Tl) crystal serving as a guard detector. The annulus consists of 
two halves and a plug coupled to 13 multiplier tubes. Particular attention was paid to the 
radioactivity content of all materials used inside the shielding by measuring them with an 
older low-level system.
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An anticoincidence system with sample inside the annulus suppresses not only the Compton 
background but also coincident gamma lines. The electronics is therefore designed to gather 
the anticoincident and the „normal“ or unsuppressed spectrum providing improved 
sensitivity for both coincident and noncoincident gamma-ray emitting radionuclides (Fig. 2).

Coincidence
Unit

HARSHAW
NC-26R signal in

signal in

signal in

signal in

Nal(TI) guard detector 
with P.M. tubes

Ge-detector
Preamp.

Source

energy Amplifier

Amplifier

coinc

anti-coinc

Fig. 2. The electronics block diagram for the simultaneous storage of the normal and the 
anticoincidence spectra using ADC#1 and ADC#2 respectively.

2 Performance
The normal and anticoincidence spectra of 137Cs shown in fig. 3 provide information on the 
performance of the system. The peak to Compton edge is improved from 70:1 to 480:1.

Source: Cs—1571COOO

1000

without. *u pp ressloa

with suppression

1500 2000
Channel

Fig. 3. Normal and anticoincidence spectra of 137Cs
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Fig. 4 shows three background spectra taken for 100 hours. The top spectrum is obtained 
with a Ge-detector (25% rel. efficiency) inside a lead shielding of 5 cm thickness. The 
middle and the lower spectra were obtained with the low-level system with and without 
using the anticoincidence suppression system.

5 cm Lead

c too r|

10000 r 10 cm Lead 
6 cm Copper

toooo r

1000 r

10 cm Lead 
6 cm Copper 

Anticoincidence

Fig. 4. Normal and anticoincidence spectra of the natural background.

Notice also that in the anticoincidence spectrum a peak at 2223 keV is visible. This is from 
the hydrogen neutron-capture interaction.

3 Application

Ceramic materials used in dentistry have been analysed in respect of their natural 
radioactivity, namely uranium, thorium and their decay products and the radioactive isotope 
potassium-40. For radiation protection reasons the content of radioactive isotopes is limited. 
E g. in the draft international standard ISO 6872 it was stated: “Dental ceramic materials 
shall not contain more than0.2 Bq/g 238U“.

Since precise figures are 
missing 20 samples from 5 
manufacturers were analysed. 
Neutron activation analysis 
(NAA) was used for the 
determination of uranium and 
thorium. Some of the decay 
products of the U and Th 
series were determined by 
low-level gamma-ray
spectrometry. Fig. 5 presents 
some typical results of 6 
samples and a standard.

Potassium

ThoriumUranium

0.001

•y—Spectrometryy—Spectrometry

K-40 Nuclide

Fig. 5. Radionuclides in 6 samples of dental ceramics
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1. Introduction
Low-level y-spectrometers situated on the surface often utilize anticoincidence systems like 
large area proportional counters for active shielding of background components. In this case 
the veto detectors are located outside the passive shielding. Another application of antico
incidence shielding is used in the so-called Anti-Compton spectrometers HI. They are em
ployed for the analysis of small activities in the presence of a larger one e g. in neutron activa
tion analysis. Its principle, the suppression of events which occur simultaneously in the measu
ring and a surrounding detector, is the same as for active background shielding but the veto 
detector is located inside the passive shielding. Since besides scattered y-rays events due to 
interactions of cosmic radiation are reduced the question arises: does the use of this kind of y- 
spectrometer make sense in low-level activity measurements?
Experiences gained within three years of operation of such an equipment are described in the 
following and their consequences for low-level spectrometers are discussed.

2. Instrumentation
The Anti-Compton spectrometer described here is located at the Institut for Nuclear Waste 
Management of the Forschungszentrum Karlsruhe and was built by EG&G ORTEC GmbH 
Munich Germany /2/. The surrounding Nal(Tl) detector consists of three units: an annulus 
12" 0 x 12" around the analysing HPGe detector, a 3" 0 x 3" crystal placed in front of the 
HPGe detector for backscattered quanta and two half shells behind the HPGe detector endcap. 
Thus the active shielding covers sample cell and analysing detector in nearly 4n geometry. Two 
types of detectors can alternatively be used for measurements of the y-spectra: a n-type coaxial 
HPGe-detector ("GMX", 56 % relative efficiency) or a semiplanar one ("LO-AX", 36 mm 0 x 
16 mm). The NaI(Tl)-HPGe-detector system is housed in a 10 cm thick lead shield plus a gra
ded inner layer of 4 mm copper and 4 nun plastic. Common fast-slow electronics was used to 
produce the pulse height distributions in anticoincidence ("AC") mode on or off.
Although originally not designed for the detection of low activities, the analysis of the effect of 
Anti-Compton suppression on different parts of ambient and sample background leads to va
luable conclusions for measurements of low activities.

3. Results
The occurence of primordial nuclides as well as interactions of components of the cosmic ra
diation in the surroundings of or in the detector itself leads to the background observed 
without any sample. Corresponding spectra collected with the GMX detector for 250,000 s 
under different conditions are presented in Fig. 1. The continuous background arising from 
electrons, bremsstrahlung and scattered photons is reduced drastically by the lead shield and 
further passively by the Nal(Tl) detectors. Switching the AC mode on it is further suppressed 
by a factor of about 4 in the whole energy range. The remaining distribution has the shape of a 
3-spectrum up to 2 MeV.
Total count rates for different energy ranges of the spectra are listed in Tab.l for AC mode on 
and off. The smaller suppression ratio in the low energy range is a result of y-lines of U and Th 
daughters. These peaks, especially the occurence of the 46 keV line of 210Pb, and the remaining 
3-spectrum suggest the existence of impurities in the close vicinity of the HPGe detector e g. 
in the aluminium housing of the Nal(Tl) detectors.
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Corresponding count rate values for a comparable spectrometer with multiwire proportional 
counters on three surfaces of the lead shield 131 are shown in Tab.2. The suppression ratios of 
about 3 are slightly lower than for the Karlsruhe spectrometer.

The influence of the sample Compton background on the appearing detection limits cannot be 
neglected even in the case of low activities. Being a result of y-quanta scattered into or out of 
the HPGe detector its suppression is the original task of an Anti-Compton spectrometer. 
Thereby the decay scheme of a nuclide determines the efficiency of the background reduction. 
As an example for a single line nuclide, the spectra of 137Cs are shown in Fig. 2 for AC mode 
on and off Their ratio reaches its maximum at the Compton edge with a value of *20 and fells 
down at the backscattering peak to *4. Suppression can be observed down to the ADC thre
shold of 13 keV. The intensity of the full energy peak remains unchanged.
Fig.3 presents the results in the case of the two photon transition in the decay of 60Co. Over a 
wide energy range the suppression factor is *30 and grows up to *60 at the Compton edges. 
On the other side the y-peaks are reduced to one seventh since full energy absorption of one 
photon can coincide with an interaction of the second one in the active shielding.
The effect of the AC system is further enlarged when multi-photon transitions are investigated. 
This is illustrated by the spectra of 96Tc which decays mainly via two triple cascades. The re
duction of the continuum amounts to 40-60, that of the peaks to 20-30.
Considering a real sample containing mainly members of the U- and Th-decay series with an 
activity much above the blank, one gets for the reduction of the sample background a value of 
*10 (see Fig.5.) This means, similar samples of much lower activity exhibit a suppression bet
ween this and the limit of *4 as measured for the blank.
These examples show that the AC mode effectively diminishes the continuous part of the 
spectrum but acts in a strong way on the intensity of the peaks too. Therefore only the de
tection limits of single line nuclides are advantageously changed. For instance, "Tie, 137Cs, 210Pb 
and 241 Am are of this type but not 125Sb, 134Cs and most of the U- and Th-daughters!
It should be mentioned, that under some cirumstances the conditions for deconvolutions of 
multiplets are improved when applying AC mode on. This holds e g. for the 234Th double peak 
at 92 keV which interferes with the ThKa X-ray peak. The latter occurs in Th bearing mate
rials, is in coincidence with the exciting radiation and therefore in contrast to the photons from 
234Th reduced by the anticoincidence system.

4. Conclusions
An Anti-Compton system acts as an effective shielding against cosmic radiation and ambient 
background events. A comparison between such equipment in Karlsruhe and an externally 
shielded spectrometer in Freiberg showed a slightly better suppression ratio for the continuum 
with the big internal guard detector. But the large Nal(Tl) detectors do not only reduce the 
environmental radiation, they can also be a radiation source due to impure materials.
The influence of the AC system on the Compton background of the sample itself depends in a 
strong way on the decay schemes of all observed activities. Only nuclides with single photon 
transitions experience improvements of their detection limits! In some special cases the analysis 
of multiplets is simplified in the AC mode.
Therefore, the evaluation of the use of Anti-Compton systems for low activity measurements 
led to a balance between their advantageously high suppression efficiency and the limited num
ber of nuclides with lowered detection limits.
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Fig. 1 Spectra of the background radiation without a sample. Measured with the GMX 
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Fig.2. Spectra of a 137Cs point source with anticoincidence (AC) mode on and off as well as 
the ratio of the two spectra. Measured with the LO-AX detector (semiplanar, n-type)
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Fig 3 Spectra of a buCo point source with anticoincidence (AC) mode on and off as well as 
the ratio of the two spectra. Measured with the LO-AX detector (semiplanar, n-type)
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Fig 4. Spectra of a 96Tc source with anticoincidence (AC) mode on and off as well as the 
ratio of the two spectra. Measured with the LO-AX detector (semiplanar, n-type)
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Fig.5. Spectra of a monazite sand sample from Steenkampskraal (South Africa). Measured 
with the LO-AX detector (semiplanar, n-type)
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LO-AX-detector (semiplanar, n-type) GMX-detector (n-type, 56 %)
Energy range/ 
keV

AC off AC on ratio
on/off

AC off AC on ratio
on/off

50-100 0,063 0,036 0,57 0,294 0,186 0,63
100-500 0,147 0,041 0,28 0,977 0,290 0,30
500-1000 0,041 0,012 0,29 0,407 0,102 0,25
1000-2000 0,023 0,005 0,22 0,230 0,054 0,23
2000-2700 0,007 0,0003 0,04 0,060 0,005 0,08
50-2700 0,281 0,094 0,34 1,968 0,637 0,32

Tab.l Background count rates (in s"1) for different detectors and Anti-Compton mode 
off and on at the Karlsruhe spectrometer

36 % HPGe-detector (p-type)
Energy range/ 
keV

total anticoinc. ratio
antic./total

50-100 0,079 0,036 0,46
100-500 0,55 0,2 0,36
500-1000 0,2 0,089 0,45
1000-2000 0,12 0,05 0,42
2000-2700 0,035 0,012 0,34
50-2700 0,984 0,387 0,39

Tab.l Count rates (in s'1) for the total background and in anticoincidence with the veto 
detectors at the Freiberg spectrometer /3/

53



LOW-LEVEL MULTICOUNTER p/y SYSTEMS WITH EXTERNAL GUARDS 
IN SURFACE AND SHALLOW UNDERGROUND LABORATORIES

*DEO10332434*

P511 Theodorsson
Science Institute, University of Iceland 

Dunhaga 3,107 Reykjavik, Iceland

DE97FE081

1. Introduction
When weak samples are measured it is important that they can be given ample counting time in 
order to obtain satisfactory accuracy and that the background count rate can be checked well. 
This calls for a high counting capacity, which multidetectors can bring us. I will discuss 
development possibilities of low-level P/y multidetector systems with an external anticosmic 
shield that will in many cases be operated in underground laboratories. These simple and low- 
cost systems can frequently help us in increasing the number of detectors. Three concepts are 
combined in these systems: (1) multidetectors, (2) an external anticosmic (or guard) detector 
arrangement and (3) overburden shielding.

2. Multicounter systems
Electronic integrated circuits were introduced in the early 1960s. It was, however, not until a 
decade later when integrated circuits with the low-energy MOS transistors had been developed 
to the degree that hundreds of them could be put on a single chip and when the microprocessor 
had been invented that modem information technique was borne. Before this, the cost of the 
electronic part of low-level systems was substantial, even the main part of the total price of 
counting systems. This changed radically in the 1970s and designers of low-level counting 
systems were faced with new prerequisites. When the detector itself was not expensive, it now 
became economically feasible to work with a much larger number of detectors, combined into a 
single, compact system.

One of the earliest multidetector systems based on the new electronic technique, a compact 
Geiger-counter unit with 5 detector elements, was designed in 1973 at the research center of the 
Danish Atomic Energy Commission, now called Riso National Laboratory [1]. The simple 
electronic system used a mechanical printer.

A parallel development in radiocarbon dating started at the radiocarbon dating laboratory of 
the University of Heidelberg in the late 1970s when a system with 9 identical 4.0 liter sample 
detectors inside a common lead shield, sharing a common guard counter system, was 
constructed [2]. An important new feature of this system was the application of a PDP-11 
minicomputer, then the state of the art in computers of medium size. It replaced most of the 
conventional electronic system as it collected and processed the signal from all the counting 
channels and the guard counter. Today, low-cost PC-computers are generally used for this 
purpose in similar systems. Late in the 1980s the multicounter technique was expanded to liquid 
scintillation counting.

3. Inner shielding layer and external guard counters
Libby introduced the anticosmic (or anticoincidence) counting technique in order to reduce the 
dominant muonic background component A few years later, an inner layer of mercury or lead
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was added between the sample counter and the guard in order to absorb gamma radiation from 
contamination in the main shield and components inside it. It soon became clear that this 
arrangement also reduced the background component due to secondary gamma radiation induced 
by muons and protons in the shield. The highest background reduction could be obtained by 
having the whole mass of the passive shield inside the guard, that is, an external guard counting 
system. This was partially tested in a couple of gas proportional counting systems by placing a 
single, large, flat guard counter on the top of the shield. Although the results were positive, this 
technique was not developed further.

External guard counters were first introduced in routine use in ultralow-level germanium 
spectrometers late in the 1980s, for example at the Pacific Nortwest laboratory in USA and at 
Max Planck Institut fur Kemphysik in Heidelberg (by G. Heusser). These systems proved the 
high background reduction efficiency of this arrangement. For economic reasons, a single top 
guard counter, giving only a partial anticosmic coverage, has in some cases been used. Now 
there are probably about 10 such low-level germanium spectrometers. External guard counters 
have not yet been used with other types of sample detectors.

4. Overburden background reduction
In carefully designed systems the background component due to secondary radiation 

dominates, also in shallow underground laboratories having an overburden mass m0b of up to 
20 meters water equivalent (mwe). Deep underground this component can be reduced practically 
to zero. A guard counter system externally covering all six sides of the shield will reduce the 
background of a germanium detector by a factor of about 6 (83% reduction) in a surface 
laboratory and a factor of about 12 (92% reduction) when the overburden is 15 mwe.

The residual background in well-designed systems is proportional to the flux of the cosmic 
muons. The value of the flux, compared to its value at zero overburden, is given by

Arfmob) = 1 O'1 -321ogd-0.26(logdr)2 (2)

where d = 1+ m0bl 10 and the overburden m0b is 
given in mwe. This empirical equation describes the 
attenuation of the muons to within 5% down to 100 
mwe. This attenuation is shown in Figure 1. When it 
is taken into account that the external guard counter 
system is about doubly as effective in background 
reduction at 20 mwe overburden than at zero 
overburden, we can expect a background reduction of 
a factor of 10 at this depth, compared to a surface 
laboratory.

The advantage of lower background in an underground laboratory must be weighed against the 
disadvantage of taking the samples to a remote counting room. The extra work depends both on 
the distance and the frequency of sample changing. In most cases the counting time will be a 
few days, it may even be weeks. With modem technique it is simple to read the the data stored 
in the system computer through a telephone line. One will therefore only need to come for 
changing samples.

Figure 1. Attenuation factor of muons.
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5. Proposed multi counter systems
Examples of multicounter systems will be given below with a brief description. Ge-detectors are 
too expensive to warrant a multicounter system In systems where the detecting medium is either 
liquid or solid, the pulses from direct hitting muons are large, well above our region of interest. 
We can therefore tolerate that some of the muons hitting the detector are not detected by the 
guard detector. We therefore need less geometrical coverage of the sample detector by the guard 
counter system This can considerably simplify the guard counter system. A 5-cm-thick layer of 
lead between the guard counter and the sample detector below will attenuate the secondary 
radiation formed in the lead above the guard counter by a factor of 10. A single flat guard 
detector is an accepable compromise between efficiency and simplicity. In order to maximize 
bakground reduction it is probably best to sandwich the guard detector with 5 cm of lead below 
the guard and 5 cm above it as shown in Figure 2B and 2C. This arrangement can be called a 
semi-external guard counter system

Window flow-detectors of for solid (3-samples. Multicounters of this type are easy to make and 
it is a simple matter to construct a unit with 10 to 20 detectors. A typical detector of this type 
with a window diameter of 25 mm has a background of 0.20 cpm in a surface laboratory. We 
can expect a background of about 0.01 cpm in a system with an external guard counter system 
operating under an overburden of 20 mwe.

Internal gas proportional counters, for example for radiocarbon dating, can be improved 
considerably by replacing the inner guard detector with an external guard counting system. Most 
of the present systems have a 2-4 cm thick inner shield of lead or mercury, which significantly 
reduces the background component due to secondary radiation.

Figure 2. Multidetector systems with anticosmic shielding: with internal sample gas proportional 

counters (A), with single PMT liquid scintillation detectors (8) and with Csl gamma detecting crystal 
where a Si phototube detects the scintillations.

External guard counters will, in addition to reducing the background still further, drastically 
decrease the mass of the shield, by a factor of about 5, as the guard is removed from the inriHp 
of the shield and the conventional 10-15 cm thick layer of boronated paraffin is superfluous. A 
good counter with a volume of 1.0 liter and working at 3 atm pressure of CO2 at Mob=0 has a 
background of about 1.5 cpm. In a system with an external guard (Figure 2A) we can expect a
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background of 0.8 cpm in a surface laboratory and 0.20-0.25 cpm at M0b = 20 mwe. The total 
weight of the shield with 9 detectors will be about 1500 kg.

Liquid scintillation counting (LSC) systems. A basically simple multicounter system with LSC 
detectors has been described [3]. It uses a single photomultiplier tube (PMT) for light detection 
and the sample vial is surrounded by a large Nal well guard crystal unit. The background is 
about 0.35 cpm in a 70% efficiency 14C window. The system proposed here (Figure 2B) has a 
single semi-external guard counter. In a surface laboratory the background in the 14C window 
will probably by about 0.5 cpm and about 0.3 cpm in a laboratory with an overburden of 20 
mwe. With PMTs made of glass where the radiocontamination has been reduced by a factor of 
10 compared to present day glass, I would expect a background count rate of about 0.1 cpm. 
Because of the simplicity of the sample detector units and the electronics needed, it would be a 
relatively simple matter to have a system with 9-16 sample channels. Such a system would only 
weigh about 1000 kg.

Nal and Csl y-detectors. Ge-spectrometers, with their high energy resolution and low 
background, largely replaced Nal scintillation detectors in the early 1970s in low-level work. 
The Nal detectors still have the advantage of lower price, larger detectors and higher intrinsic 
detection efficiency. The radioactive contamination, which is always present in the glass and 
ceramic supports of the PMTs, limits seriously the possible background reduction. New 
phototubes, made of glass where the contamination has been reduced by a factor of 10-20, may 
partly rehabilitate the Nal units. Multidetector Nal systems with external guard counters in 
underground laboratories may become an attractive possibility in near future in some low-level 
gamma work.

Today, very compact Csl gamma scintillation detector units are being produced where large 
silicone light detection diodes, rather that a conventional PMT, sense the scintillations. These 
units are completely free of radiocontamination, but electric noise in the diode limits their use to 
high-energy gamma radiation, above about 300 keV. Figure 2C shows a proposed multicounter 
system with a guard counter and 9 such sample detector units.
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1. Introduction

The study of environmental contamination caused by anthropogenic impact and, primarily, by 
radioactive nuclides is one of the main scientific problems facing contemporary science. 
Radioecological monitoring, decision making on remediation of polluted areas need detailed 
information about distribution of radioactive nuclides in the terrestrial and aquatic ecosystems, 
knowledge about radioactive nuclide occurrence forms and migration patterns.

Experimental tests of nuclear and thermonuclear weapon in atmosphere and underground, 
nuclear power engineering and numerous accidents that took place at the nuclear power plants 
(NPP), unauthorized dump of radioactive materials in various places of the ocean and pouring 
off the strongly dump of radioactive wastes from ships and submarines equipped with nuclear 
power engines made artificial radionuclides a constant and unretrievable component of the 
modem biosphere, becoming an additional unfavorable ecological factor. As regards Former 
Soviet Union (FSU) the most unfavorable regions are Southern Ural, zones suffered from 
Chernobyl Accident, Altay, Novaya Zemlya, some parts of West Siberia near Seversk (Tomsk- 
7) and Zheleznogorsk (Krasnoyarsk-26).

2. Modern situation at regions of Russia contaminated by radioactive fallout

Chernobyl accident. In April of 1986, the N4 reactor at Chernobyl exploded releasing 100 
million Curies of radioactive material into the environment. As many as 235.000 people were 
evacuated, 70 villages abandoned, and 600.000 people exposed to excess radiation. Today the 
site is surrounded by a 30 kilometers evacuated zone and a 10 kilometers severe restriction zone. 
The radiation levels are 200-500 roentgens inside the containment vessel, 4 roentgens on the 
roof, 500 microrems per hour in a parking lot 200 meters away, and 60 microrems per hour in 
the city of Chernobyl, 14 kilometers away. Because of the high radiation and heat levels inside 
the containment vessel, material degradation has been more severe and rapid than expected and 
numerous cracks have had to be repaired. Designs for a more permanent solution are now being 
considered.

“Chernobyl” radionuclides are distributed in many regions of Russia. Total area of regions with 
Cs-137 content more than 1 Ci/km2 is 57.650 km2, with population about 2,7 millions. 
Nowadays radiation doses at these areas are due to only Cs-137 and Sr-90 (contamination of soil 
by Sr-90 is 1-5 % relative to Cs-137). The actinides were dispersed in form of small fuel 
particles deposited in surrounding area (30-km zone). At present plutonium contamination level 
on some parts of the zone reaches the figure as high as 0.05 Ci/km2. Actually all the alpha- 
contamination is mostly represented by the following transuranium radionuclides: neptunium- 
237, plutonium-238, 239, 240, americium-241 and curium-242, 244. Relative contribution of 
these radionuclides into gross alpha-contamination changes with time. At the first days after the
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accident more than 80 % of alpha-contamination belonged to Cm-242. Now, when passed about 
10 years near 60 % of alpha-activity belongs to the sum of plutonium isotopes, more than 35 % - 
to Am-241 and the rest of the activity belongs to Cm-244 and Np-237.

Altay. Population of Altay is excited due to many nuclear explosions at the Semipalatinsk test 
field. But nowadays average contamination level of Altay is 0.1 - 0.2 Ci/km2 Cs-137, 10 - 
50 mCi/km2 Sr-90 and 5-20 mCi/km2 Pu-239. Only two relatively small areas with content 0.2 -
0.5 Ci/km2 were determined. Main part of this radiation (80 %) is due to the first nuclear 
explosion in 1949.

Southern Ural. Radioactive contamination of some areas of Southern Ural is due to enterprise 
“Mayak” that was founded more than 45 years ago for production of the weapon plutonium and 
reprocessing of fission materials. The activity of “Mayak” has resulted in local accumulation of 
large quantities of wastes from radiochemical technology, and radioactive contamination of 
parts of the territory of Chelyabinsk, Kurgan and Sverdlovsk regions by long - lived 
radionuclides, mainly 90Sr, lj7Cs and 239Pu. Radioactive contamination of the Ural region 
are partly due to liquid rad waste discharge into the small Techa River which belongs to the 
hydrographical basin of the Ob' River, accidental discharge into the atmosphere resulting form 
the detonation of a radwaste tank on 29th September 1957, and radioactive substance 
resuspension from dried - up shores of Lake Karachay in the dry spring of 1967.

About 76 million m3 of wastes containing 2,75 million Ci of radionuclides were discharged 
directly into the Techa River in 1949 - 1956. About 95 % of this amount of radionuclides (about 
4300 Curies / day) was discharged from March 1950 to November 1951, and was deposited 
within the first 35 kilometers downstream. The most part of these radionuclides has been 
accumulated in the upper reaches of the river, however, the Iset', Tobol, and Ob' Rivers, which 
successively drain into each other, were also contaminated. The average concentrations of 90Sr, 

137Cs, 239Pu in the bottom sediments of Techa River on 1993 year at the Muslimovo 
Settlement 78 km downstream was 2.2, 0.3 and 0.025 pCi/kg respectively. The concentration of 
radionuclides in the Iset was about a factor of 10 lower than in the Techa, and about 100 to 1000 
times lower then in the Tobol.

The majority of radioactive wastes is located in 257 ground surface storage tanks (109 Ci), in 
water reservoirs (0.5 * 109 Ci), in Karachai lake (1.8 * 10* Ci).

Western Siberia. In the West Siberian Basin is located a significant fraction of FSU nuclear 
program that has operated for the last 50 years; it includes many nuclear facilities, among which 
are two spent nuclear fuel reprocessing sites - Tomsk-7 and Krasnoyarsk-26. These are believed 
to be responsible for the majority of the radioactive contamination that is to be found in the 
major river systems that feed into the Arctic Ocean through the Kara Sea.

The Krasnoyarsk plutonium production plant comprising the reactor, radiochemical and some 
auxiliary facilities is under operation for more than 35 years. Two industrial reactors were shut 
down in 1992. The third reactor which is used both for Pu production and for electricity and heat 
production is currently under operation. Industrial straight flow type reactors use the Yenisey 
river water as a coolant after its special pretreatment.

Neutron radiation field from reactor produces radiation-induced radionuclides in the cooling 
water such as Mn-56, Na-24, Np-239, As-76, Si-31, P-32 and Cu-64, etc., which are discharged 
into Yenisey river through the special waste water pipelines. In addition to radiation induced
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nuclides there is some inflow (though in much lesser amount) of fission products (1-131, Ru- 
166, Sr-90, Eu-152, Sb-124, and Pu-238,239). They may enter the environment as result of gas- 
aerosol discharges or secondary wash out from the water collecting areas, or with waste waters 
not classified as radioactive wastes. In 1991 year maximum contamination level of flood-lands 
of Yenisey river was 0.02 - 0.05 Ci/km2 for Pu-238-240.

Arctic Area. In Arctic area of Russia a number of nuclear weapon tests were conducted since 
1965. Among them three tests were carried out in KoTskiy peninsula (near Kirovsk town); 
twelve tests - in Yakutiya (near Udachniy town); twelve - in the northern part of Arkhangel sk 
region and in Western Siberia (including Tyumen' region - near Surgut, Beloyarsk, Nyagan' and 
in other places); in Krasnoyarsk area - near Igarka town (two tests), and at Bol'shaya Kheta 
river. Some nuclear tests in neighbor areas (Perm' region, Northern Ural) contributed also to 
radioactive pollution in Arctic part of Russia. Dose rate from gamma emitting nuclides does not 
exceed 2-3 microRentgen per hour, this corresponds to 5.5 - 6.5 microR/h taking into account 
a cosmic ray constituent. Contribution from some technogenic radionuclides (Cs-137 and 
others) amounts to 10-15 %, in some cases up to 30 % of overall dose rate. Surface 
contamination density of soils by Cs-137 was found to be about 0.06 Ci/km2, which is twice 
lower as compared with the middle latitude areas.

Potential danger of radioactive contamination of Arctic area is coming from some military 
facilities located there and, first of all, Northern Fleet of Russia and the Central Testing Ground 
for Nuclear Weapons at Novaya Zemlya island. About 6-7 thousand cubicmeters of liquid 
radioactive wastes are generated annually as result of Northern Fleet operation: among them 
30 % refer to White Sea area and 70 % - to Barents Sea region. Annual amount of solid 
radioactive wastes is estimated to be about 4,5 thousand cubic meters. The FSU has also 
disposed of nuclear waste in the Kara Sea: at least 16 nuclear reactors (6 with fuel), over 10.000 
containers of low - level radioactive waste, and liquid waste, from which the total potential 
nuclear contamination is 86.2 PBq.

3. Methods and data on radiomonitoring of “Mayak” zone

The systematic investigation by our Institute of the content and occurrence forms of 
radionuclides of strontium, cesium, cerium, plutonium and transplutonium elements (TPE) in 
soils of different natural zones, contaminated from a variety of sources - global fallout, NPP 
activities, after the Southern Ural's and Chernobyl accidents have been permitted to develop the 
methodology of a complex ecological and geochemical studies of artificial radionuclides. The 
sampling modes and procedures, methods of radionuclide’s field preconcentration, effective 
leaching in solution from solid samples, selective isolation to individual detection and 
techniques of speciation of radionuclides in solutions and solids have been elaborated and 
approbated [1-4].

The sampling modes and procedures vary due to both radionuclides properties and 
environmental local peculiarities. Radionuclides behavior in biosphere in general depends upon 
their original occurrence forms and the environmental conditions they meet with (ecosystem 
type, its structure and anthropogenic distortions). All these factors and the objectives of a 
particular study define the sampling procedure [5].

When observing low content of determined elements in natural waters it’s practical to perform 
a ad-hoc preconcentration procedures directly at the sampling point. With this aim technique of 
selective preconcentration of plutonium by membrane filtration with water-soluble polymer has
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been elaborated [6]. In this procedure analyzed water moves under pressure (300 kPa) 
consecutively through two cells equipped with membrane filters. An average pore size of the 
first membrane equals to 0.5 mcm, and the second is approximately 1.5 nm that corresponds to 
a 10.000 nominal molecular weight limits. The solution in the second cell is kept constant in 
volume during filtration and contains a water soluble polymer - poly (ethyleneimine) - 
diethylenetriaminepentaacetate (PEI-DTPA). The main feature of the method under discussion 
consists in displacement of a equilibrium between plutonium species during interaction with a 
strong complex forming reagent as DTPA. All chemical reactions in that case are homogeneous 
so their general rate considerably exceeds the rate of similar sorption process including diffusion 
steps.

For selective isolation of radionuclides 90Sr, Np, Pu and transplutonium elements (Am, Cm) 
from soil leachate we use a chromatographic technique. The method is to gradually isolate 
radionuclides from a leaching solution when a peristaltic pump carries it through three columns 
filled with selective sorbents followed by membrane-extraction cell.

In order to isolate plutonium we use columns of inner diameter of 10 mm and 160 mm high 
which are filled with a low acidic VP-1AP anionite (4g air-dry reagent). Upon isolating 
plutonium the obtained solution is diluted with water up to 1 M HNO3 and is then processed on 
the column of 10 mm diameter. The thickness of the sorbent layer (polyarsenazo-n) is 7 mm 
(sorbent weight is 200 mg).

Having isolated plutonium and transplutonium elements we isolate 90Sr from the leaching 
solution with the extraction chromatographic method using a porous polymer matrix (TVEX) 
impregnated with 5 % solution of dicyclohexyl-18-crown-6 in tetrachloroethane; high of column 
-100 mm, diameter -10 mm.

One of the most difficult problems is to isolate and identify neptunium in environment because 
of the low specific radioactivity of this radionuclide. However, according to our data it is one of 
the main radiomigrants in some regions of Russia especially in Chelyabinsk.

To identify the neptunium in environment reliably we have developed an original method. 
Having isolated Pu, Am, and Sr we add into the analyzed solution up to 0.5 M sulfuric acid, 
hydrazine and up to 10-4 M of potassium phosphotungstate (K10P2W17061). Then we heat it 
in a boiling water bath for 30 min. After cooling we put into the solution a porous teflon 
membrane (pore diameter 0.5 mcm, area 1 cm2) impregnated with 0.5 M 
trioctylmethylammonium nitrate (TOMAN) solution in toluene and shake it for two hours. Then 
we place the membrane in quartzite crucible containing 200 20 mg of lead molibdate and 
calcine it for an hour at 9000C. Finally we determine the content of neptunium by its 
luminescent spectra [7],

The data on distribution of radionuclides - 90Sr, 137 Cs, 237Np, 229Pu and 241 Am between 
components of various ecosystems of Southern Ural region as well as their forms of occurrence 
have been obtained. The fractionation of radionuclides upon size and charge of colloidal 
particles, group of organic substances and mobile forms has been studied. The data obtained 
show that 90Sr, 237Np and 241 Am mostly involved in compounds of fulvic acids that’s why 
they have a high mobility in the environment. On the contrary, considerable amounts of 137 Cs 
and plutonium have been found in low soluble humic acids bonded primarily with calcium and 
relatively low mobile hydroxides.
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The data on vertical migration of plutonium in various types of soils has been obtained and 
corresponded coefficients has been calculated. On the basis of these data the prediction of 
changing the plutonium concentration profiles in a typical leached chernozem under forest at the 
Mayak zones has been done.

We consider that one of the most important factors affecting migration resistance of soil media 
is the content and nature of organic substances. In particular, the clear dependence between 
diffusional resistance of upper soil layers to plutonium and radiostrontium mass-transfer and 
content of humus in these layers has been determined. The correlation between migration 
coefficients and the content of the most mobile plutonium forms has been revealed.
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1. Introduction
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The analysis of samples of extremely different origin and activity levels requires a variety of 
instrumental and radiochemical methods.
When interfering influences result from the sample itself, the chemical separation is the only 
one suitable treatment to prepare the sample before the measurement.
The determination of low level activities of actinides in environmental samples and waste 
products makes high demands on radiochemical separation methods (remove the sample 
components compleatly and isolate interfering nuclides from those to be determined).

The factors influencing the algorithm of the analysis are such as the sample matrix, all nuclides 
to be determined (actinides and other), level of activity and ratios of nuclides, the availability of 
sample material, the requested accuracy and detection limit, the available methods of 
measurement and economical aspects.

2. Examples of application

Artificial and natural actinides were analyzed in the last years in a variety of samples. Typical 
examples are:

- samples from the surrounding areas of NPP and of uranium mines 
(soil, sludge, sediments, water, air filters, plants)

- incorporation samples (urine, faeces)
- solutions containing radioactive fuel
- solutions and solids resulting from the process
- wastes

3. Radiochemical separations
3.1. Artificial actinides

A radiochemical separation scheme of artificial actinides and Sr in samples, where the sample 
material is limited and low detection limits are demanded (e.g. incorporation samples, air 
filters), is presented in fig.l. In this case all requested nuclides (e.g. Sr-90, U-234/235/238, Pu- 
238/239/240, 3-valent actinides) must be separated and analysed in one single separation 
process.
After adding radiotracers and carriers the sample is decomposed. The obtained solution is 
aliquoted. 5% of the sample is used for the determination of uranium isotopes by ICP-MS. The 
results are compared with those of a-spectrometry and used for quality assurance. The main part 
of the sample solution is used for radiochemical analysis. After precipitation and dissolution U- 
and Pu-isotopes are extracted by TOPO and reextracted simultaneously. In dependence of the 
matrix and the nuclide ratios U and Pu can be electroplated together or an additional separation 
of U from Pu and other impurities is necessary. The separation by anion exchange is presented 
in fig. 2. Because Sr remains in different fractions, they all must be collected and combined for 
Sr-90-analysis.
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Fig. 1
Chemical isolation for the analysis of 

U-und Pu- nuclides and Sr-90 in a single sample

Sample + Tracer, Carrier
u-m, pu-236, rsS

Y, La, Sr

hno> ,na. hf. nao4

ICP-MS

Decomposition. Dissolution

Radiochemical Separation
U-238/235/234

Precipitation
(Phosphate
Hydroxide)

Dissolution

On, V, Pu, (Sr)

Am, On, (Sr) 
impurities

HF/HO

HF/HNO/HOO, (HfiOJ

OrganicAqueous

Reextraction

Extraction TOPO

<*-Spectrometry

Evaporatlon/Fumigation

Combine for 
Sr-90 Analysis

Separation of 
3-valent Actinides

Chemical Separation 
U of Pu___________

U+Pu-Nuclides

The separation of 3-valent actinides by cation exchange is shown in fig. 3. 3-valent actinides 
are eluted together with lanthanides by 6 M nitric acid. Before electroplating 5% of the solution 
is taken for determination of the chemical yield r\ by ICP-MS. This determination of the 
chemical yield by adding of La m, is applicable if no radiotracer is available. 3 ICP- 
measurements are necessary:
1. after decomposition m. (fig. 1), La-content of the sample (mq = m, + mj
2. before electroplating m, (fig. 3)
3. after electroplating m2 (fig. 3)
The chemical yield is calculated by: t| = m, - m2

nig

If the original solution contains great amounts of lanthanides no thin layers are electroplated. In 
those cases the a-spectrometric determination of 3-valent actinides can fail.

If the material of samples exists in adequate quantities, different separation procedures can be 
used.
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Fig. 2
Chemical separation of U and Pu
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3.2. Natural actinides

Samples for analysis of natural actinides are characterized by a wide activity range (for water 
samples: 0,005- 8000 Bq/1 for individual nuclides).
The nuclide ratios differ from radiochemical equilibrium to extreme enrichment or reduced 
concentration of certain nuclides. The decay and reproduction of individual radioisotopes during 
the chemical separation and the time between separation and the measurement have to be taken 
into account.

Fig. 4
Radiochemical separation of natural actinides

Sample + Tracer

Precipitation or Evaporation
x

Dissolution 10 M HCI

Anion Exchange

Th,Ac,Ra,Pb
2. 8 M HCl/0,3 M HF

Pa

• '

7-Spectrometry
(Pa-231)

V. Ft

2 MHNO .

Ac-227---- > 77i-227

OrganicOrganicAqueous Aqueous

Reextraction Reextraction

Coprecipitation

Extraction TOAExtraction TOPO

Storage for 
Growing

(nuclear filter, d,=0,lpm)
Filtration

(I) Th-Nuclides

a) Th-227 > Ac-227

____ ;;_____
or-Spectrom.

U-Nuclides

68



The radiochemical separation scheme for the determination of U- and Th-nuclides and 
Ac-227 is presented in fig. 4.
By anion exchange are separated Th, Ac, Ra, Pb from Pa and U, Fe.
The purification of the U-fraction (right column) is realized by extraction with trioctylamine, 
reextraction and electroplating. The chemical yield is controlled by U-232.
Th is separated from Ac and other matrix components by extraction with TOPO (left column). 
Ac remains in the aqueous phase. The Th-nuclides are reextracted and coprecipitated with CeF3. 
The a-source is prepared by filtration on a nuclear filter with pore diameter of 0,1 pm.
The Ac-227-containing fraction is storaged up for growing of Th-227 from its mother.
Then the extraction (2) and all other steps are repeated. The resulting a-source of Th-227 is 
measured and the activity concentration of Ac-227 is calculated.

4. Results
4.1. The Results of intercomparison of faces samples

The results of intercomparision of Pu- and U-nuclides in faces demonstrate the accuracy of the 
methods.

Tab.l Intercomparison of a-spectrometric analyses of Pu-239/240 and U-238/234 in faeces 
(Procorad, Cogema La Hague 1996)

Sample Nuclide ref. value 
fmBq/sample]

mean value 
[mBq/samplel

our results 
fmBq/sample]

A Pu-239/240 16,3 15,1 ±3,4 18 ±2,7

B Pu-239/240 10,9 10,2 ±2,6 10,0 ±2

C Pu-239/240 not added - <1

A, B, C Pu-238 not added _ <1

A, B, C U-238 not added 34,5 ±10 34+1

A, B,C U-234 not added 45,5 ± 10 39+1

Our results of Pu-239/40 are very close to the reference values. The mean values and our results 
of U-nuclides are in good accordance.

4.2. Low-level-wastes

One example of low level measurements of actinides and lanthanides after chemical separation 
is their determination in samples of evaporated residues from power reactors.
This low-level wastes contain about 20 MBq/kg Co-60 and Cs-137.
Such samples were usually characterized by the activity ratios of long lived actinides and 
lanthanides to the activity of a key nuclide.
These ratios are called scaling factors SF (Tab. 2).

69



Tab. 2 Specific activities in Bq/kg measured by a-and y-spectrometry using an 
underground laboratory after radiochemical isolation

a Pu-238 Pu-239 Am-241 Am-243 Cm-244 Cm-242

A.M 0.046 0.011 0.0314 0.041 0.092 0.91

SD 0.007 0.002 0.0015 0.023 0.01 0.25

SF 2.0E-6 4.8E-7 1.4E-6 1.8E-6 4.8E-5 5.2E-5

a Pu-238 Pu-239 Am-241 Am-243 Cm-244 Cm-242

A.M 46 11 31.4 41 92 910

SD 7 2 1.5 23 10 250

SF 2.0E-6 4.8E-7 1.4E-6 1.8E-6 4.8E-5 5.2E-5

Y Ce-144 Eu-152 Am-241 Am-243 Eu-154 Eu-155

A.M 1420 102 29.7 30 125 124

SD 140. 20 1.0 15 7 7

SF 6.2E-5 4.4E-6 1.3E-6 1.3E-6 5.4E-6 5.4E-6

The measurement of scaling factors in low level wastes were carried out using our underground 
laboratory. In this way we are able to measure extremely low activities in the isolated fractions 
by y-spectrometry. Therefore we need only low sample masses and low activities. This qualifies 
us to carry out the chemical procedures in a laboratory where it is allowed to handle with 
activities of the ten fold free-level.
Thus the reliable concept of using scaling factors for surveillance of power station wastes was 
improved by the application of low-level measuring techniques in our underground laboratory. 
Tab.2 demonstrates the accordance between the two spectrometric methods.

5. Conclusions

Looking to the separation schemes for determination of actinides it is demonstrated that there is 
a long way from the first sample treatment to an alpha-source of good quality and to a right 
result. These analyses require from the analyst a lot of experience in all details and to work very 
accurate.
Without any chemical separations the possibilities to measure low-level activities of actinides 
are limited. On the other hand without excellent measuring conditions the efforts of the 
radiochemical separation procedures will not get a reward.
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INTRODUCTION

The reactor accident at Chernobyl in 1986 beside its serious and tragic consequences 
provided also an excellent opportunity to check, test and validate all kind of environmental 
models and calculation tools which were available in the emergency preparedness systems 
of different countries. Assessment of internal and external doses due to the accident has 
been carried out for the population all over Europe using different methods. Dose 
predictions based on environmental model calculation considering various pathways have 
been compared with those obtained by more direct monitoring methods.

ASSESSMENT METHODS

The most reliable method for internal dose assessment is based on measurement of the 
time course of activities in the human body. This can be performed by direct monitoring of 
radionuclides in the human body by the so called whole-body or partial body counting 
technique. Another way to determine activities of radionuclides in the body is to measure 
activity concentration in excreta and derive the body content considering the biokinetic 
behaviour of the given radionuclide. This indirect method is less accurate but in some cases 
it is the only possible way.

Entirely different approach is to construct mathematical models which represent the 
transport processes from the radionuclide release point to humans considering various 
environmental pathways. Fig. 1. shows the environmental compartments and processes 
which must be included in an assessment model representing atmospheric pathways.
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Fig. 1. Schematic representation of atmospheric pathways.
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The more environmental media is monitored the more reliable calculations can be 
performed for activities in the human body and for received internal doses. Obviously most 
realistic results are expected if measured data are available for the environmental media 
which directly determines the human intake.

REQUIREMENTS

Since many factors are influencing the final results special attention has to be paid to 
reduce the possible sources of errors. In case of direct and indirect monitoring of activities 
in the human body the followings have to be ensured for internal dose estimation of the 
population:

-Representative selection of persons to be monitored (age, sex, number)
-Long term availability of persons for monitoring 
-Well calibrated instrumentation (body sizes, etc.)
-Proper biokinetic considerations (excretion fraction, etc.)
-Reliable dose calculation (age dependent SEE, etc.)

If the internal dose is to be calculated by the assessment of intakes the following 
information is needed.
In case of inhalation:

-Indoor and outdoor air activity concentrations in time 
-Physical characteristics 
-Chemical form 
-Occupancy
-Breathing characteristics 
-Age dependent dose per unit intake factors 

In case of ingestion:
-Representative sampling of foodstuffs
-Food activity concentration in time
-Food preparation
-Diet consumption habits
-Age dependent dose per unit intake factors

EXAMPLES

Numerous validation studies have been performed in national and international levels 
in which different model predictions were compared with experimentally observed data. The 
main results of two such studies are presented shortly here namely one from Hungary and 
an international one organized by the IAEA.
1) The whole-body counter (WBC) laboratory of the Health Physics Department 
investigated the temporal variation of whole-body 137Cs activities in a population group of 
Budapest after the Chernobyl accident. Simultaneously the variation of whole-body 137Cs 
content has been also derived from the contamination of the consumed food. The food 
consumption habits and food activity concentration data were collected from various 
sources. The calculation was performed using a simple model considering retention 
functions for I37Cs derived from individually determined whole body potassium contents. 
The results obtained by this indirect method were compared with those obtained by direct 
WBC measurements. As it seen in Fig. 2 the results derived from food activity and 
consumption data generally follow the time course of WBC data but the absolute values 
usually differ up to a factor of two depending on the origin of foodstuff data used for the 
calculations.
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Fig. 2. (A-B) Comparison of I37Cs body content determined by direct WBC measurements 
and predicted by food intake.

2) Validation of Environmental Model Predictions (VAMP) was a programme organized by 
the IAEA and CEC for testing and improving biospheric models using data from the 
Chernobyl fallout. In the frame of this programme one working group investigated beside 
others the test scenario based on data observed in Central Bohemia (CB). The participating 
modellers had the opportunity to compare their predictions against actual measured 
concentrations of radiocaesium in food products and in the bodies of the exposed 
population. As input data, the modellers were supplied with a time sequence of air 
concentrations and ground deposition along with a description of the local environmental 
conditions. At this time, the location of the CB region was not revealed. They were asked to 
predict the time variation of concentration in various food products (milk, meat) and in the 
bodies of the local population. Only after predictions were received by the IAEA was the 
information on the observed concentrations revealed. One of the results from this study is 
shown in Fig. 3. Predictions for internal doses due to ingestion from a number of models 
have been compared with those derived from the observed concentrations of l37Cs in the 
human body for a given time period.
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Fig. 3. A comparison of predicted versus estimated effective doses due to 137Cs deposited 
in Central Bohemia.

As it is seen the overestimations of effective dose due to ingestion of 137Cs calculated 
firstly by the modellers were considerably high. After making corrections in the applied 
models, transfer parameters, assumptions etc., the results could be essentially improved.

LESSONS

The main lessons learned from model validation studies concerning internal dose 
estimation can be summarized as follows

-Chernobyl accident - beside its serious and tragic consequences - proved to be very 
suitable for environmental model validation

-Majority of environmental transport models resulted overestimation in the predicted 
body activities and internal doses

- Model predictions could be improved by analysing the possible sources of differences 
between observed and calculated values

-Improved model predictions could be achieved by changing 
•model structure 
•transfer parameters 
•influence of seasonality 
•composition of fooder 
•characteristic human diets 
•food consumption habits

-The main sources of errors in observed activities of radionuclides in the human body are 
as follows

•representative sampling of population 
•activity determination 
•human biokinetics

-Internal dose prediction is more reliable by monitoring of radionuclides in the human 
body than via intake calculation.
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MEASUREMENTS OF LOW PHOTON DOSES USING LiF:Mg,Cu,P AND CaF2:Cu 
DOSIMETERS
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ABSTRACT

The new thermoluminophors LiF:Mg,Cu,P and CaF2:Cu in form of pellets exhibit a significantly higher 
TL-response than the well-known dosimeters of the types TLD-100 (LiF:Mg,Ti), TLD-400 (CaFyMn), 
TLD-900 (CaS04:Dy), etc. Furthermore, the thermoluminophor LiF:Mg,Cu,P shows besides its high 
sensitivity a good tissue equivalence and therefore, only a small variation of the dose response with 
the photon energy. The lower limits of detection of these new materials are about 5 pGy and 0.2 pGy 
resp. Therefore, shortterm measurements of absorbed dose can be realised in radiation fields at very 
low dose rates (environmental radiation, scattering radiation at medical equipment's etc.) with an 
accuracy of ± 10 %. In the field of environmental monitoring the period of exposure can be limited to 
about 10 days. Using CaFy.Cu detectors an exposure of 24 hours is sufficient for dose measurements 
with lower accuracy. The reusability of CaF2:Cu pellets is guaranteed without loss of sensitivity 
independently of the application of different reading and annealing procedures. In the case of 
LiF:Mg,Cu,P detectors special procedures are needed in order to keep constant TL-properties. The 
results of dose measurements at low dose levels in different radiation fields demonstrate the 
advantages of these detector types.

INTRODUCTION

LiF:Mg,Cu,P and CaF2:Cu are new interesting thermoluminophors for individual and 
environmental monitoring. The material LiF:Mg,Cu,P is commercially available (Solid 
Dosimetric Detector and Method Laboratory Beijing, China, Nemoto & Co., Tokyo, 
Japan, Moscow State University, Russia and Institute of Nuclear Physics Krakow, 
Poland) as powder, in form of sintered pellets or fixed onto a polyimid (KaptonR) 
tape [1-6]. CaF2:Cu is a research product of the Moscow State University.

Typical properties of these thermoluminophors compared with those of LiF.Mg.Ti 
and CaS04:Dy are summarised in table 1.

The properties of these thermoluminophors result in following conclusions:

• LiF:Mg,Cu,P exhibits the advantages of TLD-100 (low y-energy dependence) as 
well as CaS04:Dy (high sensitivity).

• The main problem using the new TL material is the decrease of the sensitivity 
under heat treatment at temperatures higher than 260 °C. Special reading and 
annealing procedures allow to avoid this disadvantage and to guarantee a reuse 
of these dosimeters with stable properties.

• CaF2:Cu shows an extremely high TL sensitivity. However, this material exhibits a 
high y energy dependence of the dose response. •

• The UV-sensitivity of CaF2:Cu pellets is high. Therefore, storage, irradation and 
reading of the detectors must be carried out excluding this radiation.



Tab. 1 Dosimetric properties of some thermoluminophors

Property Melted pellets of 
CaF2:Cu

Sintered pellets of 
LiF:Mg,Cu,P

Chips of LiF:Mg,Ti 
(TLD-100)

CaS04-powder
(TLD-900)

Effective atomic number 16,3 8,2 8,2 15,3

Relative TL response 100 10...40 1 25

Gamma-energy 
dependence 

(normalised at 662 keV)

max.
overestimation 

factor 30

max.
overestimation 
factor 1,1...1,3

max.
overestimation 

factor 1,4

max.
overestimation 

factor 25

Lower limit of detection 0,2 pGy 5 pGy 50 pGy 10 pGy

Range of linear 
response

up to 10 Gy up to 10 Gy up to 5 Gy 103 Gy

Reusability possible without 
special treatments

special thermal 
procedures 
necessary

special thermal 
procedures 
necessary

possible without 
special treatments

TL fading within 6 
month

4% 4 % 5% 1 %

Influence of UV light or 
chemoluminescence

strong effect of 
UV radiation

hardly measurable strong effect of 
chemoluminescence

strong effect of 
UV radiation

MATERIAL AND MEASUREMENTS

The investigations were carried out using LiF:Mg,Cu,P- and CaF2:Cu produced by 
the Chemical Institute of the Moscow State University (MGU). The characteristics of 
the detectors are given in Tab. 2.

Tab. 2 Properties of CaF2:Cu and LiF:Mg,Cu,P detectors (MGU products)

Property CaF2:Cu vitreous pellets LiF:Mg,Cu,P sintered, white pellets
Diameter of the pellet 4,8 mm 4,8 mm

Thickness 1,0 mm 0,95 mm
Mass 50 mg 40 mg

Density 2,8 gem'3 2,3 gem'3

Measurements of the glow curves were performed after irradiation with Cs-137-y- 
rays (reference dose 1 mGy) using a HARSHAW-4000-reader (Heating rate 4 Ks"1, 
N2-atmosphere). Fig. 1 shows the glow curves measured. The standard annealing of 
LiF:Mg,Cu,P was performed in a furnace at 240 °C for 5 min, followed by rapid 
cooling to room temperature. The loss of TL sensitivity is negligible if this annealing 
temperature is used. The necessity of avoiding high annealing temperatures and 
long heating periods means, however, that keeping of the IEC rule for dosimeters of 
type E (environmental monitoring) is hardly possible. Typical values of residual TL 
signal are about 0.5 % instead of 0.2% required after the IEC rule. In the case of 
CaF2:Cu the annealing was carried out in the temperature range of 300 to 450 °C 
for app. 10 min. For this material the IEC requirements for dosimeters of type E are 
fulfilled.
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Fig. 1 TL glow curves of LiF-TLD-100, LiF:Mg,Cu,P- and CaF2:Cu-pellets.

A special annealing process is not necessary if dosimeters are irradiated at low 
doses ( < 1 mGy). In this case the reading procedure followed by an additional 
heating (15 sec) at readout temperature extinguishes the previous TL signal 
completely.

The dose characteristics of both TL materials are linear up to 10 Gy. Above this 
value a saturation effect appears for LiF:Mg,Cu,P; supralinearity is not observed. 
The lower limit of detection (the integrated signal in the peak region has to be 3 
times higher than the 2 o deviation of the background ) amount to 0.2 pGy for 
CaF2:Cu and 5 pGy for LiF.Mg.Cu.P. These low values enable screening 
measurements with periods of exposure of only a few hours in environmental 
radiation fields (average dose rate in Germany about 0,1 pGy/h) in order to find 
areas with abnormal high dose rates. Dose values are available after a few days with 
an accuracy of app. ±10 %.
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IMPACT OF THE DIFFERENT y ENERGY DEPENDENCE OF LiF:Mg,Cu,P AND 
CaF2:Cu ON THE DOSE ESTIMATION IN VARIOUS RADIATION FIELDS

The strong variation of the dose response on the photon energy is a disadvantage of 
CaF2:Cu-detectors in comparison to LiF:Mg,Cu,P. This dependence must be taken 
into consideration when energies of photons used at the calibration and those of the 
real radiation fields differ significantly. The following evaluations were carried out to 
quantify this impact on the dose estimation.
The distribution of the energy flux density in different materials (air, soil etc) caused 
by typical sources (K-40, U238 resp. Th-232 and daughters) was calculated by the 
Monte Carlo-Programm AMOS [7] (see fig. 2 ). Assuming a detector calibration in a 
monoenergetic 662 keV photon field and using the energy response functions of the 
detector materials CaF2 and LiF the overestimation of the absorbed dose in typical 
radiation fields was calculated (see Tab. 3 ).

10000
Energy (keV)

3m
IT

10 100 1000 10000 10 

Energy (keV)
100 1000 10000 

Energy (keV)

Fig.2 A,B,C
Calculated energy flux density of photons at the measuring point 1 m above ground, caused 
by homogeneous distributed K-40 (A), Th-232 (B) and Ra-226 (C) in the soil

Tab. 3 Overestimation of absorbed dose in radiation fields corresponding to figure 2. 
(Calculated for TL detectors calibrated in a monoenergetic 662 keV radiation field)

Material 662 keV K-40 Th-232 U-238
CaF2 1 2,74 3,26 3,30

LiF 1 1,03 1,04 1,04

Measurements carried out under free air conditions as well as in soils have shown a 
smaller overestimation than pointed out in Table 3. This is caused by the simple 
assumption of a monoenergetic radiation field in the calibration which is not realized 
in practice. CaF2:Cu dosimeters calibrated at the Cs-137 source of the Institute of 
Radiation Protection Physics (unfiltered beam with a significant part of scattered 
photons) show a factor of overestimation in environmental radiation fields in the 
range between 1.2 and 2.
In environmental radiation fields the measurements simultaneously performed using 
CaF2 :Cu and LiF:Mg,Cu,P resulted a significantly higher „CaF2 doses" at low dose 
rates compared with those of the practically energy independent LiF-material (fig. 3). 
This effect can be explained by the following assumptions:
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• In environmental fields characterized by „low“ dose rates the contribution of low 
energy photons is high which are produced by secondary cosmic radiation.

• In environmental fields characterized by *high" dose rates the contribution of 
photons with higher energies dominates which are produced by radiation sources 
in the surroundings.

• The consequence is a higher factor of overestimation using CaF2 detectors.

1.25 —

1.00 —

200 300
Dose rate (nGy/h)

Fig. 3 Relation between LiF:Mg,Cu,P and CaF2:Cu TL readings

RESULTS OF DOSE MEASUREMENTS IN VARIOUS RADIATION FIELDS
Both detector types were used for dose measurements in the following radiation 
fields:
• Former uranium mining area Kdnigstein
• Soils with high specific activity in Zwickau/Crossen
• Soils with low specific activity in Hessen
• Laboratories of the TU Dresden
• Dwellings in the town Freital
Some typical results are presented in Tab. 4.

CONCLUSIONS
The LiF:Mg,Cu,P- and CaF2:Cu-TL-detectors are suitable for dose measurements 
at low dose levels. Especially CaF2:Cu pellets exhibit extremely high TL sensitivity 
and, futhermore, a excellent thermal, chemical and mechanical stability. A 
disadvantages is its high photon energy dependence of the dose response The 
main advantage of new high sensitive LiF:Mg,Cu,P dosimeters is the small variation 
of the dose response with the photon energy. The poor thermal stability permits a 
carefully handling of this material during reading and annealing.
In fields with unknown y energy distribution LiF dosimeters must be used because 
an application of the CaF2 type results in an overestimation of the dose. However, 
the factor of overestimation can be calculated if the photon energy spectrum is 
known.
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Tab. 4 Results of measurements using UF:Mg,Cu,P and CaFy.Cu 
(For each measuring series one typical result is given)

TU
Dresden1’

Freital,
dwellings

Hessen, 
clay soil TU Dresden2’

Konig-stein, 
mining dump

Crossen, 
deposit of 
unknown 

origin
Detector material LiF:Mg,Cu,P LiF:Mg,Cu,P LiF:Mg,Cu,P CaF2:Cu CaF2:Cu CaF2:Cu

Measuring task Determination 
of H*(10)

Determination 
of H*(10)

Determination 
of absorbed 
dose in soil

Determination 
of H*(10)

Determination 
of H*(10)

Determination 
of activity of 

soil
Period of 

measurement 
(days)

7 30 75 0.5 10 14

T ransport dose negligible 8 pGy 25 pGy negligible 3pGy 2 pGy
Number of 
detectors

3 3 3 5 3 3

Dose rate 
(nGy/h)

220 ± 30 140 ±1 0 30 ±5 110 ± 20 125 ±5 1600 ±
100

1> Laboratory with 226Ra source 2> Laboratory without radiation sources

Only in this way one can profit by the extremely high TL response of this material for 
exact dose measurements.
Summarizing, it can be concluded that LiF:Mg,Cu,P detectors seem to be the most 
suitable thermoluminescent material for determination of H*(10) in radiation fields 
at low dose rates. For the purpose of short term screening measurements CaF2:Cu 
is doubtless one of the best TL-detector material available at present.
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Abstract

At the Rossendorf Nuclear Engineering and Analytics Inc.a simple whole body counter and 
a Iodine - thyroid monitor are used for measuring the internal contamination of workers. 
There is no shielding chamber in both cases.
By using the chamber at the Dresden Felsenkeller underground laboratory the lower limit of 
detection could be improved by a factor of about 3 for whole body coun^ig and by a factor 
of 2,5 for thyroid monitoring (I 131, I 125). Concerning the lower limit of detection the 
applicability of the German standard DIN 25 482 implemented in the Gamma-Vision software 
packadge is discussed in the paper.

1. Introduction and equipment

Whale-body counter

Since 1976 a whole body counter (WBC) has been used at the Rossendorf Research Centre for 
measuring the internal contamination of workers.
The WBC is a shadow shield type with a tilted chair having only one detector.
In 1991 a HP Germanium detector was substitute for the old Nal (H) detector (3"x3") °. 
Table 1 contains the parameters of the WBC.

Table 1: Parameters of the Rossendorf Research Centre whole body counter

Type:
Dimensions:
Shielding:

Positioning the 
person:

Detector:

Measuring time: 
Spectrum analysis:

shadow shield, tilted chair geometry
width 0,9 m, length 2.0 m, height 1,5 m
0,12 m old iron, seperate detector Pb-shield,
shielding factor (integral 60 kev and 2 MeV): 14.3
Position the person on the pulled-out tilted chair, push in the chair,
position the detector above the chest of the person
(distance detector - body central axis about 0.4 m)
HP GE detector (n-type),
efficiency 43 %
fwhm = 1,49 keV (662 keV)

1,95 keV (1332 keV)
2000 s
4096 channels, spectrum analysis by means of OMNIGAM
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In figure 1 the WBC is given schematically.

Due to the extension of the measuring aid to non occupationally exposed persons, i.e. 
country people, an improvement of the lower limit of detection was very welcome.
This improvement was realized by the use of the Dresden Felsenkeller underground 
laboratory as a measuring chamber for the whole body counter geometry mentioned above but 
without shadow shield as given in figure 2.

Thyroid monitor

In 1994 a HP Germanium detector was subustitute for the 2,5"xl,5" Na (Tl) detector too for 
the thyroid monitor.
Table 2 contains the parameters of the thyroid monitor.

Table 2: Parameters of the Rossendorf thyroid monitor

Type:
Measuring position: 

Detector:

Measuring time: 
Spectrum analysis:

chair geometry, detector collimator
collimator touches the neck,
distance neck to detector surface 4,5 cm
HP Ge detector (n-type)
efficiency 43 %
fwhm = 1, 49 keV (662 keV)

1,95 keV (1332 keV)
200 s
4096 channels, spectrum analysis by means of OMNIGAM

The desirable improvement of the lower limit of detection was done by using the Dresden 
Felsenkeller whole body counter with a special fixture of the detector, i.e. the detector is not 
fix mounted and can be directed to the thyroid gland.

2. Lower Limit of Detection

Whole hody-coimter

The lower limit of detection (decision level, i.e. Erkennungsgrenze in the German standard 
25 482/2 2)) of the Rossendorf WBC is for instance 35 Bq for Co 57, 20 Bq for Cs 137 and 
17 Bq for Co 60.

In figure 3 the improvement is shown due to the use of the Dresden Felsenkeller underground 
laboratory. The improvement is about 100 per cent for high energies and up to 300 % in the 
region of about 100 keV, i.e. about 10 Bq for Co 57 and for Co 60.
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Figures

Fig.l: Schematic graph of the 
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Thyroid monitor

In table 3 the decision limit of the thyroid monitors located at Rossendorf and at the Dresden 
Felsenkeller underground laboratory are given.

Table 3: Comparison of the LLD of the thyroid monitors located at Rossendorf and 
Dresden Felsenkeller underground laboratory (measuring time 200 s)

Nuclide LLD Rossendorf [Bq] LLD Dresden [Bq]

1125 9 4

I 131 10 4

3. Discussion of the lower limit of detection

The lower limit of detection used in the chapter 2 was the decision level (in German: 
Erkennungsgrenze) corresponding to the German standard DIN 25 482/2. The calculation of 
the values was carried out by using the EG&G software packadge OMNIGAM or Gamma- 
Vision.

3 persons were measured using the Rossendorf WBC and the Dresden Felsenkeller WBC. We 
got no Cs 137 activity from the Rossendorf WBC. The decision level was about 20 Bq.

The 662 keV peak was first found but after this neglected because of the bad peak shape. 
But using the Dresden Felsenkeller WBC we detected in all persons a Cs 137 activity of about 
50 Bq.
The conclusion is, that the calculated decision level is too low.

Summary

The lower limit of detection for the Rossendorf whole body counter and the Rossendorf 
thyroid monitor was improved by up to a factor of 3 and 2 resp. by the only use of the 
measuring chamber of the Dresden Felsenkeller underground laboratory.
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Development

Liquid scintillation spectrometry (LSC) is a relatively new technique. Originally it was mainly 
used for determination of low-energy beta emitters (tritium and C-14). Applications were 
limited not only due to the relatively simple electronics, but also due to restrictions in usable 
cocktails and vials. Low-level measurements were not possible due to the inherent high 
background and low counting efficiencies with the cocktails available, but they were actually 
not needed. Most applications of LSC were in clinical chemistry and biological research, 
where tritium and C-14 were used as tracers in large amounts, simple to measure. In the 
environment levels of tritium and C-14 as well as for other radionuclides were high due to the 
atmospheric nuclear bomb tests and also easily measurable by other techniques.

Techniques like age determination by C-14 and increased concern about radionuclides in the 
environment as well as more restrictive legislation on maximum permissible concentrations 
resulted in a demand for lower lower limits of detection. New electronics, use of low 
potassium glass vials and later polyethylene vials as well as development of gelforming 
cocktails improved the range of applications and the lower limit of detection (LLD).

About 20 years ago much work started to be done using LSC, first for easy, fast and reliable 
measurements of high activity concentrations of various radionuclides, but then extending the 
range of measurement to lower concentrations, using efficient concentration steps. Routine 
measurements for Sr-90 and for alpha-emitters like Rn-222, Ra-226 etc. were introduced. 
Experience from gamma-spectrometry influenced the users demand for new techniques like 
MCA technique to identify radionuclides and control of the spectra for interferences or the 
possibility to adjust counting windows for optimization.

Instruments with active shielding had already been built at research institutes when thirteen 
years ago an instrument with active shielding, using a liquid scintillator in a tank surrounding 
the measurement cell as a shield, became commercially available („Quantulus“, Wallac OY). 
A massive shielding of selected lead and construction material checked for its radioactivity 
reduced the background further. MCA technique is used and the control of the instrument is 
done by PC. Later alpha-beta separation became available on the same instrument. Some 
years later another company (Packard Instrument) used electronic means to reduce the 
background. The PERALS system offers a relatively simple device to measure alpha-emitters 
at low concentrations.

LSC has the big .advantage over most other methods of a 4% geometry and therefore high 
counting efficiencies for both beta and alpha emitters. Sample preparation is in most cases 
easy and there is no self absorption to correct for. Many extraction methods can be used to 
give a solution ready to count. With the PERALS system suitable and specific crown ethers 
dissolved in a toluene based liquid scintillation cocktail are used as extractive scintillators"
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which can be measured immediately after extraction. A new, commercial separation system 
(„EIChrome“) uses crown ethers on a resin matrix and the number of its applications 
published and used in routine analysis is rising steeply. Very often the final measuring step 
uses LSC.

The low background can be useful in many ways: Very low levels of radionuclides can be 
determined. Accuracy can be enhanced or measurement time can be shortened. Small 
samples can be used and therefore chemical separations can be simplified and shortened. 
Costs for chemicals and personell will also be reduced.

Applications

Since the availability of a commercial low-level counter a large number of applications has 
been introduced, many well known applications have been improved. Here only a few typical 
examples can be given - mostly work done in the authors laboratory. The instruments used 
were the „Quantulus“ from Wallac Oy, Finland (we have four of them), vials were in nearly 
all cases PTFE-coated PE vials from Zinsser, Germany and the cocktails used were from 
Zinsser, Germany and Packard Instrument BV, Netherlands. All LLD’s mentioned in this 
paper are based on 3 sigma of the background for a 500 min count.

Tritium in Water

The measurement of tritium was one of the first applications for LSC. Environmental levels of 
tritium for instance in precipitation were easy to measure because of the large amounts of 
tritium which were present in the atmosphere due to the atmospheric nuclear bomb tests. After 
the moratorium 1962, the concentration of tritium declined. About 15 years ago the 
concentration in precipitation was approaching values in Middle Europe which were close to 
the LED of then very good LSC instruments, namely 20 TU (2.4 Bq/1). With the „Quantulus“ 
it was possible to reach with special teflon vials with massive copper cap a figure of merit of 
approximately 1500 and an LLD of 5.4 TU (0.65 Bq/1). With standard PTFE coated, 
disposable vials and the same mixture of 8 ml water and 12 ml cocktail (Quickszint 400, 
Zinsser) still a figure of merit of 1008 was found. Recent comparisons of different cocktails 
showed that even among very well suited cocktails a difference of more than 40 % for the 
LLD is possible. Mixing ratios play another important role. These findings show that there are 
some critical factors, which have to be tested extensively in order to optimize a measurement 
and to reach the minimum LLD for a given instrument, like type of cocktail and mixing ratio.

Tritium in Urine

In many nuclear installations tritium may be liberated. Persons working in exposed areas are 
likely to incorporate tritium and have therefore to be monitored. The easiest way to do it, is to 
monitor urine.

Urine is usually a highly coloured liquid and therefore a ratio of 8 ml urine and 12 ml cocktail 
would yield a solution, which would show an enormous quench. Efficiencies for tritium as 
low as 0.25 % have been recorded. Distillation of the urine would yield a clear liquid, but all 
OBT would be lost. We have therefore chosen to use only 1 ml of urine and to dilute it with 
tritium free water to 8 ml. The quench of the resulting solution is rather low and efficiencies
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between 14 and 24 % have been measured. The low background still allows for sufficiently 
low LLD’s. Efficiency is determined by the internal standard method. We used this procedure 
to measure tritium in urine of occupationally exposed persons.

Another application was the question of incorporation of tritium from wrist watches with 
luminous dials. We could easily follow the uptake of tritium through the skin and assess the 
dose due to incorporation of tritium from wrist watches. The emission of the watches was 
easy to determine by placing them into a closed jar with water. Radioactive material in 
consumer products is of concern, though in this case the dose was extremely low. 
Nevertheless it is unnecessary if following the ALARA principle.

Tritium was also determined very accurately in alcoholic beverages. Together with the 
activity concentration of C-14 it is possible to date the time of harvest of the wine.

Carbon-14

The use of C-14 for determination of the age of archeological samples is well known. The use 
of low-level LSC counters has extended the range of possible age determinations 
considerably.

But C-14 is of interest also in other fields. C-14, originating from atmospheric nuclear 
weapons testing has been distributed in the atmosphere. The C-14 contamination of the 
environment can easily be determined by measuring the C-14 activity concentration in 
products from photosynthesis. We chose wine, which reflects both tritium and C-14 
concentrations in the atmosphere by their concentration in both the fermentation product 
alcohol and in water. C-14 has a characteristic calibration curve as well as tritium and its 
concentration can therefore be very well used for age determination of the wine in question. 
Low-level LSC can be used to control correct labelling of the age of wine.

Acetic acid produced from natural gas contains no C-14 since the C-14 present at the 
formation of natural gas has decayed since long. Adulteration of vinegar has been a frequent 
problem. Vinegar made from wine contains the contemporary concentration of C-14, vinegar 
produced from wood contains a typical other (higher) concentration and vinegar from 
ethylene contains no C-14 at all. By determining the C-14 concentration of vinegar it is 
possible to find out about adulterations of „wine vinegar".

Strontium-90

Sr-90 is a fission product, a pure beta emitter with Emax 0.5 MeV, which decays to Y-90 with 
a high beta-energy of Emax 2.3 MeV. Since Sr-90 is a bone seeker it contributes to the dose 
to bone marrow considerably and therefore its determination is of great interest.

Usually Sr-90 was determined after a very lengthy chemical separation, using big amounts of 
firming nitric acid, which was both costly and unhealthy for the technicians.

Using low-level LSC it is possible to use small amounts of sample. The chemical separation 
can be simplified, the amount of filming nitric acid and other chemicals can be kept low, thus
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reducing the costs of the determination considerably. Certain steps of the traditional 
determination method for removal of interfering radionuclides like Ra-226 cannot be avoided, 
but separations are easily performed in centrifuge glasses, when small sample sizes are 
investigated.

This method can be used in emergency situations and in retrospective analysis of 
environmental samples. One of the applications in the authors laboratory was the 
determination of Sr-90 in food after the Chernobyl accident, with emphasis on milk and milk 
products but other applications are for instance the retrospective environmental contamination 
situation using bioindicators like red deer antlers.

Alpha-emitters

It was known since long, that alpha-emitters can be measured by LSC, but routine 
applications were scarce. One of the most important application was and still is the 
determination of Rn-222 and Ra-226 in drinking water, as well as Rn-222 in air.

Alpha-emitters have a counting efficiency in LSC of approximately 100 %. This is the big 
advantage over solid state spectrometry. The big disadvantage is the relatively poor energy 
resolution.

A very specific determination method for Rn-222 in water is the extraction of Rn-222 into a 
water immiscible LSC cocktail. Ultra low-level LSC is able to detect very low concentrations, 
but naturally occurring concentrations have never been below an LLD.

After decay of unsupported Rn-222 in the sample any Rn-222 present must be due to the 
equilibrium with Ra-226. This is the basis for determination. The original water sample is 
mixed with the water immiscible cocktail. The value recorded a short time after mixing is 
representative for Rn-222. After waiting long enough for decay of unsupported radon all 
radon present must be in equilibrium with Ra-226 - so Ra-226 can be determined. Thousands 
of samples have been analysed, giving very valuable hints for the radon potential in certain 
areas, The concentration of Ra-226 in drinking water is regulated very strict in Austria to 
0.112 Bq/1 of Ra-226 in water. The LLD for a 500 min count is with our conditions <0.03 
Bq/1. Therefore the analysis for these levels can be done by pipetting 10 ml of water, 10 ml of 
water immiscible cocktail, shaking and two measurements. This seems to be the most simple 
analysis method imaginable.

Large programmes have been carried out to determine the Rn-222 contamination in indoor air 
by using a special device with a charcoal radon sampler and LSC as the measurement device.

Conclusion

A few applications of low-level LSC have been mentioned, showing the typical advantages 
over conventional LSC. For more information reference is made to the literature. Without 
doubt LSC has been used successfully and further applications are to be expected. LSC has 
already or will replace many methods using gas-flow counters or geiger counters.
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Abstract

Wallac introduced in 1990 a new absolute liquid scintillation counting (LSC) method, Digital 
Overlay Technique (DOT) to correct for quench. This method allows quantization of multilabel 
samples by referring to library spectra which are generated against chemical and color quench 
indices at the factory. The libraries can further be expanded to any beta emitter by user with a 

method called fine tuning, which can be carried out even with a single sample. Spectrum 
libraries are created over the whole spectrum range of the radionuclide and allow automatic 
identification of a single label beta emitting radionuclide, called Easy Count method.

Another improvement in LSC is commercial introduction of Pulse Shape Analysis (PSA) in 1986 
by Wallac. This method recognizes alpha particle decay by pulse shape and leads to excellent 
sensitivity in alpha counting because most of the background signal in LSC comprises of short or 
beta like pulses. PSA detects alpha events in the presence of high excess of beta activity over 
alphas, up to a ratio 100000 to 1.

Quench Problem and Methods to Correct for Quench in Liquid Scintillation Counting

Liquid scintillation counting (LSC) faces a quench problem, because the detector is the sample 
itself, prone to variable chemical and color quench. These quench effects mean photon losses 
occur by chemical or absorption processes, respectively.

Standardization methods have been applied in past for single label samples where count rates in 

two fixed windows over the spectrum have been recorded to monitor the variable quench. The 
ratio of count rates in these two windows is independent on the total activity in the sample and it 
is a good measure of the spectrum shift by quench. This Sample Channels Ratio (SCR) has been 
used successfully as a quench index to obtain absolute activities [1].
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Analogous to SCR is the External Standard Channels Ratio (ESCR). In this case a gamma 
emitting capsule is placed near to the scintillation vial. Compton are produced then in the sample 
and their spectrum shifts in the similar way to that of beta radiation. The main advantage of the 
Compton spectrum quench monitoring is that high statistical confidence is achieved rapidly.

Multichannel analyzer (MCA) technology adapted in LSC in the beginning of 80’s allowed a 
more sophisticated measures of quench: Spectral Quench Parameter of the external standard or 
SQP(E). This parameter is effectively the end point of the external standard Compton electron 
spectrum. Some clear advantages over the ESCR were achieved as greater quench range and 

independence on plastic vial effect.

Two label counting can be carried out by designating one fixed counting window for each 

radionuclide and using SQP(E) as the quench index. Two sets of standards are used for 
reference efficiency vs. quench curves. This method may produce poor results when there is 
high excess of one radionuclide over the other or the quench is very high.

New approach to overcome problems of the above method was developed by applying three 
windows over two label spectra [2-3]. This Three over Two method then needed 3 standard 

curves for each radionuclide over the quench range of interest. A set of three equations for two 
unknowns was solved by least least squares optimization to obtain the best fit to data. The 
method included also Accuracy Enhancement: A better value for SQP(E) around the measured 
one is searched numerically to find a better fit than calculated with the measured SQP(E). A 
shorter external standard counting time was then acceptable which lead to higher throughput of 

samples.

Introduction of dual MCA in 1984 by Wallac allowed an important additional correction to be 
made in LSC standardization procedure, viz. color correction [4-5]. Because the decaying atom 
is mostly located asymmetrically with respect to the vial axis, the presence of color in the 
sample results in pulse amplitude disparity in the two phototubes. The degree of disparity is 
assessed in Wallac LS counter by Pulse Amplitude Comparison (FAC). If the disparity is small 

in comparison with the set criterion, the summed pulses are fed into the first MCA. If, however, 
the disparity is large the pulses are fed into the second MCA. From the ratio of the two Compton 
spectra one can calculate the Color Index.
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Quench Correction in Liquid Scintillation Counting by Digital Overlay Technique

The Three over Two method was further expanded into Digital Overlay Technique (DOT) to 
solve activities of multilabel samples in LSC. The method was introduced in 1990 by Wallac. 
Two quench indices are used in the method: SQP(E) as the measure of total quench and color 

index to measure physical absorption of light in the sample. Library quench data is a basis for 
user’s own quench calibrations and an overlay, ie. fitting the reference spectra to the measured 
one is a way to retrieve maximum information about the measured spectrum [6-10].

DOT is based on the experimental verification of the hypothesis that more windows are better 

than two or three. The precision of the results improved steadily as the number of windows 

increased, in DOT up to 15. Instead of quench curves, efficiency surfaces are contained in DOT 
as function of color and chemical quench (Fig. 1). The stored quench data describe the behavior 
of complete spectra. For each radionuclide of interest, the normalized reference spectra are 
stored as a function of quench. Any single label quench data can then be combined when doing 
multilabel counting. No separate single label and dual label calibrations are necessary as before.

Built-in spectrum libraries are created at the factory for 6 radionuclides with 60 - 80 reference 
standards for each one: H-3,1-125, C-14, S-35, Ca-45 and P-32. Separate libraries are made for 
glass and plastic vials and for xylene type and safe type cocktails. A direct single button, Easy 
Count operation is thus available for these cases and the counter will automatically identify the 
radionuclide. A library can be fine tuned to match any other type of sample containing these 
radionuclides using just a single reference sample. New libraries can be created for any other 

beta emitter using up to 10 reference samples in the quench set. Up to three labels can be 
counted simultaneously with the DOT method. Method further contains Accuracy Enhancement, 
chemiluminescence correction using delayed coincidence circuitry to truly detect random 
coincidence events, decay correction, background correction and sample quality monitor to 
monitor the perfection of fit of data to the library spectra. External standard was chosen to be 
Eu-152 because its dynamic range for color correction was better than that of Cs-137. Automatic 

continuous spectrum stabilization is continuously applied during counting with the aid of a light 
emitting diode. The aging of diode does not affect the stabilization as the high voltage is 
controlled by the ratio of signals from first and second dynodes of the phototube (ACSS Plus).

A good demonstration of the DOT to handle multiple label samples is its ability to tell apart C-14 
and S-35 from a mixture even though the maximum energies of these radionuclides differ only 
by 12 keV (155 and 167 keV, respectively).
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Pulse Shape Analysis

Alpha particles emit 5 MeV or more energy which is able to create triplet states in solvent which 
de-excite to ground state slower than singlet states produced by beta particles. Measurement of 
the pulse decay time or length allows identification of the particle which caused it and enables 
simultaneous recording of pure alpha and beta spectra, respectively.

Wallac named this feature Pulse Shape Analysis (PSA) and introduced it first for commercial 
liquid scintillation counters in 1986 [11].

Wallac PSA Principle

- Integrates the tail of the pulse for long enough time to enable differentiation between short and 
long pulses (Fig. 2).

- Normalizes the pulse length information to the pulse height to achieve amplitude 
independence.

Alpha/beta pulse amplitude (energy) spectrum is transformed in the process to a three 
dimensional counts vs. pulse amplitude and pulse length spectrum (Fig. 3). Electronic division 
of pulses into alpha and beta spectra is carried out by dividing the pulse amplitude/length plane 
in two parts by a straight, user adjustable line: pulses above it are directed into the long pulse 
spectrum, pulses below it into a short pulse spectrum. When dividing line is correctly set, former 
spectrum is the pure alpha spectrum and the latter one is the beta spectrum. The position of the 
dividing line is controlled by PSA level adjustment. This feature allows setting to confirm with 
various solvents, fluors and quench levels.

Wallac PSA Excellency

- Operates simultaneously with and independently on the anticoincidence guard detector from 
which sample detector is optically isolated. Ultra low level counting mode is thus enabled in the 
presence of PSA.

- Wallac PSA works very well with both fast and slow cocktails without need to add naphthalene 
to make the pulse slower (fast cocktails contain volatile solvents such as xylene, pseudocumene,
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toluene and dioxane. Safe, biogradeable cocktails are slow as those based on di- 

isopropylnaphthalene (DEN)).

- Spill-over of alphas and betas into each others’ spectra is typically less than 0.2 % in 8 ml 

water: 12 ml safe cocktail samples.

- Wallac PSA saves alpha and beta spectra. Automatic scanning can be carried out with a 

dedicated software package to test for the optimum division of events. Scanning can be made 

using any pure alpha and beta samples or by using a mixed alpha/beta and background sample.

Usage of Pulse Shape Analysis

PSA can be used for alpha/beta separation and extra background reduction in alpha and beta 

counting.

Most of the LSC background is composed of short pulses and thus fall into the beta spectrum 

while alpha background remains very small, typically much less than 0.1 CPM. One may 

therefore count natural decay series radionuclides with greater sensitivity by measuring their 

alpha emissions only than by counting the total alpha/beta activity. Another application is to 

count very small alpha activity in the presence of high beta activity: Wallac counters can detect 

less than 1 DPM of alpha activity in the presence of 100000 times more beta activity [12].

One may set the PSA to cut beta counting efficiency by 5 % for instance and a great reduction of 

beta background results particularly in glass vials, boosting already low background achieved by 

the active anticoincidence guard detector. In this software the PSA level can also be set based on 

the figure of merit.

Alpha background may be reduced analogously by cutting some alpha counting efficiency.

Advantages of Alpha Counting by LSC

1) 4tc counting geometry (equivalent to geometrical factor = 1)

2) No sample self-absorption (as in the case of planchet counting)

3) Virtually 100 % counting efficiency (less than 50 % in planchet counting and solid state alpha 

spectrometry)

4) Simple sample preparation by mixing with a commercial cocktail
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5) High throughput - automatic, multiple sample counting
6) Large sample capacity
7) Simultaneous alpha/beta counting (with separation of each spectrum using pulse shape 

analysis)
8) Low backgrounds and great sensitivity for alpha counting

Pulse Shape Analysis and Quench

Pulse length

Pulse length is a function of sample quench: The higher the quench, the shorter the pulse length. 
This is a physical phenomenon, not introduced by the instrument. When sample quench level is 
fairly consistent, there is no need to adjust the PSA level from sample to sample (the counting 

efficiency remains constant). If the quench variation is large (50 Ch or more), there may be need 

to readjust the level for variable quench or leave the PSA level to the optimum value for the 
lowest quench sample and let alpha efficiency drop at higher quench. Compensation for quench 
can be carried out by using a linear fit to efficiency vs. external quench parameter SQP(E) 
programmed as an output function.

Counting efficiency

Alpha particle counting efficiency remains close to 100 % up to very high quench levels, 
provided that the PSA level is set accordingly. This is due to the fact that the number of emitted 
photons per decay is several thousands and there is thus room for loss of photons and decay 
events are still observed. Alpha spectrum will shift to a lower channel at increasing quench and 
therefore counting window needs to cover the range of alpha channels under variable quench.

Energy resolution for alpha particles

Alpha energy resolution is about 300 keV FWHM at best in liquid scintillation counting (Fig. 4). 
The higher the sample quench, the poorer is the resolution. High quench, as in 8 ml water mixed 
with 12 ml cocktail, effectively merges the Ra-226, Rn-222 and Po-218 peaks into a single, 
broader one. The high energy Po-214 peak remains separated.

Resolution is also affected by the vial choice: translucent vials scatter light and offer better 
resolution (Teflon is the best), standard glass vials give poorer energy resolution [13].
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During long storage of sample, deterioration of energy resolution may occur because of the 

accumulation of alpha emitters on the surface of vial. This leads to a smaller geometrical factor 

than unity for decays occurring on the surface. The alpha particles may also be partly absorbed 

in the wall. Poorer energy resolution and counting efficiency will result, alpha peaks creating a 

low energy tail. The aging effect can be avoided by adding acid, eg. HC1 in 0.1 - 0.5 M 

concentrations.

Pulse Shape Analysis and plastic vial effect

Fast cocktails, as the ones containing toluene, xylene and pseudocumene will penetrate into the 

plastic vial wall resulting in deterioration of the alpha spectrum and instability of alpha count 

rate. Plastic vials are not recommended for counting using these cocktails, instead teflon coated 

plastic vials, glass vials or teflon vials should be used.

Identification of alpha emitters

Identification is always based on comparison with known samples. It is possible to create 

calibration curves for various alpha emitters by measuring the external standard quench 

parameter SQP(E) and emission peak position. Various alpha emitters will set on different 

calibration lines and can then be identified by measuring the quench parameter.
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Fig. 1. Counting efficiency surface in DOT as a function of chemical and color quench indices.
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Fig. 4. Alpha and beta particle spectrum of Ra-226 measured in a Wallac liquid scintillation 
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1 Introduction
The government of Schleswig Holstein funded a study to perform the retrospective 
determination of airborne 3H and 14C concentrations. It is well known, that in tree rings 
most of the hydrogen and carbon is fixed after insertion in the matrix of wood and that the 
radionuclide concentration correlates with former airborne activity concentrations {1,2].

For the retrospective study wood disks of trees located in the region near the nuclear power 
plant of Krilmmel and control disks of unsuspected areas were selected. At the 
Isotopenlaboratorium of the University of Gottingen tree rings of three oak trees and three 
pine trees were analysed.
The hydrogen of the wood was transformed to water and the carbon to carbondioxide by 
classical oxidation processes (combustion in a furnace) [3,4]. The contents of 3H in the 
water and 14C of the carbondioxide (solved in scintillation liquid) were determined by 
liquid scintillation counting, using a low-level counter (type Quantulus 1220, Wallac).

2 Sample Preparation
We separated the tree disks with a chisel into their annual rings and grinned the wood to 
particles less then 2 mm height. Each sample had a weight of 20 g. The samples were 
burned with a self made 2 zone furnace (Fig.l). After the oxidation we collected the water 
in two water traps, the first filled with ice and the second with dry ice plus methanol. The 
CO2 was absorbed in sodium hydroxide. The furnace temperature and the flow of oxygen 
and nitrogen were computer controlled. The combustion of 20 g wood, yield between 8.9 
ml and 10.2 ml water, corresponding to an output of 83 % to 95 %. For CO2 we find a 
quantity of 100 %.
The sodium carbonate was transmitted to a carbamate, filled up with Omniszintisol and 
measured as a liquid scintillation sample. With this simple technique 0.49 g of carbon 
could be measured in one sample.

500 "C0 - 450'C
steam
carbon dioxide 
carbon monoxide

steam
carbon dioxide

shavings copper oxideflame

nitrogen / oxygen

sodium carbonate
--water

sodium hydroxide drv ice ♦ methanol
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3 Measuring Method

3.1 Counter
For the measurement a low-level counter from Wallac (Turku, Finnland), type Quantulus 
was used. This counter has a very large passive shield of lead at least 10 cm and 17 cm 
above the measurement chamber to decrease the background. Furthermore there is an 
active shielding system with two guard photomultiplier tubes. Samples are moved up into 
the measurement chamber, so the shield against cosmic radiation is not interrupted. A 
electronic background reduction is used (Fig. 2).The Quantulus software is able to do 
multichannel analysing and under the aspect of optimum results to calculate the figure of 
merit (FOM).

pulses from the sample
background
pulses from the counter
luminescence pulses
random coincidence pulses
noise from the photomultiplier tubes

pulses from the sample
reduced
background

pulses from ^ 
the counter

coincidence Unit

photomultiplier 1 
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pulses --------- 1
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anticoincidence unit delayed
coincidence

reduction \
of ] *
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coincidences 
will be 
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arithmetical

background J
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Fie. 2 Electronic background reduction of die Quantulus

3.2 Choice of Cocktail and Vial
Several safe cocktails with high water take up were tested: Ultima-Gold XR, Hi-Safe 3 and 
Quicksafe 400. For the test measurements poly- and teflon-vials were used. All materials 
were selected according to long time stability and FOM factor.

The FOM factor is a quality factor for the measurement expressed by:
V [%]2

FOM =
n0[cpm]

r| = efficiency no = background

For the determination of 3H poly-vials were used. Teflon-vials yield a small increase of 
efficiency but the price was too high. For 14C measurements a reduction of the reading of 
less then 10 % after 3 month was found with poly-vials, and no reduction with teflon-vials. 
This is an effect of the higher vapour permeability of the poly-vials.

3.3 3H Measurement
For examination of background low-level water from the Bundesanstalt fur Gewasserkunde 
(To < 0.025 Bq/1) was used. As standard well calibrated water from former init comparison 
campaign „3H in water" from 1991 (T3 = 100.1 Bq/1 on 03.01.1993) was used. After these 
calibrations and test measurements 9 ml of sample water from the combustion were mixed 
with 11 ml Hi-Safe3 cocktail. A background of 0.53 cpm yield a theoretical detection limit 
of 1 Bq/kg in wood. The over all error is 0.9 Bq/kg in wood.
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FOM and Detection Limit
in Dependence of the Part of Water in the Cocktail
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Fig. 3 FOM and detection limit

3.5 4 * * * * * * * * * 14C Measurement
For CO2 absorbing 2-Methoxyethylamin was used. The corresponding carbamat was mixed 
with Omniszintisol. The combustion yield 10 g of carbon. For activity measurements two 
samples of 0.49 g carbon were measured 3 times 240 min. To get background samples for 
the 14C measurement we used CO2 from a gas cylinder and BaCO; produced by Merck. The 
average value for 14C background was 2.28 cpm, equal to 112 Bq/kg carbon. The detection 
limit is 11.1 Bq/kg wood. The analytical error was determined by combustion of 6 sample 
of the same tree ring. It is negligible compared to the statistical error.

4 Results
In Fig. 4 and Fig. 5 some results of the tree disk measurements are shown. Higher
concentrations of 3H and 14C in the environment in the years 1957 to 1965 are results of
several atomic bomb explosions in the atmosphere. The measurement of annual tree rings
can be used to reflect the environmental concentrations of 3H and 14C. For 14C it can be
assumed that the concentration in the tree ring is equal to the mean concentration in the
atmosphere of the examined year. Looking to 3H, we have to notice, that the results must be
corrected because the half life is about 12 years and measurement results are nearby the 
detection limit. The elevated analytical error may be explained with working in an
radionuclide laboratory with 3H inventory.
Any accident in a nuclear power plant with high output of radioactive isotopes, specially 3H 
and 14C, is not reflected in that figures. As shown in Fig. 5, the results from the oak trees 
are close together, though they are from 3 positions in Niedersachsen and Schleswig 
Holstein.
Before the shavings were burned, they were put on a gamma detector to look for other 
radionuclides from the atomic bomb fallout (e.g. 137Cs), but they could not be detected.
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Oak Tree No. 3 (,4C, 3H)

O 160 -

140 -

120 -

Tree Ring

Fie. 4:3H- and 14C-Measurement results of oak tree No. 3

Oak Trees No. 1,2,3(14C)

—o— Oak 1
220- Oak 2

Oak 3
200-

140-

Tree Rings

Fie. 5:14C-Measurement results of all oak trees 
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Summary
Tritium measurements are a powerful tool in hydrological and hydrogeological investigations 
for detecting mean residence times of several water reservoirs. Due to the low tritium activi
ties in precipitation, ground and surface waters a low level measurement is necessary. Therefor 
often the liquid scintillation counting after an electrolytic enrichment of water is used. In this 
paper some practical aspects and problems of measurement are discussed and the problem of 
contamination in low level laboratories is shown.

Introduction
Tritium-3H- is a radioactive isotope with P" decay of a half-life of 12.43 a and a maximum J3' 
energy of 18.6 keV. The main sources of tritium in the environment are cosmic ray produced 
tritium by spallation reactions and the tritium fallout from thermonuclear weapon tests in the 
atmosphere in the past. Sources of local importance are nuclear industries or the watch indus
try using tritium (3" radiation for luminescence effects. Tritium will be oxided to HTO and so it 
becomes a part of the natural water circle.

2000 —

1500 —

1000 —

19601950 1970 19901980 2000
year

fig.l tritium input function from station Freiberg

Since 1961, more than 100 stations in 65 countries have been collected monthly precipitation 
samples for the IAEA Isotopes-in-Precipitation Network (IAEA TECHNICAL REPORT SE
RIES). Except 3H also 2H and 180 is measured. Singular stations have been measured even 
more in the past. From this values tritium in precipitation input functions for several places can 
calculated. Missing data’s can be fitted by correlation’s including lateral and continental trans
port effects (HEBERT, 1990). The tritium input function for groundwater recharge from 
Freiberg is shown in fig. 1 (1T.U. = 13H atom per 1018 H atoms =0.118 Bq/1 water)
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The activity during tritium fallout is more then 2 magnitudes higher then the level caused be 
cosmic ray. It is also shown, that tritium activities in environmental waters are very low.

Tritium Measurement in the Environment
In fig.2 the range of tritium activities in natural waters are shown. The magnitude can be com
pared with the official safety limit for handling tritium (in 11 water).

1E+8-i

1E+6-

1E+4-

1E+2-

1E+0-

1E-2-

5.00E+07

safty limit

6000

maximum recent Freiberg ocean 
precipitation precipitation detection limit samples

(high
enriched)

fig.2 Range of tritium activities in natural waters in comparison with safety limit

In Freiberg, the measurement of such low p‘ activities can be done by a two step process. The 
first step is an electrolytic enrichment of 250 ml water. The second step is P* counting of the 
resulting 8 ml water. Therefore liquid scintillation counting is used with the Quantulus 1220 
(WALLAC GmbH). For a low detection limit a high enrichment factor and a low counting 
background is necessary. The parameters in Freiberg laboratory are:
enrichment factor: 16-18
background (usually): 1.0 cpm
background (special vials) 0.6 cpm 
counting efficiency: 25 %
sample volume 8 ml

In fig. 3 the detection limit as function of enrichment factor and background is shown. In the 
case of high enrichment the influence of background becomes smaller. However, in the case of 
measuring samples of small amount, where no enrichment is possible the background is the 
most important parameter. Decreasing activities in natural waters will be detectable in future 
only by increasing the enrichment factor and decreasing the background.
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Parameter: efficiency 0.25

background [cpm]
fig.3 detection limit depending on enrichment factor and background

Problems with Contamination
Due to the very low activities in the samples, contamination in the air moisture in laboratory 
can have a great influence. Sometimes results can not used. Sources of contamination are di
rect tritium sources or generators of fast neutrons. The resulting HTO will be very fast mixed 
with the water in the surrounding air.

1E+4

=> 1E+3

■S 1E+2

contamination 106T.U. 
moisture 60% 
temperature 20° C 
sample mass 10 g

0.00125

1E+2
moisture [mg]

fig.4 effect for a high contamination in air

108



contamination 10000 T.U. 
sample activity 20 T.U. 
moisture 60 % 
temerature 20 °C 
sample mass 10

0.625

moisture [mg]
fig. 5 effect for a low contamination in air

Tritium contamination can be transported with moisture in air over a long distance (LEWIS, 
1984) or by moisture in breath of contaminated persons. Also plastic watches with tritium for 
luminescence effects can be sources of contamination due to diffusion of tritium.
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From all radioactive elements which were determined during the past decades the long-living 
neutron activation products mainly Fe-55 (half life: 2,7 y [1]) and Ni-63 (half life: 96 y [1]) and 
Ni-59 (half life: 75000 y [1]) demand increasing attention. In the near future many of the over 
400 nuclear power plants worldwide which are mainly situated in highly industrialized regions 
have to be decommisioned. Only, few years after the final shutdown the determination of the 
activities of Fe-55, Ni-63, Ni-59 in various sample materials for the purpose of monitoring 
incorporated radionuclides or nuclear waste declaration gain significance. In present 
decomissioning projects (e g. KRB A, Gundremmingen, Germany) these radionuclides are going 
to replace Co-60 as leading nuclide under certain conditions. There are many devices in a 
nuclear power plant such as biological shielding or reactor pressure vessel or installations of the 
reactor core which consist of stable iron and nickel as major element and which are exposed to a 
high neutron flux over up to several decades. Corrosion processes and the transport via primary 
water are responsible for contamination of not directly activated installations as for example the 
recirculating loop or the piping of the secondary steam generators. In all cases Fe-55 and Ni-63 
are one of the radionuclides with the highest activity concentrations within a few years after the 
final shutdown. There is a not diminishing risk for the reactor decomissioning personel of 
incorporating these radionuclides via inhalation. Although Fe-55, Ni-63, Ni-59 [3, 4] do not 
contribute to the total effective dose equivalent to the same degree as the actinides Am-241, 
Cm-244, Pu-239/240, Pu-238, Pu-241 those radionuclides are able to fulfill an important role as 
monitor for the purpose of assessing the incorporation of actinides whose determination via 
direct methods or analyses of excreta is very difficult and combined with a considerable extent 
of time and manpower. Analyses of Fe-55 and Ni-63/59 in excreta, modelling of there excretion 
behavior in man and nevertheless the well known ratios of the activity concentrations of all 
radionuclides of interest allow a more sensitive assessment of incorporated actinides with much 
less extent of time and manpower.

Unfortunable direct methods of determining Fe-55 [5, 6] and Ni-63/59 [6] are not 
suitable because of the disadvatageous decay properties [1] of the above radionuclides. The 
determination methods which were published up to the early nineties are either fast but less 
sensitive or more senshve but rather slow and time consuming. In addition to this the older 
methods are not able to handle amounts of stable iron of over a few tenth of mg. At the same 
time the requirement to the determination methods are increasing rapidly in both aspects quality 
and quantity. Therefore a determination method has been developed combining high sensitivity 
and high reliability with fast analysis procedure [7, 8],

Besides human excreta the analytical procedure must be applicable to a variety of 
sample materials such as steel, alloys, corrosion products, concrete, organic chemical 
compounds, glass fibers, soil and many more. Before measurement a radiochemical purification 
procedure of Fe-55, Ni-63/59 is nesessary to reach very small detection limits (in the present 
paper calculated according to KTA-rules with a confidence level of 99,7 %) [9]. For this
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purpose Fe-55, Ni-63/59 must be completely dissolved which requires special desintigration 
procedures for every sample material.

The first purfication step is a preconcentration of Fe-55 or Ni-63/59 respectively using 
the chelaing resin column CHELEX 100 (10] This chelating resin is composed of a styrene- 
divinyl-benzene polymer as a carrier of the iminoacetic groups. In the past CHELEX 100 has 
been used for preconcentrating heavy metal ions in sea water or spring water. At low pH values 
this chelating resin is able to preconcentrate Fe-55 or Ni-63/59 respectively {7, 8]. 
Undesireable ions from the sample material e. g. Na+, K+, Mg2+, Ca2+, SiCL2", SO42", PO43" are 
completely removed. Because of its not jet sufficient selectivity various highly selective and fast 
purificaion steps including anion exchange to seperatate Co-60 (11] and liquid-liquid extraction 
with diisopropylether for Fe-55 [5, 8] and chloroform for Ni-63/59 [7] are applied to obain a 
diluted sulfuric acided solution which can be mixed with a suitable scintillation cocktail and 
mearured by means of liquid scintillation counting (LSC).

The values of the chemical yields prove to be (92 ± 3) % for Fe-55 and (95 ± 5) % for 
Ni-63/59 in any sample material. The decontamination factors describing the selectivity of the 
analysis procedure have been determined for all important interfering artificially and naturally 
occurring radionuclides ranging from over 105 to 109 in the case of Fe-55 (except Sb with 2 
103) and about 104 to 10u in the case of Ni-63/59 [7, 8].

To correct individual losses of chemical yield stable iron and nickel as chemical yield 
tracers are determined by means of atomic absorption spectroscopy or optical absorption 
measurements.

The most suitable counting technique for determining the low energy emitters Fe-55, 
Ni-63, Ni-59 are LSC-techniques. The counting of the sample solutions prepared for 
measurement can be started after a cooling time of 30 to 60 minutes in an anticoincidence 
shielded liquid scintillation counter LSC Quantulus 1220 (LKB Wallac). Its effective passive and 
active shielding devices supress the natural bachground counting rate to a value of about 1,5 
cpm (counts per minute) for Fe-55 and 2,1 Ipm for Ni-63/59. The counting efficiencies at a 
volume ratio of 15 ml scintillation cocktail (here: QUICKSZINT 400) to 5 ml sample solution 
are a function of the content of stable iron or nickel respectivily. At low iron or nickel contents 
of about 1 mg or less the counting efficiencies are about 0,27 cps/Bq for Fe-55 and 0,62 cps/Bq 
for Ni-63/59. At a counting time of 1000 minutes the detection limits reach values of 0,012 Bq 
Fe-55 per sample and 0,003 Bq Ni-63/59 per sample.

Above 0,15 g iron and 0,04 g nickel can be analysed without notable losses in chemical 
yield. Sample amounts of up to 2 L of urine, 500 g of feaces, 0,4 g of steel, 5 g of concrete and 
6 g of soil were analysed with values for the detection limits of activity concentration as follows:

0,006 Bq Fe-55 per L urine, 0,003 Bq Ni-63/59 per L urine,
0,024 Bq Fe-55 per kg feaces, 0,01 Bq Ni-63/59 per kg feaces,
0,028 Bq Fe-55 per g steel, 0,015 Bq Ni-63/59 per g steel,
0,002 Bq Fe-55 per g concrete, 0,001 Bq Ni-63/59 per g concrete.

Up to eight analyses can be performed by one person within eight hours. There is no 
possibility to separate the peak of the decay of Ni-63 from Ni-59 with the LSC techniques other 
techniques are to be employed for a specific determination of Ni-59.

An application of the analysis of Fe-55 with this method is to assess the inhalation of 
actinides from the data of Fe-55 in urine. Under the conditions of the limits of intake of 
radionuclides by occupational exposed persons of category A which has been established in the
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Federal Republic of Germany the detection limit for the determination of incorporated 
radionuclides must enable the assessment of the committed dose equivalent (50 years) of the 
critical organ or tissue (bone surface for the interesting alpha emitting nuclides) which are not 
allowed to exceed a value of 9 mSv per year [12]. Applying the kinetic modell of Thind [13] to 
assess the iron excretion via urine after inhalation of ironoxide it is possible to determine the 
detection limit of incorporated Fe-55 as 30 Bq per day. This value is significantly below the 
demanded value of 50 Bq per day [14].
If the complete nuclide vector (defined as the ratios of activity concentrations of all known 
radionuclides to a leading radionuclide) including the actinides is known the inhaled amount of 
Am-241, Cm-244, Pu-239/240, Pu-238, Pu-241 can be calculated. This is to be pointed out here 
with the data from the decomissioning project of KRB A, Gundremmingen, Germany. As 
nuclide vectors the mean values of all three secondary steam generators has been used. Even 
eight years after the final shutdown the reachable detection limit for Fe-55 enables the 
determination of about 4 to 5 Bq of inhaled alpha emitting nuclides (Konig [5]). In other nuclear 
power plants (Robertson [15] and in other devices of KRB A like the reactor pressure vessel the 
suitable period of time using Fe-55 as leading radionuclide for purposes of incorporation 
monitoring range from 10 to up to 30 years and even more.

If the activity concentration of Fe-55 exceeds that of the alpha emitting radionuclides 
about an factor of six at any time the Fe-55 can be used as monitoring nuclide employing the 
analytical procedure described here.
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Semiconductor silicon is among the purest materials having ever been produced by 
modem technology. Thus, it is quite suitable as a primary reference material validating 
the correctness and the detection capabilities of developed analytical methods. Among 
them neutron activation analysis plays a competitive role (see refs. 1 to 3). The U S. 
National Institute of Science and Technology (NIST) had initiated and carried out an 
interlaboratory comparison in order to study the spread of analytical results worldwide 
evolved by several laboratories dealing with specimens of extreme purity. The outcome 
of the experiment was intended to review the capabilities of NAA as well as to 
differentiate between bulk and surface contamination (see ref 4).

Experimental

Two silicon wafer types donated by Eastman Kodak Co. were distributed by the 
National Institute of Science and Technology (NIST). Each wafer was 10 cm in 
diameter and 524 pm thick, one wafer offering "moderate purity", the other one "high 
purity".

Our first attempt to analyse the silicon so as to elemental levels and their spatial 
distribution suffered from tremendous contamination (in the ng/g-scale) and 
consequently from varying contents from subsample to subsample. This disappointing 
result was due to the lack of long-term experience of the collaborating parties in the 
field of semiconductor silicon analysis.

In a second run several subsamples originally located near the edge of the wafers and 
having been left aside during the first trial were carefully packed and treated. 
Irradiation of samples and multielemental standards took place in the core of the Hahn- 
Meitner-lnstitute research reactor (BER II). The thermal neutron dose was 5-1019 cm'2. 
After the irradiation the subsamples were treated stepwise by rather soft etching at 
room temperature:

1 10 s with HF 40%
2 300 s with HF 40%
3 10 s with HF 40 % + inactive carrier solution
4 10s with HF 40% + HN03 60%.

Counting (7200 s to 20000 s) was carried out with a HPGe well detector with a relative 
efficiency of 10% and FWHM = 2.2 keV at Ev = 1332 keV.
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10 subsamples were taken for a comparative measurement in the FELSENKELLER 
underground laboratory (see loc. cit. of these proceedings). In a few selected cases 
counting intervals mounted up to 250000 s, whereas most measurements had a 
duration of 20000 s to 50000 s.

Results

Fig. 1 shows the decrease of gold and zinc contents with consecutive etching. 
Obviously, the applied etching procedure is too soft to diminish the surface gold 
content at ppt-level, whereas sub-ppb gold levels as well as ppb zinc levels could be 
significantly reduced. As a whole, taking all elements determined into consideration 
wafer 2 has the higher trace concentrations and we don't believe that this fact may be 
explained by contamination, as the subsamples of the two wafers have been treated 
individually in parallel.

Table 1 compiles the ranges of contents of elements determined in comparison with 
results obtained by 9 international laboratories within the NIST round robin test (values 
in the upper line: wafer 1, lower line: wafer 2). At a glance it is to be seen that the 
analysis at the sub-ng/g-level is rather problematic and suspicious to contamination. 
The authors of ref. 4 argued in the case of gold, that their results may be plausible, 
when bulk contents of down to 10-4 ng/g and surface contents of up to 10'1 ng/g may be 
assumed. Our results do not contradict this assumption.

In order to discuss the benefit of the FELSENKELLER laboratory, fig. 2a displays the 
background spectra taken in a surface laboratory and in the underground laboratory 
together with the ultra-low content of subsample no. 668 (wafer 1). For "zero activity" 
samples the limit of detection may be decreased by a factor of 5. But this is only true, 
if the total activity of the sample does not significantly exceed 0.1 Bq. In the spectrum 
of the subsample no. 675 (wafer 2) “Co is dominating to such an extent (see fig. 2b) 
that counting in the underground laboratory is not beneficial.

The direct comparison of some results obtained in Berlin and Dresden generally shows 
satisfying agreement. A few exceptions have to be discussed. The smaller values for 
cobalt obtained in the FELSENKELLER are due to the lower standard deviation (lower 
background, longer counting intervals) especially in the high energy region, which is 
also true for the low scandium content samples, whereas the scandium values at pg/g- 
level show good agreement. The solitary discrepancy between the selenium values of 
sample no. 668 and 669 might result from spurious contamination with selenium as the 
Hahn-Meitner-Group is engaged in biological and medical selenium research.

Conclusion

High flux neutron activation analysis is a suitable method determining a broad scale of 
elemental traces (sub-ng/g range) in semiconductor silicon after etching but without 
chemical separation. Low active samples are favourably counted in the 
FELSENKELLER underground laboratory when their effective high energy component 
of the activity does not exceed the level of 0.1 Bq by far.
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Zinc content [ppb]

Sample 1 2 3 4
673 0,51 0,40 0,25 0,23
674 0,78 0,55 0.77 0,35
675 2,11 0,87 0,71 0,51
676 2,00 0,87 0,58 0,50
677 1,06 0,84 0,62 0,58

Gold content [ppb]

Sample 1 2 3 4
673 0,006 0,004 0,004 0,004
677 0,006 0,006 0,011 0,007
674 0,098 0,094 0,095 0,084
676 0,105 0,100 0,097 0,089
675 0,277 0,248 0,118 0,156

Fig. 1 Decrease of gold and Zinc with consecutive etching
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Element 9 internat onal laboratories
(after heavy etching)

this work

Antimony 3 laboratories - 0,002-0,005

values not stated - 0,004-0,010

Arsenic 0,007-0,3(6) 0,01 <0,04-0,24

0,009-0,2(5) 0,01 <0,05-1,58
Barium - - <0,3(<0,13)

- - <0,6(<0,21)
Cesium - - <0,00005

- - <0,0005

Chromium 3 laboratories 17
0,5

0,027

1,1
Cobalt 1 laboratory - 0,0012

values not stated - 0,002-0,9
Europium - - 0,0003

- - <0,0002
Gold 0,00003-0,6 0,00003 0,004-0,026

0,00007-0,2 0,0001 0,004-0,156

Iron - - <1,5(<0,7)
- - <3(<1,2)

Lanthanum 1 laboratory - 0,02-0,09
values not stated - 0,3-2,3

Rubidium - - <0,06(<Q,03)
- - <0,12(<0,06)

Ruthenium - - <0,04
- - 2,5

Scandium 1 laboratory - 0,00008-0,0008
(Sc+Ti) values not stated - 0,001-0,003
Selenium - - 0,006-0,08

- - 0,01-2
Silver 3 laboratories - 0,027

values not stated - 0,1-0,4
Uranium - - 0,006-0,2

- - 0,013-0,06
Zinc 1 - 0.2-0.4

0,5 - 0,2-0,6

Table 1 Compilation of elemental contents [ng/g] found in semiconductor silicon 
(upper lines: Wafer 1, lower lines: Wafer 2)
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DD B DD B DD B DD B DD B DD B
Sample Chromium Cobalt Scandium Selenium Silver Zinc

665 0,10 0,10 0,0018 <0,005 0,0005 0,028 0,047 0,070 0,10 0,20
666 0,15 0,10 0,0017 0,005 0,00081 0,001 0,077 0,065 0,045 0,055 0,32 0,39
667 0,09 0,01 0,001 0,064 <0,08 0,06 0.39
668 0,07 <0,004 0,00008 0,001 0,006 0,124 <0,09 0,05 0,30
669 0,04 0,04 0,001 <0,004 0,00072 0,001 0,025 0,21 0,035 0,065 0,27 0,42
673 0,21 0,17 0,0038 <0,004 <0,001 0,011 0,018 0,20 0,407 0,18 0,23
674 0,80 0.71 0,15 0,20 0,0015 0,001 0,19 0,073 0,34 0,727 0,20 0,35
675 1,10 0,97 0,65 0,91 0,0024 0,002 1,2 0,807 0,28 0,690 0,53 0,51
676 0,30 0,29 0,024 0,029 0,0034 0,004 2,1 1,83 0,18 0,390 0,35 0,50
677 0,32 0,31 0,0024 0,009 0,0015 0,002 0,43 0,396 0,088 0,186 0,30 0,58

Table 2 Comparison of Dresden (DD) an Berlin (B) results (contents in ng/g)
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Introduction
In soils with distinct organic and mineral horizons, radionuclides (RN) can be used to under
stand geochemical migration processes.
In the study presented here high sensitivity HPGe-detectors with active and passive shielding 
were employed to determine the low activity levels of various natural, cosmogenic and artificial 
RN. Soils of a spruce forest and a moor from exposed mountain regions in Saxony (Erzgebirge) 
were investigated as they provide a good example of layered soil systems with vertical transfer 
of chemical elements. Different soil horizons were sub-sampled as thin slices and analysed to 
examine the migration processes at sub-horizon level. The depth distributions of chemically 
different RN were studied considering the geochemical and pedological soil characteristics of 
the profiles.

Instrumentation
For the measurements of the forest soil samples a gamma spectrometer with a 36% p-type low- 
level HPGe-detector was used (PREUSSE & UNTERRICKER 1994). The detector is surrounded 
by a passive shield consisting of 4 cm radiopure copper in the innermost part, 2 cm mercury in 
steel containers with low “Co activity, 4 cm lead with low 210Pb activity and 7 cm normal lead 
at the outside. The cosmic ray induced background spectrum is reduced by an anticoincidence 
shield which consists of three multi wire proportional counters. The moor soil measurements 
were carried out by a 38% n-type low-level HPGe-detector with a thin dead layer and a crystal 
encapsulated only by aluminium. For this reason the detector can be used for Marinelli beakers 
in the lower energy range as well. Both detectors are situated above ground level.
Applying these equipments weak activities of natural RN (^Th, 235U and23Tj decay chain RN 
including 210Pb; “K), cosmogenic RN (7Be) and artificial RN (106Ru/106Rh, 123Sb, 1S4Eu, 134Cs, 
137Cs and24‘Am) have been detected in natural samples. The very low activity concentrations of 
the RN in the described soils require measurement times up to 4 days. After sealing the Mari
nelli beakers were stored for some time to ensure the 222Rn equilibrium.

Sampling
Sampling sites and soil samples are characterized in detail in the following table.

Moor Kleiner Kranichsee Spruce forest Holzhau

location at the crest of the western Erz- near the mountain crest of the Erz-
gebirge, near Johanngeorgenstadt gebirge, 50 km southwest of 

Dresden
altitude above sea level 930 m 750 m
geological conditions andalusite mica rock / granite granite (Flayer Granii)
soil moor (sphagnum mosses) podzolic

vegetation cotton grass, heather, sedge 100% spruce

sampling date July 11, 1996 April 29, 1994
sampled area 40 x 40 cm2 50 x 50 cm2
preparation dried at 40°C dried at 105°C, sieved < 2 mm
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The moor profile was cut into thin well-defined slices in the laboratory. The forest soil was hori
zontally separated following the German soil classification (AG BODENKUNDE 1994).

Results and discussion
Fig. 1 shows selected depth profiles of the moor sampling site Kleiner Kranichsee.24’Am (T1/2 
= 432.7 y), deposited mainly after the nuclear weapon tests in the sixties, has its activity maxi
mum at 12 cm depth and is detectable down to a depth of 22 cm. 123Sb (T1/2 = 2.73 y), depo
sited by atmospheric fallout of the Chernobyl accident in 1986, reveals its maximum at a depth 
of about 4 cm, being detectable to 12 cm depth. The 210Pb level decreases with the depth, with 
the highest value at the uppermost recent layer. A discontinuity between 5 and 15 cm depth 
could be explained by enrichment of 210Pb in roots (e.g. of the cotton grass). Cosmogenic 7Be 
(Ti/2 = 53.3 d) decreases very fast with depth and is only detectable down to 10 cm.
Assuming a growth of the uppermost layers of about lmm/y, as estimated for the moors of the 
Erzgebirge (VOLKMANN 1996), the maxima of 125Sb and24’Am distributions could be ex
plained by a strong sorption to the deposited organic material and a minor influence of migra
tion. In comparison, 7Be seems to be much more mobile as the profile can not be explained 
only by the effect of decay.
The specific activities of 134Cs and 137Cs decrease with depth. 134Cs can be determined down to 
a depth of 20 cm. Using an assumed Chernobyl activity ratio (137Cs to 134Cs) of 1.9 the bomb 
137Cs was calculated. Compared to the part coming from the Chernobyl accident, the bomb 
137Cs distribution seems to be rather smeared.
Depth profiles of the spruce forest sampling site Holzhau (SCHLEICH et al. 1995) are presen
ted in Fig. 2. The specific activity of24’Am shows a sharp maximum in the organic Oh hori
zon. It is detectable only in the organic and humic horizons. The maximum value of 125Sb is 
observed in the organic Of/Oh horizon. In contrast to the case of24’Am small concentrations of 
125Sb are detectable even in the uppermost mineral horizons. The Chernobyl 137Cs distribution 
is comparable to the distribution of 125Sb, although it decreases slower. The deepest maximum 
of artificial RN is measured for bomb 137Cs. In contrast to the moor soil the depth distributions 
of Cs nuclides show characteristic maxima in forest soil horizons. The values of y8U and n6R.a. 
both increase with depth. Although they show a disequilibrium in B(3) and Bw they reach the 
same final limit in deeper mineral unconsolidated horizons (33 cm). The profile of 210Pb has a 
maximum in the organic Of/Oh horizon. Below the mineral B(3) horizon the 2’*Pb value is 
equal to the specific activity of the 226Ra daughters indicating 226Ra/210Pb equilibrium. As ex
pected 228Th and 228Ra are in equilibrium. Their specific activities increase with depth and 
reach a final value in the weathering horizons (B) corresponding to the specific activity of a 
sample taken at a depth of 33 cm.
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Fig. 1: Depth profiles of selected RN at the sampling site Kleiner Kranichsee (2o error bars). 
All specific activities are related to 07/96 if not otherwise indicated.
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Fig. 2: Depth profiles of selected RN at the sampling site Holzhau (2o error bars). 
All specific activities are related to 04/94 if not otherwise indicated.

126



DE97FE068 *DE01033256X*
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Introduction
Background reduction is one way to improve the sensitivity of gamma ray measurements. The 
figure 1 shows a comparison of background spectra from a typical gamma spectrometer above 
ground, from our underground laboratory Felsenkeller (125 m w.e.) and as an example for a 
deep underground laboratory a spectrum from the Gran Sasso laboratory (3500 m w.e.). The 
typical integral count rate in the energy region of 30 keV to 2,7 MeV of about 4,5 cpm/kg 
demonstrates the background reduction in our laboratory by a factor of 30.
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X
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Figure 1
Comparison of background spectra from underground laboratories at different depth

We have installed four coaxial n-type HPGe-detectors with 20 to 40 % of relative efficiency, 
one low energy detector (semiplanar, n-type HPGe, 2 cm thick) and one well-type detector All 
detectors are low-level configurations with lead shielding from 10 to 17 cm thickness. This 
instrumentation is completed by a liquid scintillation counter Quantulus, an alpha spectrometer 
and a whole body counting system (figure 2).

above ground
40m2 H

underground laboratory 
60 m2

Figure 2
Equipment at underground laboratory Felsenkeller
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The question is, how are these possibilities (many detectors under relative good conditions) 
used? What kind of measurements we are doing?
The average sample number in our laboratory is about 200 per month (12 % technical solid 
state, 30 % geological solid state, 6 % geological solid state with low mass, 12 % biological, 
11 % water directly, 25 % water after chemical separation, 4 % others). In 54 % of the 
measurements the background continuum, and though the detection limit, is determined only 
by the detector himself and not by the compton continuum from high energy lines in the 
sample. Some examples in the presented work aim to prove the advantages of gamma ray 
spectrometry in the underground laboratory Felsenkeller.

Water samples

Direct measurements
A comparison experiment of environmental water samples with equivalent detector systems 
above ground and underground demonstrates, that the detection limit of gamma nuclides 
(natural or artificial) measured underground is lower by a factor of 6 (table 1). This means that 
the counting interval with required detection limits is 30 times lower.

nuclide underground above ground

g /[Bqfl] : /[Bq/l]

254Th 0,063 0,35

234mpa 0,22 1,2

“U 2,5 14

0,60 3,3

U6Ra 0,040 0,22

2l4Pb/Bi 0,005 0,028

2'°Pb 0,12 0,66

0,025 0,14

™Th 0,012 0,066

mRa 0,022 0,12

228 Ac 0,007 0,039

211Pb 0,004 0,022

2“n 0,005 0,028

“k 0,025 0,14

,37Cs 0,002 0,011

Table 1
Comparison of detection limits g* from water samples above ground and underground 
Felsenkeller (60 ks counting interval, 30 % detector, 0.45 1-Marinelli geometry, 21 reference 
volume, calculated with DIN 25482 formalism)

Measurement of chemical isolated fractions
Gamma activities of 500 water samples from saxonian uranium mining areas were measured 
after a chemical separation of the radium isotopes. The short half-life period of 224Ra (3,6 d) 
and a large sample number (25 samples per charge) demands relatively short counting intervals 
(30 ks). The required detection limits of about 20 mBq/1 (table 2) were received by reducing 
the background (going underground and measuring with selected detectors), by increasing the
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efficiency (transition from Marinelli to area geometry) and by chemical separation (prevent the 
domination of the background by compton continuum).

required above ground Felsenkeller

g* /[mBq/lJ g* /[mBq/lJ g* /[mBq/1] g* /[mBq/1]

depth Omw.e. 110 mw. e. 110 mw. e.

geometry Marinelli Marinelli area source

separation no no yes

reference volume /
[U

2 2 2

226Ra 40 310 52 28

JlOpb 40 920 150 30

224Ra 20 31 5 3

228Ra 20 55 10 10

Table 2
Required and measured detection limits g* for water samples 

Solid samples 

Particle size distribution
The rehabilitation of old uranium mining areas requires the transportation of about 10 million 
tons of rock material with activities of 500 Bg/kg. The movement produces dust particles 
which can be incorporated by inhalation (d < 20 pm) and ingestion (d < 500 pm). Radiation 
dose calculation for the working persons and for the population must consider the specific 
activities in these fractions. The destination of the research 1 is the measurement of the specific 
activity in the sample parts with particle diameter lower then 20 and 500 pm and to check the 
possibility of routine measurements with mixed samples instead of the fractions.
First of all a particle size analysis in the range from 5 pm to 2 mm was performed, using a 
mechanical sieve machine (riddle) for particle diameters greater then 20 pm and an ultrasonic 
sieve equipment for diameters below 20 pm. All analysis were done with water. In the 
fractions below 20 pm sample masses of about 0.5 g were received.
The activities of the lower fractions were measured in a well-type detector in test-tube 
geometry and for larger sample mass with coaxial detectors in cylindrical geometry. In all 
fractions the particle size is reduced to < 63 pm and all samples are airtight packed to enable 
the determination of ^Ra by their daughter nuclides 214Pb/214Bi. The self-attenuation in the 
sample with density as parameter was corrected. These correction coefficients are experimental 
determined on the base of spiked material in the density range from 0.5 to 2.0 g/cm3. A 
solution of a uranium mineral (pitchblende) with all nuclides in equilibrium was used. Because 
of the increasing coincidence summing effects in the well-type detector (80 % efficiency at 
100 keV) a nuclide specific calibration without curve fit was done. For this reason the usage of 
the pitchblende standard has several advantages. Because of the low sample mass (0.5 g) the

1 financial support was given by WISMUT Corporation
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specific activities of typically 1000 Bq/kg 23*U (figure 3) results in activities of about 25 mBq 
per sample for members of the ^U-decay line in the fractions d < 20 pm.
The constancy of the curve (figure 3a) demonstrates the correctness of the calibration for 
different detectors and geometry’s and for the self attenuation correction.

Figure 3
a) Dependence of the specific activity a<j from the particle size limit d for a selected sample
b) Mean activity upgrading function relative to the activity of the sample with particle diameter 
d < 2 mm

The specific activity increases with the decreasing particle size. This upgrading is the same for 
all the nuclides in the decay line. For all investigated samples a mean activity upgrading 
function can be calculated (figure 3b). The fact of the activity upgrading can be interpreted by 
the location of the activity on the rock particle surface. In the case of a homogeneous 
contribution in the rock an activity upgrading is not possible to explain.
The result of the investigations is a method to determine the specific activities in the dose 
relevant particle fractions (d < 20 pm for inhalation, d < 0,5 mm for ingestion): Simple 
measurements of a sample with particle size diameter lower then 2 mm and calculate the 
specific activities in the dose relevant fraction by using the dedicated upgrading factors.
Without consideration of the upgrading the calculated effective dose is lower by a factor of 5.

137 Cs profile

The figure 4 shows the distribution of the 137Cs activity in sedimentation layers of the Maker 
dam near Dresden. The measurements are done in area source geometry on a coaxial detector. 
Typically activities in the sample (20 g) are 200 mBq with a detection limit of about 20 mBq. 
The visible maxima in the curve results from the Chernobyl accident in 1986 and from the 
atomic tests in atmosphere in the earlier sixties. These measurements give an approximation for 
the age of the sedimentation layers. A sedimentation rate could be estimated with (2,2 +/- 
0,7) cm/a.
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Chernobyl
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ttomic tests k*

Figure 4
Depth profile of the 137Cs activity in a sediment of the Maker dam near Dresden

Other applications
In co-operation with the Federal Institute for Materials Research and Testing low-level 
spectrometry was applied to measurement of neutron activated samples of semiconductor 
silicon (see lecture Neutron Activation Analysis of Low-Level Elemental Contents in Silicon 
Wafers).
The whole body counter installed at the Felsenkeller laboratory makes use of the low dose 
rate from about 10 nSv/h.
(see lecture Parameters of a Simple Whole Body Counter and Thyroid Monitor Established 
at the Dresden Felsenkeller Underground Laboratory).
The calculation of the shielding layers in the new built measuring chamber needs much 
material selection and specification (lead bricks, steel plates, paintings, electrical installation 
material, limestone bricks). With the measured activities the contribution of each material to 
the photon flux and the resulting background is approximately calculated.

Conclusions
The examples show that an increasing field of low-level gamma spectrometry applications 
exists. Low-level gamma measurements are effectively done in a medium depth 
underground laboratory like Felsenkeller with low detection limits at short counting 
intervals and if large sample numbers are necessary.
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Approximate Determination of Efficiency for Activity Measurements of
Cylindrical Samples

W. Helbig, M. Bothe
Nuclear Engineering and Analytics Rossendorf INC (VKTA)

The problem of efficiency determination in gamma spektrometry

Many papers have been published dealing with the calculation of efficiency for radioactivity 
measurements by gamma spectrometry.

There exist extensive investigations [1] with samples of a wide density range obtained by various 
matrices. But die efficiency curves are intersecting one another, because of die different matrices. 
We see the difficulty, to select one curve for a sample with unknown composition. Moreover 
the immense work to set up the curves must be done for each detector separately.
A great mathematical expense was undertaken to gain computer programs for efficiency calculation 
based on many parameters of detector, sample and counting geometry [2].
These precautions are not given in our case, because we don’t know the detector geometry. 
Other solutions substitute a point for the detector crystal [3].
Considering the wide energy range, which is to cover by such a model, this assumption is 
questionable. The average accuracy of the method is given as 12 %, but in some cases the 
difference between calculated and measured efficiencies is about 30 %.
Another problem in some papers is an evident difficulty to cover the low energy region.

Suggested solution for cylindrical samples

For routine analyses of samples in definite cylindrical geometry but unknown composition 
a simple semiempirical approximation approach will be suggested. The efficency e as a function 
of energy E is splitted into two terms:

= W® • «„<E> (1)
egeom (E) should include detector properties altogether, sample size (diameter, height) and counting 
geometry. The term egeom (E) is a function for an imaginary sample of desired geometry and 
of density 0 gem"3. eF (E) describes the influence of sample material, especially the absorption 
of gamma radiation in the sample itself, which is characterized by density p and mass absorption 
coefficient p' [cm2g-1]. The product of both is the linear absorption coefficient p = p'p [cm1]. 
The first task is to obtain egeom (E) for a definite detector and a given cylinder geometry. Once 
found, egeom (E) is valid for all samples of that geometry.
The second task is to find eM(E) for an unknown sample material. Any new sample material 
requires to set up its own function e/E). By multiplication of this e/E) with egeom (E) - for 
a sufficent number of points - the efficiency function e (E) for a certain sample is obtained.
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Description of the procedure

Some calibration samples are necessary with the same geometrical parameters but of different 
materials, containing known activities A homogeniously distributed. Their densities are measured, 
their mass absorption coefficents may be unknown.
These calibration samples are positioned in the counting geometry, for instance directly on 
the detector. The efficiency function e (E) for each sample is gained by measuring the gamma 
spectra and evaluating all usable gamma energy peaks. From these e (E) the common valid 
egeom (E) will be deduced.
For this purpose the functions e/E) for these samples have to be established.

detector

Fig. 1: Measuring geometry

For the derivation of we approximate the count rate contribution dl of a differential thin 
cylinder layer, containing the activity dA and assuming axial radiation path distance x (fig. 1).

d I = e~** • dA 

By integration follows:

/ = — (1-f-"*) 
A-p

For eM results

e ]_
A

-L
h-\i

(2)

To eliminate p in equation (2) we use absorption measurements with point sources of nuclides 
with convenient energies in a suitable arrangement (fig. 2).

For the count rates i of these absorption measurements and the corresponding rates i„ for an 
empty sample box instead of the sample we write

_L = g-p* 
h

\i'h = In
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- sample
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empty box

detector

Fig. 2: Measuring geometry for absorption measurements 

And in equation (2):

i

The function (E) is obtained by combining the results of measurements of different nuclides. 
For each calibration sample the corresponding functions e (E) and €„ (E) are coupled by equation
(1) to

€ — ■' -8eom F
P

Although the functions e (E) and eM(E) are essentially different from sample to sample, their 
quotients are expected to be equal. This would be an important confirmation for the capability 
of the method.

Results

Some experimental results illustrate the method. Two calibration samples of 66 mm diameter 
and 34 mm height with about 2000 Bq U-238 and 100 Bq U-235 from pitchblende were measured 
on a 30 % n-type HP-Ge-detector (GMX-3 in our notation). One sample consists of a soil 
mixture with density 1.5 gem'3 (St-06); the other one of pumic-stone grains with 0.5 gem 3 
(St-09). By evaluation of energy peaks at 46.5; 63.3; 92.6; 163.4; 205 and 1001 keV the shown 
efficiency functions were obtained (fig. 3)
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Absorption measurements of Am-241, Ba-133, Cs-137 and Co-60 point sources with these 
samples yielded the for discrete energies of above-mentioned nuclides by equation (3) and 
the ^-functions could be drawn. Computation of quotients e/e,, for some discret energies enables 
us to construct the functions egeom (E) (fig. 3). These egeom (E) for both samples agree very 
well (fig. 4). This correspondence we found also in all other cases which we examined. In 
the next diagramm the functions egeom are drawn for different heights of samples (fig. 5)

smx-3
fur h - 34mm

e e e aus St-09 - Messungen 
* x« aus St-06 - Messungen

500 700 WOO
E/teV

Fig. 4: Comparison of egeom for calibration standards with different densities

GMX-3
St -66

St-63
St-06
St-09

500 fOO 1000SO 10

Fig. 5: Comparison of egBom for samples with different heights
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Interesting aspects of these measurements are moreover:

- The functions (E), gained with one sample on different detectors, agree between each 
other (fig. 6). Once obtained from one detector, e„ (E) can be used for other detectors 
without additional measurements.

xxx 6MX -1

600 too woo

eoo too -wo

$t-63 h»20mm

xxx QMX-1
ooo QMX —3

Fig. 6: Comparison of e, for different detectors
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- The functions Cg*™ (E) show in the low energy range an almost constant run. So we can 
easily test the reliability of function e (E) in this difficult energy range, because can be 
obtained there rather reliable, and also egeom is well known by the course mentioned.
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Introduction

Gammaspectrometric measurements of low-level radioactivity in environmental samples 
are always done in a close source detector geometry. This geometry causes coincidence
summing effects for measurements of multi-photon emitting nuclides. The measurements 
of radioactivity in environmental samples are also influenced by the absorption of photons 
in the materials which have to be analysed. Both effects must be taken into account by 
correction factors with respect to an energy-specific calibration of the detector system for a 
given geometry and a given composition of the calibration source. The importance of these 
corrections is emphasized. It is the aim of the present paper to compare different 
experimental and theoretical methods for the determination of these correction factors 
published by various authors and to report about efforts to refine them.

Self-attenuation

Gammaspectrometric measurements in the field of environmental radioactivity always aim 
to achieve low detection limits for the specific activity in a sample. Therefore extended 
containers like Marinelli beakers (typical volumes 450 to 3000 cm3) or cylindrical boxes 
(10 to 1000 cm3) are filled with the sample material and placed on the top of a detector. 
The detector system is generally calibrated in the same source-detector geometry. It is a 
common procedure to fill the containers with a mixed nuclide solution of known activity. 
But different compositions and densities of the calibration source and the sample cause 
different self-attenuations in both materials. This effect has to be measured or calculated to 
determine the right activity of the sample. Measurements and calculations are based on the 
well known attenuation law. In the special case of a beam of photons entering a layer of 
thickness t perpendicular to the surface, the number of transmitted photons N is given in 
terms of the original beam intensity N0 by

N = N0-e~'u = Na-e"»* (1)

where p is the (photon energy, material and density specific) linear attenuation coefficient, 
p is the density and p/p is the mass attenuation coefficient. Table 1, taken as a part from 
tables given in [I], show the mass attenuation coefficients for several mixtures and 
compounds. It has to be pointed out that the higher the photon energy is the more are the 
mass attenuation coefficients comparable to each other. Looking to the second part of 
equation (1) this means that the attenuation for higher photon energy is (more or less) only 
a function of the density whereas for lower photon energy the attenuation varies strongly
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with the composition of the material. Therefore every calculation of self-attenuation in an 
environmental sample for low photon energies (up to 200 - 300 keV) requires 
(experimental) informations about the element-specific composition of the sample.

Table 1: Mass attenuation coefficients p/p for several mixtures and elements as a 
function of the photon Energy £.

E in keV |Vp in cm2/g
H20
P=(l g/cm3)

Si02
p=(1.5 g/cm3)

Ge
p=(5.33 g/cm3)

Pb
p=(11.34 g/cm3)

50 0.2262 0.3165 3.314 8.041
100 0.1707 0.1682 0.5525 5.550
300 0.1187 0.1076 0.1130 0.4026
500 0.09687 0.08738 0.08212 0.1613
1000 0.07070 0.06366 0.05728 0.07103
1500 0.05755 0.05185 0.04658 0.05222

An often used experimental method for the determination of self-attenuation in a sample 
has been developed by Cutshall et al. [2], They proposed to fill the sample material in a 
cylindrical box and to place it between a detector and a point source. The point source 
should cover a radionuclide which emits photons with energies of interest (e g. 210Pb with 
E- 46.5 keV gamma-rays). From the measurements with and without the sample they 
calculate the self-attenuation in the sample for the energies of photons emitted by the point 
source. The equations they used are correct if the point source and the sample are placed in 
a greater distance to the detector. The more the distance is reduced the more the 
calculations become an approximation for the determination of the self-attenuation.
Another experimental method is to add standardized activity solutions to the sample of 
interest. From the measurements without and with these solutions the self-attenuation can 
be directly calculated. The main problem of this method is to achieve a homogenized 
mixture of the sample and the added activity. A minor problem are the costs and the 
availability of the standardized solutions.
As mentioned above, all calculations of self-attenuation require information about the 
composition of the sample material (e g. results from mass spectrometry or X-ray 
fluorescence measurements). The mass attenuation coefficients can be calculated for 
example with computer programs like XCOM [3] if the composition is known. There are 
also some computer programs described in literature for the calculation of the self
attenuation in a sample in comparison to the self-attenuation in a calibration source using 
the mass attenuation coefficients of both sources. Debertin et al. [4] developed a program 
where the detector is considered as a point in the centre of the crystal. From every 
emission point inside a cylindrical container (or Marinelli beaker) the path length through 
the sample material and the corresponding attenuation is calculated. An integration over all 
emission points gives the requested self-attenuation. This type of approximation is used in 
a commercial program which is available from Amersham [5] since one year.
We have also tested a Monte Carlo program which was developed by Sima et al. [6-8]. 
The self-attenuation corrections for measurements with cylindrical containers or Marinelli 
beakers on coaxial- or planar-type detectors as well as for measurements with cylindrical 
containers inside of well-type detectors can be calculated with the help of this program.

140



We find a good agreement between experimental data and calculations even for very high 
attenuation corrections up to a factor of 10 (e g. attenuation of 210Pb gamma-rays with 
£ = 46.5 keV in Pb(N03)2) [9], The advantage of the program is, that the Monte Carlo 
calculation has to be done only once for a given detector and geometry. It implies an 
universal procedure for all materials. This program should be available to interested people 
within one year.

Coincidence summing

Gammaspectrometric measurements of low-level radioactivity are always done in a close 
source detector geometry. The largest solid angles, typically of the order of 98 to 99 % 
from 4:c, are realized by measurements in a well-type detector. A consequence of the large 
solid angle is the presence of important coincidence summing effects for multi-photon 
emitting nuclides. Figure 1 shows for example the spectrum of 134Cs measured in a well- 
type detector.
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Figure 1. Spectrum of a I34Cs standard solution in a plastic vial measured in a well-type 
detector for 1 day.

Besides the principal emission lines at 605 keV and 796 keV (with emission probabilities 
of 97.6 % and 85.4 % respectively), the sum peak at 1401 keV is clearly seen in the 
spectrum with a comparable peak height. Note that there is no 134Cs emission line with this 
energy and that coincidence-summing is entirely responsible for this peak.
The important consequence of the coincidence-summing effect is, that for multi-photon 
emitting nuclides, the efficiency deviates from the efficiency curve obtained with single
photon emitting nuclides. To determine quantitatively the activity of such nuclides in the 
sample, nuclide specific calibrations should be used. But this experimental method is 
limited to the available standardized solutions. Another problem occurs if the degree of 
self-attenuation in the sample material is not negligible. Then the standardized solution has 
to be added to the sample to get a nuclide- and matrix-specific calibration.
Debertin et al. [10; 4] developed a computer program called KORSUM for the calculation 
of coincidence-summing corrections for cylindrical geometries. The necessary input data 
are the peak efficiency and total efficiency (which causes additional experimental work) 
for up to 30 energy points and nuclide-specific decay data. They also compare results of 
calculations using KORSUM as well as programs of different other authors [11].
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In addition to the Monte Carlo programs for self-attenuation calculations of Sima [6-8] 
mentioned above, coincidence-summing corrections are also taken into account. The 
program calculates the coincidence-summing corrections (with respect to different self
attenuation in the calibration source and the sample matrix) for measurements with 
cylindrical containers or Marinelli beakers on coaxial- or planar-type detectors as well as 
for measurements with cylindrical containers inside of well-type detectors. We find a good 
agreement between experimental data and calculations even for very high corrections up to 
a factor of 10 (e g. coincidence-summation of 134Cs gamma-rays measured in a well-type 
detector as shown in Figure 1) [9]. This program is further developed. The large input data 
file containing nuclide-specific decay data used by KORSUM will be adapted to the Monte 
Carlo program.
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QUALITY ASSURANCE IN THE ANALYSIS OF NATURAL RADIONUCLIDES -
MEASURES AND RESULTS

Matthias Bothe

Nuclear Engineering and Analytics Rossendorf Inc. (VKTA), Germany

In the Laboratory for Environmental and Radionuclide Analytics we analyze several natural 
and also some artificial radionuclides in different materials. For the determination of 
radionuclides we use various analytical methods listed in the following table (table 1).

Table 1: List of determined natural radionuclides and applied analytical methods 
(D - directly, R - after radiochemical separation)

nuclide y-spectrom. a-spectrom. LSC / 
/3-counting

emanometry ICP-MS XRF

U-238 - R - - D D

Th-234 D - - - - -

Pa-234m D - - - - -

U-234 D R - - D -

Th-230 D R - - - -

Ra-226 D, R - - R - -

Rn-222 - - - D - -

Pb-214/
Bi-214

D - - - - -

Pb-210 D, R - R - - -

Bi-210 - - R - - -

Po-210 - R - - - -

U-235 D R - - D -

Pa-231 D - - - - -

Ac-227 - R - - - -

Th-227 D R - - - -

Ra-223 D, R - - - - -

Rn-219 D - - - - -

Th-232 - R - - D D

Ra-228 R - - - - -

Ac-228 D - - - - -

Th-228 - R - - - -

Ra-224 R - - - - -

Pb-212 D - - - - -

Tl-208 D - - - - -
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This great variety of analytical methods allows us to pick out the appropriate for the 
analytical problem and to check the results with another method. Selection of the right 
analytical procedure depends on some factors:

aim of investigation
is the sample below or above a given limit
nuclide ratios in some samples for the investigation of chemical processes 

desired precision
depends on the aim of investigation 

character of samples
different investigated sample types are listed in table 2
chemical processes in the sample material may caused radioactive disequilibrium 

number of samples
has an influence on time for sample treatment and counting 

sample amount
is an enrichment of radionuclides possible
is an division in subsamples for parallel determination of several nuclides possible 
representative subsampling of large inhomogeneous samples 

allowed time
subsequent or parallel determination of several radionuclides 
apply a "fast" or a "slow" method 

analytical costs 
free capacity of a method 

number of detectors 
available measuring time

Table 2: Sample materials

geological materials liquids biological materials technical materials

rocks
soil
ore
heap material 
fluvial sediments

ground water 
surface water 
mine water 
drainage water 
leaching solutions 
oil 
milk

grass
wood
vegetables
fruits
mushrooms
fish
meat

tailing
scrap
dust
building materials 
products 
"yellow cake"

The main task of analytical quality assurance is to avoid mistakes during the analytical 
process, e.g.:

disregarding of half-life-times
disregarding of mother-daughter-relations
disregarding of chemical and physical processes in the sample
suspended matter in water samples
nonselective radiochemical separation procedures
unsufficient chemical recovery
formation of colloids (e.g. Pa-231)
spectral interferences (e.g. X-ray-lines in gamma spectrometry) 
self absorption and matrix effects
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To assure the analytical quality we take care to formal aspects like standard operation 
procedures and documentation of the whole analytical process. In addition to this we use the 
following measures:

- multiple analyses of samples
- analyses of the same sample by different methods
- application of radionuclide tracers
- analyses of standard reference materials
- comparison with other laboratories using real samples
- intercomparison runs organised by the Federal Agency of Radiation Protection

and other agencys
- testing the plausibility of the results using whole knowledge of the sample

(sample material, history, geology and geochemistry of the sampling site, possible 
chemical and physical processes in the sample etc.)

For new sample types the most powerful tool of quality assurance is the investigation of the 
sample with several methods based on different principles of sample preparation and/or 
measurement.

Our results of some intercomparison runs of different materials are shown in the figures 1 
and 2.
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Figure 1: Intercomparison runs of water samples. Our results in relation to the average and 
standard deviation of all laboratories.
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Figure 2: Intercomparison runs of soil and grass samples. Our results in relation to the 
average and standard deviation of all laboratories.

Since June 1996 the quality assurance system of the Laboratory for Environmental and 
Radionuclide Analytics is accredited by the German Accreditation System for Testing GmbH 
according to DIN EN 45.001.
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Panel Discussion

The panel discussion was moderated by Prof. H. Nitsche, Forschungszentrum Rossendorf 
(FZR), Germany, and had the following participants:
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Prof. W. Corner

Dr. G. Heusser 
Dr. D. Mouchel

Prof. B. F. Myasoedov

Prof. S. Niese

Dr. P. Theodorsson

KFKI Atomic Energy Research Institute Budapest, Hungary 
Bundesanstalt fur Materialforschung und -prufung (BAM), 
Germany
Max-Planck-Institut fur Kemphysik Heidelberg, Germany 
CEC-JRC Institute for Reference Materials and Measurements, 
Belgium
Vernadsky Institute of Geochemistry and Analytical Chemistry, 
Moscow, Russia
Verein fur Kemverfahrenstechnik und Analytik Rossendorf 
(VKTA), Germany
Science Institute, University of Iceland, Reykjavik, Iceland
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Panel Discussion*

H. Nitsche: Ladies and gentlemen, at the beginning of this workshop I had placed the following 
topics as points for the panel discussion:

- What are the current research and technical areas that require low-level counting 
laboratories?

- Can the number of currently available facilities satisfy the demand?
- Is the collaboration between existing facilities satisfactory?
- Are there emerging technical challenges that may require low-level counting in the future?

As I have seen now, many of them have been answered during that workshop. The first one 
concerning the research and technical areas that require low-level counting laboratories has been 
answered. However, the research areas are very much described but not so the technical fields. 
Are there any technical areas that use low-level counting laboratories with the exception of 
counting the building materials of new counters? I would like to hand the microphone to the 
panel and I would like to have you, gentlemen, make some comments on these questions or 
come up with your own questions and what you would like to discuss here. I will just be the 
moderator here, and I would like to begin with the question of low-level counting in technical 
areas. What I really would like to have answered is: Where are we going? Are we just going to 
measure thousands of samples? Is this the purpose of an underground laboratory, or are there 
additional scientific and technical challenges for the future? Please Prof. Myasoedov.

B.F. Myasoedov: Thank you. I response to topic one. I believe that the most important papers 
of modem radiochemistiy are dealing with the behaviour of radionuclides in nature. We get a lot 
of very interesting papers which show that some radionuclides have entered the biosphere, and 
we must know the behaviour of these radionuclides. I think that in this connection the 
possibilities of low-level laboratories are very important. But, as I mentioned in my talk, now 
we are not only interested in the total concentration of radionuclides. Especially, we need very 
good information about the form of their existence, because only on the base of knowledge 
about the form of existence we can predict the behaviour of radionuclides in the future. In that 
I believe that low-level laboratories must not only made so-called routine analysis, several 
hundred or thousand determinations, but must have a person to follow scientific interests about 
the behaviour of radionuclides in nature.
Another important source of information is the age determination by radionuclides. So carbon 
and tritium dating, using low level laboratories is quite necessary.
Nobody, unfortunately, mentioned one of the very dangerous nuclides, the long lived radio
iodine J-129.

G. Heusser: I have to apologize, because I mainly can speak only for basic research. Working 
in that field one observes, that the projects are always going to less and less frequent 
observations of event rates, so the event rates become always smaller and smaller. And this

"The transcript was slightly edited for clarity

148



means that most experiments are disturbed by the environmental radioactivity or any activity in 
our normal live. Radon is especially a very hard problem, and this makes it necessary to make 
a big search for materials selection or a big screening of different materials which have to be 
applied in these different experiments. They have to be measured for very low concentrations of 
different radionuclides. But what the technical application is concerned I could also think of 
some methods which use small activated materials like for corrosion measurements and also for 
engines, the use up of cylinder material. This all may be applications of low-level counting 
because you can observe the corrosions of very thin surfaces with such kind of very sensitive 
gamma spectroscopy, if you have applied before some activation or if you have implanted some 
activity into this material. For example, cobalt-60 is present in any modem steel and if you are 
able to measure this cobalt-60 activity at very low rates, then you are able to obtain information 
on the corrosion on steel, which is used in many applications.

W. Wahl (audience): I think we have to make investigations in the future to reduce the air 
activity, for example in the “Felsenkeller” or in other laboratories, to make them most suitable 
for incorporation measurements. This would be very helpful for example, to measure lead-210 
in the body to recalculate the radon exposure from people working in mines and other work 
places with higher exposure.

G. Heusser: I think especially this medical application is also a very interesting topic for this 
kind of measurement and the use of low-level laboratories.

P. Theodorsson: Coming from a country, where geophysics is very important, it is, however, 
not the only source of my examples. But the importance of geophysics was demonstrated one 
month ago when an eruption, volcanic eruption, started in the middle of our largest glacier. 
Low-level counting has actually been used to date the magma chambers that are frequently 
having separated from deeper layers and are at a depth, so let us say, ten to twenty kilometers 
below the surface, and they can stay there for many years. The age of this magma chambers has 
actually been determined by the disparity or disequilibrium ratio of lead-210 from its mother 
radium isotope. This is something that I have only read about by my latest scientific working 
abroad. Another example what I can measure is, that it has been shown that it is in some areas 
at least possible to look at the radon concentration as a precursor for earthquakes, trying to 
predict when earthquakes come, because two ore three weeks before an earthquake comes, there 
often appears an increase in the radon content of groundwater. We are now trying to improve 
the technique and design and construct a system, that can work automatically on-site instead of 
having to take samples every week and bringing them to the laboratory, which is very time 
consuming and does not give us samples that are frequent enough.
In radiocabon dating the underground laboratory helps to date very old samples with greater 
precision. So that I think that generally we will see in the next few years a larger number of 
laboratories working underground.

F. Schonhofer: Well I will give some notes here and I would like to start not from the basic 
research, but more or less from the applied research or the application of measurement of 
radionuclides. There is one science which has to rely on low level counting, and this is 
radioecology. We have experienced after the Chernobyl accident when there was a lot of 
radionuclides available that radioecology started to bloom. Now the levels are very low and 
without low-level counting it is hardly possible to do any for the radioecological studies, of 
course in our areas in western Europe. It is necessary for tracer studies to use low-level
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counting. When you, for instance, pour same tritiated water somewhere underground and you 
look where does it come out, so it is in order to make some hydrogeological investigations. You 
have to be able to measure very low concentrations, not to talk about the usual ways which you 
use for hydrogeological investigations using the spike which came in from the nuclear bomb 
explosions. Tracers can also be used, natural tracers for instance, to check the moving of air 
masses. Radon is one of this natural tracers and some other radionuclides have been used too. 
And they all are present in extremely low concentrations and have to be measured as accurate 
as possible.
For the practical point of view, low level counting or other counting with instruments of low 
background facilitates to measure radionuclides in a relatively short time and relatively accurate. 
This is also an economic question.
One part of this topic are the so-called dangerous radionuclides., I am not sure that everybody 
is aware of the fact that radium-226 is one of the most dangerous radionuclides. So the 
maximum permissible concentrations are extremely low, usually it is in the range of 0.1 Bq per 
liter drinking water for instance. To measure such low concentrations you have to rely on low- 
level counting of course. In excretion analysis where you have to check for instance occupa
tionally exposed persons who work with plutonium etc. you measure the intake or you monitor 
the intake by measuring the excretion for plutonium. Again the levels you measure are 
extremely low, and without low-level counting you cannot follow this. And there is another, I 
would call it an economic question, which is very interesting. These ideas come from the USA. 
In the USA now it is hardly possible to get rid of any radioactive waste and it even goes so far, 
that it is hardly possible to get rid of any toxic solvents like salinos and so on. So one of the 
fields of low-level counting is actually also in clinical applications, where you reduce the 
amount of radionuclides used in clinical investigations. This is a very important and especially 
economic question. These are just some thoughts which I have on this topic. I think we can find 
many, many more.

H. Nitsche: I would like to proceed to the second point: Can the number of currently available 
facilities satisfy the demand? And I would like to find out from you: How many facilities do we 
have in Germany, it maybe possible that we missed one, how many are in Europe and how 
many are in Russia and the United States, worldwide. Who would like to start?

G. Heusser; There is “Felsenkeller”, than we have a small low-level laboratory in Heidelberg, 
which is not maybe really a subterranian lab, than there is one at Asse which is maybe not so 
well known, but it is of high quality and in principle it could be used more than it has been done 
up to now. And well, than there was one in Freiberg, as far as I know at least with quite some 
shielding. I also would state that even a few meters of water equivalent are quite helpful, 
because with the sophisticated veto shield you would be able to get quite a good reduction in 
your background. Because than you are rid of the nucleonic component, with is not so easy to 
control, but myons are quite well to control. This is all what I can think of quite now, at least for 
Germany. In other countries they have much larger facilities like the Gran Sasso laboratory, a 
huge underground laboratory which can accomodate much more experiments or equipment than 
any of our laboratories here in Germany. And in France there is the “Modane”, in Switzerland 
there is the “Mont Blanc” facility and, what else do we have, in Spain there is the “Confranc”- 
tunnel which is used for this purpose. In Monaco they are as far as I know setting up a system 
for marine environmental research, and, unfortunately I don t have my list here, but there are 
quite some more facilities, which are maybe not in my mind quite now.
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W. Corner: I think we have enough of such installment but we could draw more benefit from 
them. Those we have should be furtherly developed, and such an application like the insertion 
of the whole body counter here in “Felsenkeller” I find a nice thing that opens quite a new 
possibility of use, and I am sure that this was not an optimum. One has simply inserted a current 
device into this possibility, but we have heard here a lot on sophisticated techniques. I am sure 
that our installation could be improved very much. And what I should like to say still is, with 
the help of the existing facilities we have learned, I personally have learned, a lot in this work, 
what gamma spectrometry is, and we can select and provide materials now, which give us in the 
future the possibility to make such facilities, like Dr. Theodorsson told us, in the cellar of an 
existing building. By the help of rather simple measurements or measures you can install in the 
future a minimum cost facility, if necessary.

H. Nitsche: Thank you. I would like to come back to the statement Dr. Schonhofer made, that 
many people were measuring radioactivity when the levels where high, but today the levels are 
lower because of decay. The question I like to ask, are these levels above or below the legal 
limits now?

F. Schonhofer: These values are now far below the legal limits with some exceptions like the 
famous mushrooms for instance. But usually everything is far below the legal limits and so 
counting is not necessary to establish, that the legal limits are kept.

H. Nitsche: Are there any medical applications then, because you mentioned that one would 
need more counting now. Medical type counting, surveying of population?

F. Schonhofer: No, this is a misunderstanding. That is not related to the Chernobyl accident. I 
was mentioning excretion analysis for persons working with radioactivity and also for the 
applications in clinical chemistry to reduce the amount of radionuclides. Using less activity also 
reduces the waste.

H. Nitsche: Of course it would be nice to have this analysis but it is also a matter of cost. The 
cost for a stool analysis was assessed to about 3.000 Marks, this number I think was mentioned 
yesterday, is this correct? Prof Niese, how much you charge for a stool analysis? And for a urine 
analysis? Let us say, a complete analysis including actinides.

M. Bothe (audience): I think, plutonium and uranium about 1.000 DM and the other actinides 
500 DM.

H. Nitsche: O K. So this is of course a tradeoff between cost and benefit and one has to be 
careful to make recommendations in this direction.

F. Schonhofer: Of course people working in nuclear reprocessing plants and so on, they have 
to be checked for intake. So this is not a question how much it will cost the company. The 
company has to do it. I have been recently in La-Hague and it is just normal routine, that 
everybody who comes in touch with plutonium has to deliver his urine to be analysed for 
actinides and for plutonium. Of course, I am not pleading to check the population for plutonium 
exrection. But may I add something which was already started with the question of the facilities. 
Of course when it is the question of germanium detectors than underground laboratories have an 
extremely big benefit. But a low-level laboratory does not necessary have to go underground.
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For instance in my counters the so and so many hundred meters of water equivalent are replaced 
by the active shielding. And also we should think of the alpha spectrometry, where movement 
to an underground laboratory in my opinion will not change anything on the background.
So to respond to the questions I will answer for my country. I regard my laboratory as a low- 
level counting laboratory. But for instance for alpha spectrometry, we have people at Seibers- 
dorf, Research Center Seibersdorf, who perform this analysis for us.

P. Theodors son: Well, we can go underground to obtain lower background, but there is another 
method of course that has been described here, that is by using external guard counters which is 
now a speciality. I think, that if we can design very simple and inexpensive external guard 
counters their use will be much more common. They can give us a factor of five in the decrease 
of background, even more, when we are working in shallow underground laboratories.

H. Nitsche: Thank you. This brings me to one question that was handed to me from the 
audience: Can you recommend numbers and/or figures that describe low level systems in order 
to compare them with other systems? Who would like to answer this question?

H. Theoddrsson: I don’t know, whether my answer is direct, but I have done a lot of work 
comparing systems, and that is made much more difficult than it needed to be, because there are 
so much great differences how the people are reporting their systems. If we could standardize 
the reporting, let us name one thing, the overburden, with is of course very important. It is very 
seldom that the overburden is specified to any extend. And also, when we see background 
spectra, they are often given simply in counts per channel whereas we should give them in 
counts per keV per hour or some other time unit. I think that it would help us very much in 
comparing our systems, if we had a more uniform way of describing a system.

D. Mouchel: Perhaps a way to characterize detection systems very well is to bring a maximum 
of information for example on the various radiation fluxes in the place where the measurements 
are performed. If you look for the exposure rate, the radon concentration, the muons, fast and 
gamma neutrons, and if you bring the specifications of the materials, which are used to build the 
shielding, you have all the information to reduce something, for example how many counts are 
generated per kilogram. It seems to me very important to characterize each place according to 
the radiation fluxes and the materials.

H. Nitsche: Should there be a guideline issued, to report these things?

G. Heusser: For germanium spectroscopy there is a figure of merit for example, which gives 
us the quality; where you can draw a line, which is low-level and which is not low-level. It is 
also to point out that there is already a DIN specification on systems for gamma spectroscopy, 
germanium spectroscopy, with is already pointing to this line. So there are already some 
measures which will have only to be applied, and I am sure they are available for each detector.

P. Theoddrsson: A remark on a guideline: Yes, I think that it would be very useful, and 
actually in my book, that will come in two months, such sucessions are given, how we should 
report it. And yes one remark: When the background of the germanium systems is given, I think 
I have seen figures for the total background in this workshop from 15 to 1500 keV, from 100 to 
2000 or 700 keV, and some other windows. This is just an example, that we should specify 
some windows, so that we get an uniform issue.
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H. Nitsche: Thank you. This touches a little bit on the next point where we asked: Is the 
collaboration between existing facilities satisfactory, or can an increased exchange of 
informations strengthen the field. Who would like to commend on that?

Dr. Mouchel: I think, it is very important to have a maximum exchange between the different 
low-level counting system underground facilities, for example for the low activity materials. 
When I started I was endeavoured to look on the left, on the right to try to inform myself, what 
company is able to provide the lead, the copper, or I phoned to some colleague. I am sure that 
this is very positive, very helpful, when we can communicate about some data, some 
specifications, where we can find sutable materials, and so on.

W. Corner: For my taste this answer was too specific, because only a very few people are 
interested in this low activity lead and all these technical details. Our problem is, on the other 
side, to make clear what we can do with our facilities, and the interlinks between low-level 
laboratories and researchers or metrologists at other points have to be connected. It is our task 
to make public relations for these possibilities. And this workshop is perhaps a part of this. But 
we are all insiders, we have to go outside.

D. Mouchel: Just a remark on the remark. We are an institute for reference materials and 
measurements, and my preceding remark refers to a very interesting field especially at the very 
low level. I believe an underground facility can be an field of excellence, and for the 
certification of materials we need some excellent qualification. And in this field of material 
certification we are obliged.

H. Nitsche: Thank you for your comment. You come from the European institute in Geel, the 
Institute for Reference Materials and Measurements. This European institute would be a perfect 
organisation to work together with all these other European laboratories and to take the lead in 
setting the standards, setting the things that we are just discussing.

D. Mouchel: Probably we are ready to take the leader position but probably the other countries 
will not agree to this.

H. Nitsche: It does not have to be a lead where everybody has to follow, but to issue guidelines 
in accordance with the other laboratories, for example for the standardization of the reporting. 
Having a workshop on this topic, I think, this would be a perfect issue for European run 
laboratories. Since most of us here are from European countries and these laboratories are in 
Europe, this would be a very nice example that Europe is working together scientificly. Would 
you take this home to your management and discuss it?

D. Arnold (audience): Maybe a short comment. Of course there are close connections between 
the European reference laboratory and our national standard laboratory, also in the low-level 
radioactivity field. There are more and more cooperations and projects running.

H. Nitsche: As I said in the beginning, I will play devil’s advocate.

A. Andrasi: I just would like to underline what was mentioned. When we are talking about 
cooperation than we can also think about the intercomparison exercises, intercalibrations and 
something like that. And as it is well-known maybe for everybody of you, the IAEA has a
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quality assurance program, and so the agency is also distributing low-activity materials for 
measurements. This kind of intercomparison exercises is organized in different fields. Maybe it 
is a little bit different aspect from what was discussed here in these days. The in-situ gamma 
spectrometry comprises measurements where we are not using any shielding around the 
detector. The detector is put in the environment and we try to measure the activity of natural and 
man-made radionuclides. It is also in the direction of low-activity measurements, and in this 
field we have a very good cooperation with this central European region.

H. Nitsche: Thank you, Dr. Andrasi. What I was wishing was something a little less formal, but 
with some formalism. That people who sit here can talk to each other, if they use the same 
reporting of data. This does not require a big elaborated mechanism.The experts here usually 
can compare each other measurements. But other people would like to see which laboratory 
seems to be better for certain radionuclide measurements than other laboratories.

A. Andrasi: What in-situ gama spectrometry is concerned, this is the way what we are 
following for many years. Every year we are coming together in a workshop, very unformal 
conditions, and we learn from each other, and this is the practice.

W. Wahl: For my feeling this is more a basis for formal administered cooperation, so I miss the 
points or aspects for bilateral cooperations. They are more stimulating or more efficient for 
projects. I have an example for this. I realized the problem, perhaps a problem for people 
working in the underground laboratories, of asymmetric peaks in the spectra caused by 
irradiating germanium detectors with neutrons for example. In these spectra you see normal 
peaks from photons or escapes and also asymmetric peaks from an inelastic neutron scattering. 
So I think, this would be a good example to start a cooperation or to stimulate a cooperation 
with people analyzing the neutron interaction in underground laboratories. We measured this 
with a tritium target in the proton beam, and we also modelled the germanium detector, and we 
simulated this to have informations about the range of the incidental neutron energy. So our idea 
was to recalculate this incidental range of neutron energy from the shape of the asymmetric 
peak. Perhaps this is an active stimulation for a cooperation and perhaps it is of interest for you.

S. Niese: I think we have much possibilities to cooperate with scientific institutes to solve some 
problems in the field of oceanologie, in the field of geochemistry, but the main question in the 
first stage was: What are the possibilities we have to measure low radioactivity in technical 
products? And formerly we had to measure radionuclides or trace elements in silicon and also 
alpha emitters in silicon wavers and other materials which are used in semiconductor containing 
devices, especially memories, to investigate the so-called soft error problem. When I remember 
the experiences that we have got during these projects, I think also such techniques can be 
improved using a lower background of neutrons and other emitters. I think we can have 
discussions in the future with the large semiconductor producing factories which started their 
work now in the region of Dresden.
Another general remark: Usually lead is used above ground for shielding. And from which 
places does the radioactivity come, mainly from the building itself. For measuring low-level 
radioactivities, however, you can construct the building from materials with lower radioactivity. 
You can look for cements, you can use a synthetic cement, you can look for special materials 
containing less radioactivity. And if the building is made of low-radioactivity materials, you do 
not need such a thick lead shield, and if you have a smaller shield, you do not have so much 
neutrons. I think this is also a way what we can think about.
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I will take the opportunity to say, that we have a longstanding cooperation with the Heidelberg 
laboratory, with Dr. Heusser. We were together at the beginning of our projekt, and we have 
collected many experiences from him and also from other deep underground facilities. And so 
I think that the collaboration between people which are measuring low radioactivities will 
continue also in the future. The proposal concerning the investigation of the asymmetric pulse 
is only one important thing what we can do with low counting rates.

W. Corner: I want to make still a comment especially to you, Prof. Nitsche. You told us, that 
you are not an insider here, but what you are, this is, you are a teacher, and I think your 
questions, your challenges where very nice. One of the challenges is, according to my opinion, 
education. We can do here, as I may say, "non-activity" radiometry. Non-activity in parentheses, 
and we can work well below the legal licence levels. We can carry out experiments in our flats 
or in the highschool with students perfectly without any danger, if we have such measurement 
devices, which are able to measure very small activities, and so you can also measure dynamics 
in this field without reaching the legal levels. This is the a benefit of such devices, especially in 
a university town, which should not be neglected.

Dr. Petri (audience): I am working in a small radioanalytical group in Jtilich, Research Center 
Jtilich, and we do not have a lack of instruments but we have a lack of personal. Persons who 
operate this instruments, that is the problem.

H. Nitsche: We need more people to be educated in radiochemistry. I agree with you, could not 
agree more. - Now, I would like to get one last comment from the panel.

B.F. Myasoedov: I just remember, that two years ago the radiochemical division of the 
International Union of Pure and Applied Chemistry (TUPAC) has published a technical report 
about the determination of very low levels of radioactivity. This report should be available from 
IUPAC.

H. Nitsche: At the end of this panel discussion and our workshop, I would like to thank all 
speakers and all participants for coming here and for preparing their talks. I would like to thank 
the chair people for doing such a fine job and keeping us nearly on time, and the panel for, I 
think, interesting comments and discussions. I also would like to thank especially Dr. Fietz, who 
is the conference secretary. Without him we would not have been able to hold this conference. 
Thanks also to his assistant Ms. Scheere and the two ladies from my institute, Mrs. Muller and 
Mrs. Frohlich, who managed the coffee service.
I thank you all for coming, and I hope that we see us again, maybe in two years here. I wish you 
a safe trip home. Thank you very much.
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