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10. RADAPPERTISATION OF SEAFOOD AND POULTRY: DETECTION OF MEDIUM-DOSE  
IRRADIATION  


10. 1. Seafood (clams, mussels, snails, squids and crustaceans) and its health risks
    Seafood is sold not only along maritime coasts, but also inside the countries. Today, it is
highly appreciated as delicacy with high economic value. On the other side, it is extremely sus-
ceptible to spoilage and bacterial contamination. The growth or catch of seafood, either
naturally or in aquacultures, requires a clean environment, processing and transport are only
possible with careful hygienic precautions and refrigeration.
    Clam, crab and squid meat may as well be offered cooked in cans or jars. However, if fresh or
frozen products are desired, a continual cooling chain is one of the most essential necessities.
In tropical or subtropical countries the supply of electrical power may still be under
development, and not every marketplace or household is equipped with refrigerators. In these
areas, marine food may be one of the most important protein sources in nutrition. In the western
countries, seafood is imported from these areas as well, other sources are located in temperate
or cold climate.
    Not for all species it is usual to sell them still alive, as oysters, lobsters or spiny lobsters. Most
seafood is offered raw, refrigerated on ice or frozen. The preservation reducing the viable
microorganisms can be effected by treatment with ionising radiation, which is already approved
in some countries, as the Netherlands. The possibility of masking beginning spoilage by
irradiation is however not only fictitious. In practice, cases of not-so-fresh seafood exported from
the U. K. to irradiation facilities in the Netherlands with subsequent reimport have been termed
ironically as “dutching”.


10. 1. 1. Classification of molluscs and crustaceans
    Most of the mollusc and crustacean species produce more or less calcified body parts, as
shells, a molt or, in the case of squids, an internal pen shell.
    Wilbur and Saleuddin (1983) and Mann (1990) reviewed that in mollusc shells, up to all three
polymorph calcium carbonate crystal types may occur, calcite, aragonite and in rare cases the
least stable vaterite. Bøggild (1930) gave a very detailed overview on the crystal structure based
on refractometric microscopic investigation of the mollusc classes as clams (Bivalvia), snails
(Gastropoda) and squids (Cephalopoda), of the different orders, groups, and subgroups. Thin
polished slices of shell are embedded into Canada balsam. Aragonite has an index of refraction
nDα = 1.523 very close to that of Canada balsam, while calcite has a lower value of
nDα = 1.4863. For macroscopic investigation of shell powders, X-ray diffraction may as well be
used.
   An outdated paleontologic scheme comprised within the mollusc class of clams (Bivalvia) two
orders with a decisive distinction: The species in the Anisomyaria order may contain only calcite,
as oysters (Ostreidae), or both modifications of calcite and aragonite, as seawater mussels
(Mytilidae).  The Homomyaria class, e.g. Veneridae, Mactridae or Myidae, contains only aragonite
with very few exceptions. The freshwater family of the false mussels Dreissenidae is entirely
aragonitic and was erroneously ascribed to the Anisomyaria class.







©
 1


99
7 


by
 H


ei
nz


 A
nd


er
le


. A
ll 


rig
ht


s 
re


se
rv


ed
.


III. PHYSICAL METHODS: EXPERIMENTAL
78


    The mollusc class of snails (Gastropoda) is predominantly aragonitic, but calcite may also be
present. Two edible maritime snails, the common periwinkle (Littorina litorea) and the common
whelk (Buccinum undatum) contain also calcite. In the periwinkle, there is a distinct calcitic thick
upper layer. In the whelk, a similar layer is found reported by Bøggild as entirely aragonitic.
However, X-ray diffraction measurements of the powdered shell indicate that calcite is as well
present (Anderle et al., (1997)).
    In mollusc shells, the fibrous protein conchiolin is the main organic constituent. The shell itself
is built up in layers with regular orientation of the crystallites.
    The most common squids (Cephalopoda) found on the market are in the Dibranchiata order
the sepia (Sepia spp.) of the Sepioidea suborder and octopus (Loligo spp.) of the Octopoda
suborder. The sepia chalky pen is entirely aragonitic, all other squids have reduced or lost their
shell.
     Crustaceans, on the other hand, contain calcite, in some cases also X-ray amorphous
calcium carbonate, and hydroxyapatite. In general, the calcium carbonate is rather impure with a
high magnesium content. Apatite may be the only biomineral, as in the freshwater common river
crayfish (Astacus fluviatilis). The molt of other cancers, as lobster (Homarus gammarus) is built
up of both biominerals. It is different in thickness and mineralization depending on the body
parts, as pincers or claws, cephalothorax, abdomen or legs. The polyaminosaccharide chitin is
the main organic constituent ensuring the high elasticity of the carapace. Prawns, shrimps and
the mantis shrimp have only an elastic, chitinous exoskeleton with less than 40 %
biomineralization. The large crustacean species possess a thick, calcified exoskeleton at least
50 - 60 % mineralised. Pincers and claws are additionally reinforced.
    An overview over common edible seafood and the calcium carbonate modifications is given in
Table 11. The scientific names in general and the crustacean classification are taken from Riedl
(1983) and Tucker-Abbot (1986).
   The species of greatest economic importance, as various sorts of oysters and blue mussels,
are grown in hatcheries along the shores, and are at least partly calcitic. Other seafood,
especially many crustaceans, is sold mostly cooked, as green mussels, king crab legs, snow
crab pincers, spiny lobsters etc., and may additionally have been preserved by irradiation. The
shelf life of refrigerated seafood or poultry is only extended two- to threefold for some days
(Agnel et al. (1992)) compared to untreated food, before spoilage occurs. Irradiated food is even
more susceptible to spoilage by only a single possibly pathogenic species, since concurrent
microorganisms may already have been eliminated.
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Tab. 11: Overview of marketed edible seafood species


Phylum: Mollusca
Class: Conchifera
group: Bivalvia (bivalves)
families
• Pectinidae / scallops (e. g. Pilgrim’s Scallop (Pecten jacobaeus), Queen’s Scallop (Aqui-


pecten opercularis), Japanese Baking Scallop (Pecten albicans)): the shell consists of
calcite with a thin intermediate aragonite layer


• Ostreidae / True Oysters (e. g. Flat Oyster (Ostrea edulis), Cupped Oyster (Crassostrea
angulata), Atlantic Oyster (Crassostrea virginica), Pacific Oyster (Crassostrea gigas)): the
layers and the chalky intermediate shell material are entirely calcitic


• Mytilidae / Sea Mussels (e. g. Blue Mussel (Mytilus edulis), Channel Mussel (Perna
canaliculus)): the coloured thin outer layer is calcitic, the thick colourless inner layer
aragonitic


• Arcidae / Ark clams,
• Glycimeridae / Bittersweet Clams,
• Cardiidae / Cockles,
• Veneridae / Venus shells or Quahogs, and
• Mactridae / Through Clams: all species are predominantly or entirely aragonitic (> 95 %


aragonite)


group: Gastropoda / snails:
• Litorinidae / Periwinkles: both aragonite and calcite constitute the shell
• Buccinidae / Buckie snails: aragonite predominates over calcite


group: Cephalopoda / squids
• Sepiidae / Cuttlefishes: the mineralized pen is entirely aragonitic


suborders
• Theutida / Calamaries and
• Octopoda / Octopuses: no mineralized pen is present in these species


Class: Arthropoda
group: Crustacea / Crustaceans
orders:
• Decapoda / Prawns and
• Caridea / Shrimps have a only a thin mineralized layer in the cephalothoracal and abdominal


exoskeleton
• Astacidea / Lobsters,
• Palinuridea / Spiny lobsters, and
• Brachyura / Crabs possess a thick, strongly mineralized molt with reinforced legs and, for


lobsters and crabs, mighty pincers. Entire animals are offered alive, raw or cooked, pincers,
legs or the abdomen (tail) may be sold separately
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10. 2. Poultry
    Poultry (chicken, turkey, duck and goose) is bred in industrially optimised farms and has
become a base part in nutrition of both industrialised and developing countries. The industrial
farming poses the threat of microbial contamination by dangerous pathogenic bacteria as
Salmonella spp.. In the factories the animals are slaughtered, plucked, cut, gutted, deboned
and packed. Contact of the cloaca or the intestines with other body parts may spread the
pathogens over the meat. Further processing may blend the poultry meat with other microbially
sensitive foodstuffs such as eggs or mayonnaise in chicken salads. The hygienic
recommendations for the home kitchen are very often watched only half-hearted or neglected,
so that the microorganisms can spread into other food. Irradiation of poultry meat is therefore
regarded as a promising way to prevent the outbreak of food-borne diseases as salmonellosis.
    In some countries, the poultry carcasses are processed to obtain mechanically deboned
poultry meat suitable for animal nutrition or ready-made human foods. The meat is pressed off
the bones in so-called “separators”. The resulting grey-pink mass is even more susceptible to
spoilage. In Austria, mechanically deboned poultry meat is forbidden for this reason.
    The eggs themselves may also be contaminated on the shell surface. Industrial liquid egg-
white, yolk or dried powders are used in the fabrication of bakery products, pasta and noodles
or mayonnaise. The liquid egg-white or yolk are often preserved by added salt. Heat
preservation is impossible, because egg white curdles at 60 °C. Irradiation of the liquid egg-
white may change the consistency to a lower viscosity and induce an off-flavour. Irradiation of
the powdered ingredients is well feasible.
    Bones and egg shells are of course perfectly suitable for electron spin resonance
investigation. Egg shell parts, however, will usually not be found in industrial egg products.
Poultry is very often sold on the bone. In 1994, a batch of frozen Hungarian ducks imported to
Austria could be identified as irradiated by ESR measurement.


10. 3. Detection methods for irradiated seafood and poultry: state-of-the art
    Johnson (1960) first observed that entirely or partly calcitic mollusc shells emit thermo-
luminescence (TL) after irradiation, whereas entirely aragonitic shells do not. The problems of
aragonite alteration into calcite in fossil shells limits the applicability for paleontological TL
dating. For seafood, recent species are irradiated with relatively high doses (1 - 8 kGy), and the
inherent dosimetry problems are related to saturation effects. The applicability of calcium
carbonate TL for the detection of irradiated seafood has been tested for some molluscs and
crustaceans, as blue mussels, quahogs, oysters and Norway lobster, by Agnel et al. (1992) and
Carmichael et al. (1994).
    The TL of hydroxyapatite in bones is accompanied by a spurious signal from the charring and
oxidation of collagen. This effect can only partially be suppressed by an inert gas atmosphere.
Soxhlet extraction of the collagen from thin slices of bovine bone has been described by Driver
(1979) using ethylene diamine as the most effective solvent. In a two-step procedure, the
collagen is first extracted by hot (<110 °C) ethylene diamine for 10 h, then the ethylene diamine
is extracted using ethanol for a second step of 10 h. The bone is then dried and read out. Oduko
and Spyrou (1990) report a successful detection of irradiated poultry bone using TL
measurement.
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    As already illustrated in Chap. 5. 5., the radiolyoluminescence (LL) in EDTA-luminol solution is
sensitive for both natural calcite and aragonite as well as for synthetic reagents. Therefore its
application for the identification of irradiated seafood has a promising future. Bone
hydroxyapatite has practically no geological equivalent.
    At present, however, electron spin resonance (ESR) spectroscopy is the predominantly used
method. The spectrometer equipment is rather expensive, but the measurement procedure is
simple requiring just small pieces of crushed shell, carapace or bone. These pieces or a powder
prepared by grinding are filled into a narrow glass tube, which is inserted into the measurement
cavity of the ESR spectrometer. Single pieces give an anisotropic response to the magnetic field
depending on the orientation of the crystallites. Dosimetry can be achieved by using the
powdered sample instead. As it was described by Anderle et al. (1997) comparing all three
methods mentioned, the aragonitic shells may not show the characteristic Mn2+ signals in
routine spectrometers and can thereby be distinguished from calcitic shells. Bone powders with
a grain size below 0.062 mm show a less significant dose-response. Here, single pieces may be
preferable for qualitative measurements.


10. 4. Samples, sample preparation and measurement
    Portuguese cupped oysters (Crassostrea angulata), blue mussels (Mytilus edulis), thick
through shells (Spisula solida), chowder clams (Mercenaria mercenaria), smooth Venus shells
(Callista chione), common whelk snails (Buccinum undatum), Norway lobster (Nephrops
Norvegicus) and giant river prawns (Macrobrachium Rosenbergii) were purchased fresh at local
seafood stores. Turkey legs were purchased fresh at a local butcher. The seafood and the
poultry were irradiated refrigerated, but not frozen, in an experimental 60Co-Source (dose-rate
7 kGy/h) at the Austrian Research Centre Seibersdorf.
    After irradiation, shells, carapace parts and bones were separated, cleaned of adherent soft
tissue and stored frozen, assuming that irradiated seafood and poultry will be kept frozen for
longer times.
    The shells, the calcified carapace and the bones were freeze-dried and ground in an agate
mortar mill. The resulting powder was fractionated through an analytical sieve of 0.062 mm hole
diameter. Coarse pieces with a diameter over 1 mm were selected with a pair of tweezers for
ESR comparison measurement. The finest powder fraction with a grain size < 0.062 mm was
intended for thermoluminescence and lyoluminescence measurement. The remaining powder
was used for chemical analysis as trace impurity determination.
    All sample preparations for TL and LL measurement were done under ambient light, either
from diffuse daylight or fluorescent tubes. No special precautions were taken to avoid optical
bleaching of luminescence traps, since the sample preparation method had to be kept as
simple and practice-oriented as possible.
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Callista chione


Macrobrachium Rosenbergii
Spisula
solida


Crassostrea angulata


Nephrops
Norvegicus


Buccinum
undatum


[Fig. 91] Seafood species investigated in this work (drawings by the author)


Mercenaria mercenariaMytilus edulis
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    Thermoluminescence measurements were performed using the TL reader described in Chap.
5. 1.. A small amount (0.5 - 5 mg) of the sample powder was accurately weighed on an
aluminium micro-dish (7 mm ø / 1 mm deep) using a microbalance. The powder was dispersed
by adding one or two drops of acetone with subsequent evaporation at room temperature. After
complete removal of the acetone, the micro-dish was placed on the heating planchet, the
measurement chamber evacuated and flushed with nitrogen and the thermoluminescence read
out up to 400 °C with a heating rate of 4.75 °C/s.
    Lyoluminescence measurements were done in the LL reader described in Chap. 5. 3.
100 mg (≈ 0.001 mol) of sample powder were weighed, placed on the pivoted shovel and
inserted into 60 mL of a stirred aqueous reagent mixture containing 50 mg luminol/L, 0.625 mg
hemin/L and 0.042 mol Na4EDTA/L, in a NH4OH/NH4Cl buffer (pH = 10)) and the luminescence
was read out for 200 s. The total amount of EDTA (~ 0.0024 mol) is in at least double excess to
the total amount of Ca2+.
    Electron spin resonance (ESR) measurements for control and method comparison were
kindly provided by the Bundesanstalt für Lebensmitteluntersuchung und -forschung using the
ESR spectrometer.


10. 4. Results


10. 4. 1. Oysters
    Oysters (Ostreidae family) are grown in oyster banks along the shores of cool and temperate
regions. Oyster hatching requires clean water, oysters contaminated by sewage water, wharf or
industrial waste are unsuitable for human consumption.
     The different species in the oyster family are different in shape, but similar in appearance.
The colour of the outer side is green, olive or brown. The shell is rough outside, with irregularly
foliated layers in the direction of growth and built up entirely of white calcite. Prismatic layers
with greater hardness are alternately changing with softer, chalky, layers of very fine vertical folia
(Bøggild (1930)).


10. 4. 1. 1. Thermoluminescence of oyster shells
    Oyster shells are TL-sensitive towards irradiation. With their entirely calcitic shell and a
relatively low manganese content of 1.86 mg/kg they are well suitable for thermoluminescence
investigation due orange-red TL around 600 nm with two overlapping emission peaks at 175 °C
and 240 °C [Fig. 92]
    The glow curve of Crassostrea angulata shells was in very good accordance with the glow
curve of Crassostrea gigas reported by Ninagawa et al. (1994). For this species, the TL glow
peaks occur at the same temperature as for the C. angulata. They glow curves were also
corresponding to those of Carmichael et al. (1994) for irradiated oyster shell powder (without
specification).
    With the high TL sensitivity of the entirely calcitic shell, thermoluminescence measurement of
powdered irradiated oyster shells seems therefore to be a practically applicable detection
method even for low irradiation doses as 500 Gy. These doses are less effective for
preservation, but will not induce too severe damage to oysters intended to be sold still alive. No
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special red-sensitive equipment is required, since the TL emission is strong enough to be
detected by the common blue-sensitive bialkali photomultiplier tubes.
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[Fig. 92] TL glow curve of irradiated oyster shells, par-
ticle size < 0.062 mm (UPMT = 1000 V)


10. 4. 1. 2. Lyoluminescence of oyster shells
    The oyster shell powder dissolves quickly and completely in the lyoluminescence reagent
mixture. The obtained LL glow curve shows a rapid rising and a subsequent decay of the
intensity with good sensitivity [Fig. 93]. Unirradiated oysters induce only a very weak LL.
Integration over 180 s of dissolution time gives a highly sensitive, linear (r  = 0.994) dosimetry
plot [Fig. 94].
    The lyoluminescence method seems to be well applicable for oysters, but has to be tested for
other species of the Ostreidae family.


0 50 100 150 200
0


1000


2000


3000


4000


5000


6000
Crassostrea angulata


 unirradiated


 2.5 kGy
 5 kGy


 7.5 kGy


LL
(E


D
TA


/lu
m


in
ol


) [a
. u


.]


time [s]


[Fig. 93] LL glow curve of irradiated oyster shells, par-
ticle size < 0.062 mm (UPMT = 750 V)
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[Fig. 94] LL dosimetry plot of irradiated oyster shells


10. 4. 2. Mussels
    Mussels (Mytilidae family) are very common growing in large amounts along rocky shores
underneath the water surface attached by fine threads or “beards” on rocks, wooden pillars or
concrete piers. The blue or edible mussel Mytilus edulis is growing in temperate to cold water
and harvested and processed in large quantities. Blue mussels are offered fresh or frozen, and
their meat can also be bought cooked and canned as preserves.
    Blue mussels have a dense, thin shell, with an outside colour of deep blue-violet to black, and
a faintly blue-violet-grey inner side. On the outer side, there is a thick blue calcitic layer with an
irregular, partly prismatic and partly homogeneous structure, the inner layer is built up of white
nacreous aragonite (Bøggild (1930)). A calcite/aragonite ratio of ~ 1 : 3 by wt. could be
measured by X-ray diffraction for the Swedish blue mussels investigated in this work (Anderle et
al. (1997)). Chemical analyses showed that these mussel shells contain a considerable amount
of trace impurities with 200 mg Fe and 300 mg Mn / kg (see Tab. 6 and Tab. 12).


10. 4. 2. 1. Thermoluminescence of blue mussel shells
    Blue mussels are highly sensitive to irradiation-induced thermoluminescence. In a darkroom
the shells show a clearly visible orange-red TL when they are fried in hot vegetable oil at
160 - 180 °C.
    Powdered irradiated blue mussel shells emit a very intense orange-red thermoluminescence
light with a temperature maximum at 190 °C [Fig. 95]. Unirradiated blue mussels emit no
thermo-luminescence in this temperature region. The results correspond to those of Carmichael
et al. (1994) for irradiated blue mussel shell powder.
    The thermoluminescence is contributed by the outer calcitic layer, the inner aragonitic layer is
TL-insensitive [Fig. 96]. Due to the high manganese content, TL measurement of the shells
seems to be the method of choice for the detection of irradiated blue mussels.
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[Fig. 95] TL glow curve of irradiated blue mussel shells,
particle size < 0.062 mm (UPMT = 1000 V)
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[Fig. 96] TL glow curves of the blue mussel shell layers,
(UPMTred = 1000 V)


10. 4. 2. 2. Lyoluminescence of blue mussel shells
    The lyoluminescence method developed by Copty-Wergles et al. (1990) has been tested for
this species [Fig. 97]. A noisy LL glow curve is obtained. The lyoluminescence light is weak and
requires high photomultiplier voltage and electronic amplification of the PMT signal.
    With fresh luminol solution, a characteristic LL signal is as well obtained for unirradiated blue
mussels. The shell powder is dissolving slowly. The shape of the LL glow curve [Fig. 98]
resembles that of the irradiated aragonite mineral (Chap. 5. 5., [Fig. 35]). At t = 120 s after
sample insertion, a good discrimination of irradiated from unirradiated mussels is possible with
a 5.6-fold intensity for 2.5 kGy compared to unirradiated shells. This is sufficient for irradiation
detection. The obtained dose-response plot is linear (r  = 0.983) [Fig. 99].
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[Fig. 97] LL glow curve of irradiated blue mussel shells
in 0.1 mol HCl/L, particle size < 0.062 mm
(UPMT = 1200 V)
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[Fig. 98] LL glow curve of irradiated blue mussel shells,
particle size < 0.062 mm (UPMT = 750 V)
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[Fig. 99] LL dosimetry plot of irradiated blue mussel
shells
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10. 4. 3. Quahogs
    Quahogs (Mercenaria mercenaria) – also named hard-shell clams – are very common
along the temperate shores and bays of the Atlantic ocean [Fig. 92]. They grow in mud
bottoms and are harvested at low tide. The different sizes have special names, as little neck
or cherrystone for the younger clams, and chowder clams for the older animals.
    The thick, pale-brown shell is built up of an outer rough grey-white and inner smooth
brown-white layers of aragonite. X-ray diffraction showed that calcite is present in traces
(< 5 % by wt.). The brownish colour is at least partly effected by a remarkably high iron
content (≈ 2000 mg Fe/kg), manganese is as well present (≈ 16 mg Mn/kg).
    Quahogs are sold alive or processed to clam meat. The living animals are sometimes
infected by pathogenic microorganisms. Irradiation experiments on live clams (Harewood et.
al. (1994)) showed that doses over 500 Gy lead to premature death, but are still insufficient to
inactivate the microoganisms completely.
    Electron spin resonance measurements indicate that quahog shells are only moderately
sensitive to irradiation (Anderle et al. (1996)). Unirradiated quahogs give a very low
resonance signal, the applied doses of 2.5, 5 and 7.5 kGy effect the same signal height,
indicating saturation.


10. 4. 3. 1. Thermoluminescence of quahog shells
    As expected, quahogs seem practically thermoluminescence-insensitive towards
irradiation. The glow curves show a weak TL emission maximum at 175 °C, but this peak
seems to be rather dose-independent [Fig. 100, 101].
    This is contradictory to Agnel et al. (1992), who reported a strong TL response of quahogs
after irradiation with both low and high doses of 1 and 8 kGy, respectively. A glow curve given
in his paper shows a TL peak for irradiated quahogs in the same temperature range around
175 °C. In the cited paper, the TL was measured immediately after irradiation, and four weeks
after storage at room temperature. For this work, the irradiated shells were stored frozen and
investigated at least two weeks after irradiation. The sample preparation was basically the
same with grinding and sifting. Agnel et al. (1992) did not give any data on the crystal
modifications and the trace impurity content.
    It seems to be too unreliable to use thermoluminescence measurement for the
predominantly aragonitic quahogs to detect irradiation.
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[Fig. 100] TL glow curve of irradiated chowder clam
shells, particle size < 0.062 mm
(UPMT = 1000 V)
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[Fig. 101] TL glow curve of irradiated chowder clam
shells (enlarged), particle size < 0.062 mm
(UPMT = 1000 V)


10. 4. 3. 2. Lyoluminescence of quahog shells
    In general, the quahog shells are apparently not very sensitive towards irradiation. Like the
aragonite and the predominantly aragonitic mussels, the shell powder dissolves slowly. The
unirradiated shells give an elevated LL signal. This high signal may be promoted by the high
iron content (2000 mg Fe/kg).
    The LL signal of the irradiated shells is higher [Fig. 102], but saturation for doses
exceeding 5 kGy can be assumed from the dosimetry plot [Fig. 103]. Lyoluminescence does
not seem to be applicable for the low doses tested by Harewood et al. (1994) and may give
an insufficient ratio of the irradiated/unirradiated signal.
    Lyoluminescence has therefore to be tested on quahogs of different age, size and
geographic origin, and the LL method requires further optimisation to enhance sensitivity.
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[Fig. 102] LL glow curve of irradiated chowder clam
shells, particle size < 0.062 mm
(UPMT = 750 V)
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[Fig. 103] LL dosimetry plot of irradiated chowder clam
shells


10. 4. 4. Smooth Venus shells
    Smooth Venus shells (Callista chione) are harvested along the Mediterranean shores, their
meat has partly an intense orange-red colour. They are sold fresh in the shell. The aragonitic
shell is pale-brown, smooth and of porcelain-like density. The shell material contains both
manganese (≈ 20 mg Mn/kg), iron (≈ 680 mg Fe/kg) and magnesium (≈ 2200 mg Mg/kg).


10. 4. 4. 1. Thermoluminescence of smooth Venus shells
    The aragonitic shell is practically thermoluminescence-insensitive to irradiation. The 190 °C
glow peak is only very slightly elevated even after irradiation with higher doses of 7.5 kGy
[Fig. 104]. Thermoluminescence measurement is not applicable for the detection of irradiated
smooth Venus shells.
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[Fig. 104] TL glow curve of irradiated smooth Venus
shells, particle size < 0.062 mm
(UPMT = 1000 V)


10. 4. 4. 2. Lyoluminescence of smooth Venus shells
    The lyoluminescence signal obtained by the EDTA method displays a significant increase
after irradiation. Unirradiated shells cause as well lyoluminescence, presumably due to their
aragonitic structure and their high iron content [Fig. 105]. The dosimetry plot obtained from
the net maximum intensity is linear [Fig. 106], but doses < 2.5 kGy seem to give a signal too
low for certain identification.
    For smooth Venus shells, the lyoluminescence methods gives satisfactory results for doses
> 5 kGy. To achieve a positive identification for lower doses, further optimisation of the
method may be necessary.
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[Fig. 105] LL glow curve of irradiated smooth Venus
shells, particle size < 0.062 mm
(UPMT = 750 V)
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[Fig. 106] LL dosimetry plot of irradiated smooth Venus
shells


10. 4. 5. Thick through shells
    Thick through shells (Spisula solida) are common in the cooler North Atlantic ocean on
clean, sandy bottoms along the shores. The variety investigated is rather small (3 cm length),
while the North American variety, the bar or surf clam (Spisula solidissima), measures up to
15 cm.
    The shell of the small variety is whitish and dense. The visible growth rings correspond with
transparent layers between the opaque shell material. X-ray investigations of the powdered
shell showed a ratio of 25 - 30 % calcite to 70 - 75 % aragonite. From the macroscopic
appearance of the shell cross section, it can be assumed that the calcite may be located in
the transparent layers. The shell material is relatively pure with a low iron (≈ 40 mg Fe/kg) and
manganese (≈ 3 mg Mn/kg) content.


10. 4. 5. 1. Thermoluminescence of thick through shells
    Thick through shells show a thermoluminescence emission at 170 °C, which is elevated
after irradiation [Fig. 107]. This glow peak shows only a unsatisfactory sensitivity, enabling
the detection of high doses > 5 kGy. Lower doses cannot be positively identified.
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[Fig. 107] TL glow curve of irradiated thick through
shells, particle size < 0.062 mm
(UPMT = 1000 V)
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10. 5. 5. 2. Lyoluminescence of thick through shells
    The EDTA lyoluminescence signal of thick through shells consists of a sharp initial signal
and a subsequent dissolution [Fig. 108]. The unirradiated shells give also an elevated LL.
The dosimetry plot obtained from integration over a 180 s period after sample insertion, is
almost linear, but shows a significant dispersion for higher doses [Fig. 109]. The LL technique
requires further optimisation, but seems to be an applicable detection method.
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[Fig. 108] LL glow curve of irradiated thick through
shells, particle size < 0.062 mm
(UPMT = 750 V)
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[Fig. 109] LL dosimetry plot of irradiated thick through
shells


10. 5. 6. Common whelk snails
    The common whelk snail (Buccinum undatum) is a cold water species inhabiting both
rocky grounds and sand or mud seafloors. It has a spiral shape with 6 - 8 convex whorls and
can grow up to 110 mm in length [Fig. 91]. It seals its shell opening with a disk-like
operculum. Whelks are boiled in water some minutes and then drawn out of the shell.
    The shell of the common whelk has already been mentioned by Bøggild (1930) because of
its thick outer layer with irregularly prismatic structure. This layer has been identified by
Bøggild as aragonitic, but he also remarked a resemblance to calcitic layers of other snails.
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The two inner layers are crossed lamellas of aragonite. X-ray diffraction measurement of the
total shell powder could determine 15 - 20 % of calcite.


10. 4. 6. 1. Thermoluminescence of common whelk snails
    Common whelk snails emit only a slightly elevated thermoluminescence after irradiation.
A first temperature maximum occurs at 175 - 180 °C. After irradiation with 7.5 kGy, however,
its intensity is increased only 2 - 3 fold compared to the unirradiated snails [Fig. 110, 111].
The use of the Thorn-EMI 9658 Q photomultiplier tube with its extended sensitivity into the
red-infrared spectral range increases the sensitivity 4 - 6 fold at 600 nm, but the
discrimination from unirradiated samples cannot be improved. Thermoluminescence
measurement is not applicable to detect an irradiation of common whelk snails.
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[Fig. 110] Thermoluminescence glow curve of irradiated
common whelk snails,
particle size < 0.062 mm (UPMT = 1000 V)


100 200 300 400
0


250


500


750


1000


1250


1500


1750
Buccinum undatum


 unirradiated


 2.5 kGy


 5 kGy


 7.5 kGy


T
L (K


G
 3


/8
00


 V
)  (


qu
al


ita
tiv


e)
 [a


. u
.]


temperature [°C]


[Fig. 111] TL glow curve of irradiated common whelk
snails (enlarged), particle size < 0.062 mm
(UPMT = 1000 V)
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10. 4. 6. 2. Lyoluminescence of common whelk snails
    The mixed calcitic-aragonitic snail shells are easily identifiable as irradiated. Unirradiated,
almost no EDTA-lyoluminescence signal occurs, but after irradiation, a signal indicating fast
dissolution is obtained [Fig. 112]. The resulting dosimetry plot is linear (r  = 0.9831) and
permits a very good identification even of low doses [Fig. 113].
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[Fig. 112] LL glow curves of common whelk snails,
particle size < 0.062 mm (UPMT = 750 V)
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[Fig. 113] LL dosimetry plot of common whelk snails


10. 4. 7. Norway lobster
    Norway lobsters (Nephrops Norvegicus) are common in the cooler North Atlantic ocean
and in the Mediterranean sea. These lobsters are a smaller species (15 - 25 cm) with a
orange-pink colour.
    The mineralisation of the molt is different for the body parts. In general, the molt is built up
of an outer mineralised layer and an inner chitinous layer. The calcareous layer measures up
to 1 mm at the claws, where it can be rather easily separated. The mineral content of these
layer is app. 66 % by wt. The molt of the cephalothorax or the abdomen is thinner, less
mineralised and more elastic. Separation of the two layers is difficult for these regions.
    The biomineral substance is an impure magnesiocalcite with a high trace manganese
content (≈ 400 mg Mn/kg).
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10. 4. 7. 1. Thermoluminescence of the Norway lobster molt
    The powdered Norway lobster claws emit a dull red thermoluminescence at  160 - 170 °C
after irradiation. A second glow peak can be assumed for 260 °C, the luminescence at 330 °C
seems to be irradiation-unspecific [Fig. 114]. The results correspond well with the glow
curves obtained by Carmichael et al. (1994). The sensitivity of the 160 - 170 °C peak is low.
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[Fig. 114] TL glow curve of irradiated Norway lobster
claws, particle size < 0.062 mm
(UPMT = 1000 V)


10. 4. 7. 2. Lyoluminescence of the Norway lobster molt
    The EDTA lyoluminescence of powdered Norway lobster claws is a short light emission
[Fig. 115]. The unirradiated claws give also a slightly elevated LL. The dosimetry plot
obtained from the signal maximum [Fig. 116] allows a better discrimination than integration
over a 180 s period after sample insertion [Fig. 117]. The less calcified cephalothoracal molt
gives a signal indicating a higher zero dose signal [Fig. 118] and a lower sensitivity with
irregular response [Fig. 120]. The LL technique requires further optimisation, but seems to be
an applicable detection method at least for the calcified claws.
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[Fig. 115] LL glow curve of Norway lobster claws,
particle size < 0.062 mm (UPMT = 750 V)
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[Fig. 116] LL dosimetry plot of irradiated Norway lobster
claws (signal maximum)
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[Fig. 117] LL dosimetry plot of irradiated Norway lobster
claws (signal area)


0 50 100 150 200
0


1000


2000


3000


4000


5000
Nephrops Norvegicus (cephalothorax)


 unirradiated


 2.5 kGy


 5 kGy


 7.5 kGy


LL
ED


TA
/lu


m
in


ol
  [


a.
 u


.]


time [s]


[Fig. 118] LL glow curve of Norway lobster cephalo-
thorax, particle size < 0.062 mm
(UPMT = 750 V)
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[Fig. 119] LL dosimetry plot of irradiated Norway lobster
cephalothorax (signal maximum)


10. 4. 6. Giant river prawns
    The giant river prawn (Macrobrachium Rosenbergii) is a freshwater species. It is grown in
aquaculture in south-east Asia and exported to Europe or North America. The prawns must
not be consumed raw, due to the possible microbial contamination. Characteristic for the
giant river prawns are the long, deep-blue claws. The third pair of the cephalothoracal legs is
modelled as long, spiny claws with a thin, calcareous, deep-blue exoskeleton with very fine
thorns.
    The claw molt of the giant river prawn contains app. 50 - 55 % X-ray amorphous calcium
carbonate. Upon heating or freeze-drying, the deep-blue colour turns into orange-red. The
other body parts are covered by a chitinous, less mineralised molt. ESR detection of
irradiated and powdered claws is practically impossible, since no distinct and elevated ESR
signal is observable after irradiation (Anderle et al. (1997)).


10. 4. 6. 1. Thermoluminescence of the giant river prawn molt
    The powdered claw molt emit only a irradiation-unspecific thermoluminescence signal.
A first temperature maximum occurs at 175 - 180 °C, a second one at 330 - 340 °C [Fig. 120,
121]. Thermoluminescence measurement is not applicable to detect an irradiation of giant
river prawns.
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[Fig. 120] TL glow curve of irradiated giant river prawn
claws, particle size < 0.062 mm
(UPMT = 1000 V)
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[Fig. 121] TL glow curve of irradiated giant river prawn
claws (enlarged), particle size< 0.062 mm
(UPMT = 1000 V)


10. 4. 6. 2. Lyoluminescence of the giant river prawn molt
    The LL signal of the giant river prawns’ molt indicates fast dissolution and resembles that
of the Norway lobster. Unirradiated claws give also a slightly elevated signal [Fig. 122]. The
intensity seems to be rather dependent on the individual response of single animals. Doses
< 5 kGy could not be sufficiently discriminated from unirradiated samples. The dosimetry plot
is rather irregular [Fig. 123] indicating the individual response.
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[Fig. 122] LL glow curves of giant river prawn claws,
particle size < 0.062 mm (UPMT = 750 V)
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[Fig. 123] LL dosimetry plot of irradiated giant river
prawn claws


10. 5. Turkey
   Turkey bones are predisposed for ESR measurement. Pieces fitting into the ESR tube can
be easily cleaved from the bone. Luminescence methods have attracted less attention.
Thermoluminescence measurement of recent bones has been reported in a few
investigations by Jasinska and Niewiadomski (1970), Driver (1979) and Oduko and Spyrou
(1990). Other authors as Dangl (1991) could not confirm a luminescence sensitivity of bone
matter.
    Bones are impure calcium hydroxyapatite, Ca10(PO4)6(OH)2, crystallites embedded in
collagen. In the hexagonal lattice Ca2+ can be replaced by other divalent cations, as Mg2+,
Fe2+, Zn2+, Cu2+ and Mn2+. On the other side, the anions OH– can be replaced by F–, Cl–,
H2O and CO3


2–, and PO4
3– by CO3


2– and SO4
2–. Synthetic hydroxyapatite used for


biochemical chromatography shows prominent orthorhombic and freely rotating CO2
–-radical


ion signals. For bone samples, ESR signals are associated with orthorhombic and axial
CO2


–-resonance. The characteristic Mn2+-lines are also observed. Natural apatites contain
halogen atoms instead of hydroxyl groups and may show thermoluminescence.
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10. 5. 1. Sample preparation
    A TL readout of bone matter may require the absence of organic compounds which char
upon heating. For archaeological and paleontological dating extraction methods of the
collagen and its decomposition products have been proposed using tetrahydrofurane or
ethylenediamine (see Chap. 10. 3.). The Soxhlet extraction using boiling ethylenediamine
(b.p. = 110 - 112 °C) has been applied successfully for fossil and recent bovine bone (Driver
(1979)). However, the procedure is time consuming (10 h extraction with ethylene diamine
and 10 h with ethanol/water to remove the ethylene diamine) and the elevated temperatures
may lead to a partial fading of lower-temperature TL at 140 to 180 °C.
    For this work, the tubular bones (tibia) of the turkey drumsticks were prepared for both
thermoluminescence and lyoluminescence measurement. The spongious ends were cut off
and the tubular section cleaved. Spongiosa was scratched off and soft tissue brushed away.
The bones were then superficially defatted with acetone and freeze-dried.
   The freeze-dried pieces were cut into 0.2 - 0.5 mm thin slices with a diamond-coated
rotating disk saw. Large bone pieces were crushed and ground with a agate mortar mill. The
finest particles < 0.062 mm were sifted out for lyoluminescence measurement. The coarse
fraction > 0.062 mm and the cut slices were extracted with ethylene diamine in a vacuum
soxhlet extractor (Büchi rotary evaporator with extractor) at 35 - 40 °C for 10 h and
subsequently with ethanol/water at room temperature. The extracted bone matter was freeze-
dried.


10. 5. 2. Thermoluminescence of turkey bones
    Both the extracted slices [Fig. 124] and the extracted powder [Fig. 125] of irradiated bones
showed no elevated thermoluminescence compared to the unirradiated control samples. The
heated samples showed charring with a dark colour and the characteristic smell.
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[Fig. 124] TL glow curve of extracted turkey bone slices
(UPMT = 1000 V)







©
 1


99
7 


by
 H


ei
nz


 A
nd


er
le


. A
ll 


rig
ht


s 
re


se
rv


ed
.


III. PHYSICAL METHODS: EXPERIMENTAL
102


100 200 300 400
0


1000


2000


3000


4000


5000
turkey (extracted bone powder)


 unirradiated


 2.5 kGy


 5 kGy


 7.5 kGy
T


L (K
G


 3
/1


00
0 


V
) (


qu
al


ita
tiv


e)
 [a


. u
.]


temperature [°C]


[Fig. 125] TL glow curve of extracted turkey bone powder
(UPMT = 1000 V)


10. 5. 3. Lyoluminescence of turkey bones
    The same solvent/sensitiser mixture as for the seafood shells was used for the tibia bone in
the turkey drumsticks. Turkey bone powder dissolves rapidly in the EDTA/luminol mixture.
The bone powder gives a LL signal much shorter than of the biocalcitic samples [Fig. 126].
Dosimetry from the maximum intensity enables a discrimination of samples irradiated with 2.5
kGy from unirradiated bones [Fig. 127]. Saturation can be assumed for higher doses. The
integration over the peak area is not suitable, although the dose-response is linear [Fig. 128].
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[Fig. 126] LL glow curve of turkey bone powder
(UPMT = 750 V)
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[Fig. 127] LL dosimetry plot of turkey bone powder,
using the maximum intensity
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[Fig. 128] LL dosimetry plot of turkey bone powder inte-
grating over 3 min after sample insertion
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Tab 12.: Impurities in the investigated seafood and poultry samples [mg/kg]
sample Mn*,*** Cu*** Zn*** Fe**,*** Mg


Mytilus edulis 303.4   ±   2.6   1.08   ± 0.16     2.27 ± 0.10   203.9 ±     0.52   1028.0 ±     9.7


Crassostrea angulata     1.86 ±   0.13   0.73   ± 0.06     1.89 ± 0.42     78.7 ±     9.1     233.5 ±     0.6


Mercenaria mercenaria   16.6   ±   0.8   2.41   ± 0.10   33.7   ± 0.18 2061.0 ±   15.8     440.5 ±     2.2


Callista chione   21.1   ±   0.2   0.72   ± 0.11   11.5   ± 0.80   678.7 ±     6.7   2158.9 ±   18.7


Spisula solida     2.68 ±   0.04   0.25   ± 0.17     3.57 ± 1.04     40.9 ±     2.5     297.5 ±     3.0


Buccinum undatum     2.28 ±   0.10   0.75   ± 0.13   10.1   ± 1.52   176.8 ±     6.9     571.2 ±     3.9


Nephrops Norvegicus 402.5   ± 57.5   2.78   ± 0.91   10.9   ± 1.69   149.4 ± 117.1 13162.8 ± 766.4


Macrobrachium Rosenb. 151.2   ± 15.6 18.6     ± 7.5   19.9   ± 0.47     95.6 ±   40.8   3934.9 ± 678.9


calcium hydroxyapatite 101.2   ±   0.2   0.31   ± 0.06     1.10 ± 0.003   175.1 ±     2.9   2789.2 ±     4.6


turkey bones     4.95 ±   0.16   0.87   ± 0.20 159.3   ± 2.1     12.2 ±     0.9   4554.3 ±     0.9


* TL activator; ** TL deactivator, *** possible luminol-EDTA-lyoluminescence catalyst


Tab 13.: Comparison of luminescence and ESR measurement (Anderle et al. (1997))
sample modification (%) applicability of


calcite aragon. ESR dosimetry TL dosimetry LL dosimetry


CaCO3, suprapur® 100 ++ non-linear – ++ linear


CaCO3, analytical grade 100 + non-linear + saturation ++ no saturation


calcite (Iceland spar) 100 (+) paleodose ++ saturation + no saturation


aragonite 100 (+) paleodose ++ saturation + no saturation


Mytilus edulis 25 - 30 70 - 75 ++ non-linear ++ saturation + linear


Crassostrea angulata 100 0 ++ non-linear + saturation ++ linear


Mercenaria mercenaria < 5 95 - 100 ++ saturation – + saturation


Callista chione 0 100 ++ linear – + linear


Spisula solida 25 - 30 70 - 75 ++ non-linear – + (linear)


Buccinum undatum 15 - 20 80 - 85 ++ non-linear – + linear


Nephrops Norvegicus 95 - 100 < 5 (+) (+) + sample dep.


Macrobrachium Rosenb. X-ray amorphous – – + sample dep.


calcium hydroxyapatite – – (+) linear


turkey bones + non-linear – + linear


legend to Tab. 13:
++ well applicable with irradiated/unirradiated signal ratio > 10
+ applicable
(+) possible
– unapplicable
modification (%) percentage of calcium carbonate crystal modification determined by X-ray diffractometry
paleodose no unirradiated reference sample due to a natural paleodose-induced signal detectable by


ESR
linear linear dose-response plot
non-linear curved dose-response plot without observable saturation at the applied doses
saturation dose-response saturation in the applied dose range
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10. 6. Conclusion
    Thermoluminescence seems to be applicable only for a few bivalvian and crustacean
families (mussels, oysters, scallops, lobsters and spiny lobsters), which are of great
economic importance. The deduction of one species’ TL-sensitivity to another species of the
same family should be avoided, every species has to be investigated separately. Other
species, as clams or cockles, are TL-insensitive because of a predominantly or entirely
aragonitic shell.
    The lyoluminescence method promises to be more universally applicable for both biogenic
calcite, aragonite, amorphous calcium carbonate and calcium hydroxyapatite. The
EDTA/luminol ratio in the mixture requires further optimisation for the different shell structures
and modifications. The replacement of dissolved atmospheric oxygen in the reagents may
reduce the luminol self-glow. Miniaturisation for smaller sample amounts (10 mg instead of
50 mg or 100 mg) should also be considered for the development of automated LL readers.
    It can be prognosticated that the lyoluminescence method will be a powerful parallel and
control method to electron spin resonance measurements.
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11. CHEMICAL DETECTION OF IRRADIATED MEAT: APPLICATION OF HIGH  
PERFORMANCE LIQUID CHROMATOGRAPHY  


11. 1. Meat: low-fat muscle tissue and mechanically deboned meat
    As mentioned in Chap. 3. 2. 3, the hydrocarbons generated by the irradiation of lipids are
determined by gas chromatography-mass spectrometry (GC-MS). In meat, the adherent
adipose tissue may provide sufficient fat. Lean pork muscles, as ham, fillet or shoulder,
contain only 2 - 5 % fat (w/w). Beef is even lower in fat, (0.5 - 3 % w/w), and chicken breast
muscle contains only 1.2 % fat (w/w) as well.
    The carcasses of the slaughtered animals may still provide enough adherent meat which
can be separated from the bones by pressure in mechanical separators. A grey-red chunky
paste leaves the separator to be used e. g. as low-cost ingredient in sausage production.
This mechanically deboned meat (MDM) is highly susceptible and sensitive to rapid
spoilage.     In Austria, the use of mechanically deboned pork or beef is limited to the site of
its production. Mechanically deboned poultry meat is forbidden. In other countries, these by-
products are radappertized with doses from 1 - 5 kGy.
     Fish muscle may be rich in fat, as eel (Anguilla anguilla) (26 %), herring (Clupea harengus)
(9 - 18 %), tuna (Thynnus thynnus) (16 %), mackerel (Scomber scombrus) (12 %), salmon
(Salmo salar) (14 %) or halibut (Hippoglossus hippoglossus) (5 %). Other commercially
prominent species have very lean muscles, e. g. cod (Cadus morhua) (0.3 %), hake
(Merluccius merluccius) (0.9 %), or haddock (Melanogrammus aeglefinus) (0.1 %). Shrimp or
lobster abdomen meat contains app. 2 % fat. The short shelf-life of refrigerated fish fillet
(12 days) requires additional preservation by freezing in cold air or liquid nitrogen or carbon
dioxide, by drying, salting or smoking, by can preservation, or additionally by irradiation either
fresh (1 - 3 kGy) or frozen (3 - 8 kGy).


11. 2. Chemical changes requiring high performance liquid chromatography
    Lean muscle tissue with low fat content may not provide sufficient lipids for the
determination of hydrocarbons. For these samples, the analysis of other radiation-induced
chemical changes has been proposed, as the destruction of thiamine (vitamin B1) or α- and
δ-tocopherols (vitamin E). The natural contents of these vitamins may be of greater variation
than the radiation-induced decay. The low volatility and the temperature sensitivity of these
substances do not allow the use of the higher temperatures (35 - 300 °C) as in the gas-
chromatographic separation technique. Therefore high performance liquid chromatography
(HPLC) is a potential separation method.
    The most promising method using HPLC is the determination of irradiation-hydroxylated
aromatic compounds. The aromatic amino acid phenylalanine is attacked by hydroxyl
radicals and both orthotyrosine and metatyrosine as well as the natural tyrosine are formed.


11. 3. Hydroxylation of phenylalanine
    The natural amino acid tyrosine (tyr) is present in 1 - 3 % (w/w) in all proteins (Karam and
Simic (1990)). Tyrosine is synthesised metabolically from phenylalanine (Phe) by
phenylalanine-hydroxylase and tetrahydropteridine as cofactor. Phenylalanine constitutes
2 - 4 % (w/w) in meat. The aromatic ring is highly susceptible to the attack of the ·OH radicals







©
 1


99
7 


by
 H


ei
nz


 A
nd


er
le


. A
ll 


rig
ht


s 
re


se
rv


ed
.


IV. CHEMICAL METHODS: EXPERIMENTAL
107


(k(·OH + Phe) = 6 × 109 M–1 s–1). Radiation-generated hydroxyl radicals attack the benzene
ring in all possible three positions. It is assumed that 5 - 10 % of the ·OH radicals react with
the phenylalanine.
    Hydroxyl radicals may be formed by other reactions too, as e. g. the Fenton-type reaction
of Fe2+ and H2O2 in neutral aqueous solution. In biological systems, the superoxide radicals
·O2


– are reduced to H2O2 by superoxide-dismutase. Experiments by Karam and Simic (1990)
of incubating beef and chicken breast muscle in CCl4 or ethanol yielded significantly
increased concentrations of orthotyrosine. Red beef contains more mitochondria than the
pale chicken breast muscle, therefore the concentration of orthotyrosine in solvent-incubated
beef is about four times higher.
    To obtain the free amino acids, hydrolysis of the proteins is usually done with hydrochloric
acid (∼ 6 M) at elevated temperatures (100 - 120 °C) for a longer time (12 - 18 h) in a closed
vessel. Atmospheric oxygen is present adsorbed on the sample particles, dissolved in the
reagent mixture and in the free gas space in the hydrolysis vessel. During the hydrolysis, it
has been shown that the atmospheric oxygen has to be removed from the suspension by
evacuation and flushing with inert gas, otherwise artefacts of meta- and orthotyrosine and
other compounds with similar behaviour in the separation system may be formed.
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[Fig. 129] reaction scheme of the formation of tyrosine isomers
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11. 4. Samples, reagents and equipment
    Turkey breast meat was purchased vacuum-packed. Tiger prawn tails (Penaeus spp.)
were obtained refrigerated. The mechanically deboned mixed beef and pork meat was kindly
provided by a meat processing sausage producer.
    The samples were irradiated refrigerated in a 60Co gamma-radiation source at the Austrian
Research Centre Seibersdorf. For the prawn tails and the deboned meat, the experimental
source delivering a dose-rate of 7 kGy/h was chosen. The prawn tails and the deboned meat
were packed into plastic boxes prior to irradiation. The turkey breast meat was irradiated with
1, 2.5 and 5 kGy. The prawn tails were irradiated with doses of 2.5, 5 and 7.5 kGy, while 5,
7.5 and 9.5 kGy were applied to the deboned meat. After irradiation, the samples were either
kept frozen and were freeze-dried prior to analysis, or in the case of the turkey breast meat,
subsample pieces were cut out, freeze-dried, ground and stored frozen. To avoid
segregation of meat serum during thawing, the frozen deboned meat block was milled with a
1 cm-percussion drill and the obtained facings freeze dried immediately afterwards.
    The freeze-dried samples were hydrolysed in 50 mL screw-cap glass bottles with heat-
resistant (up to 200 °C) plastic caps. Concentrated hydrochloric acid of analytical grade
(Merck) was mixed 1 : 1 with bidistilled water as hydrolysis reagent. Hydrolysis in the tightly
screwed bottles was done at 120 °C for 16 h (overnight) in a drying oven.
    The hydrolysates were suction-filtered through a 0.45 µm PTFE-filter and the acid removed
on a rotary evaporator. The residue was finally diluted to 50 mL in a volumetric flask with
bidist. water.
    The chromatographic equipment consisted of a Merck-Hitachi L-6200A gradient pump, a
Rheodyne 7151 injection valve with start switch, a Merck-Hitachi L-6000A isocratic pump,
two Merck ELV 7000 column switching devices with Rheodyne 7000 valves, an Industrial
Electronics peltier-cooled column thermostat, a Merck-Hitachi F-1080 fluorescence detector
with 12 µL detector cell and a Merck-Hitachi L-5200 fraction collector. The analogous
detector signal was digitised in a Hewlett Packard 35900 dual channel 24 bit analogue-digital
converter and processed by the HP LAS chromatography software.


[Fig. 130] HPLC system used for the separation of tocopherols and tyrosines. 1: eluent reser-
voirs, 2: pump A, 3: pump B, 4a, b: switching valves, 5: column in column thermo-
state, 6: fluorescence detector, 7: A/D converter
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11. 5. Sample preparation optimisation
    Hydrolysis in an oxidising system favours the formation of artefact tyrosine isomers.
Therefore, test hydrolysis of unirradiated chicken breast muscle was performed with the
addition of commonly used antioxidants, as ascorbic acid and hydroxylamine hydrochloride.
    After hydrolysis without any precautions, a dark brown suspension rich in a black residue
with the typical smell of soup extract is obtained. Ascorbic acid reacts with amino groups
forming artefact products in a Maillard-type reaction. Hydroxylammonium hydrochloride is
effectively consuming oxygen in the hydrolysis vessel. It can be easily added to the hydrolysis
mixture, stabilises the pH of the hydrolysate after vacuum evaporation of hydrochloric acid to
2 - 3 and inhibits the growth of molds.
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[Fig. 131] Chromatogram of lyophilised chicken breast
muscle hydrolysed in 5 mL 6 M HCl in a 50 mL
vessel for 12 h at 120 °C.
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[Fig. 132] Chromatogram of chicken breast muscle hydrolysed in the same system with the addition of
200 mg antioxidant.
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11. 6. Optimisation of the chromatographic process
    The separation of the tyrosine isomers is restrained by the extreme excess of natural
tyrosine. A sample solution of 125 mg dried meat with 2 % tyrosine (w/w) in 50 mL contains
app. 50 mg tyrosine /L. The concentrations of the ortho- and metatyrosine are in the
0 - 20 µg/L range. Therefore a 1000 - 10000-fold excess of natural tyrosine over the irradiation
markers will be found. The low ortho- and metatyrosine concentrations required a
replacement of the original 20 µL injection loop with a 100 µL loop.
    The second problem to overcome is the possible deterioration of the column material.
Especially in the alkaline range of a pH > 9 - 10, the normal uncoated silica gel is attacked
and cleaved. In acidic eluents of a pH < 2 the Si-O-Alkyl bond hydrolyses. The hydrophilic
matrix substances of the sample solution interact with the free silanol groups present in
normal reversed-phase columns. Between the hydrophobic octyl or octadecyl residues
sufficient hydroxyl groups of the silica gel are still accessible in the stationary phase. A rapid
decay in separation performance (decrease of retention time and widening, tailing and
asymmetry of the chromatographic peaks) and the short column-life renders the method
uneconomic. The blocking of the stationary phase can be prevented by the use of acidified
eluents at pH = 3, e. g. with phosphoric acid.
    Phenyl groups in the hydrophobic phase show special selectivity for aromatic compounds.
    A stationary phase of extreme chemical ruggedness and inertness can be found in modern
“endcapped” column materials, which have the silanol groups chemically protected by short-
chain alkyl residues. These phases have originally been designed for both acidic and basic
substances to be separated as free acids or bases.
    Tyrosine is the most hydrophobic amino acid among the 20 occurring in proteins. Only 400
mg/L are soluble in pure water at 25 °C. If an amino acid remains dissolved at its isoelectric
pH, it is only present as zwitterion and no other ionic species like salt anion or protonated
cation with different retention time could widen the chromatographic peak.
    Therefore, the following optimisation measures were considered:
• doubling the column length from 125 to 250 mm to increase resolution to 1.4-fold
• injection of 100 µL sample volume
• buffering of the eluent to pH = 5.6 for isoelectric conditions
• adjustment of the acetonitrile or methanol content in the isocratic eluent
• testing a phenyl reversed-phase column material with high affinity for aromatic


compounds
• testing an end-capped reversed-phase column material to achieve higher resolution with


sharper peaks and to delay column deterioration
• cooling the column to improve selectivity
• collection of fractions or column-switching to decrease the tyrosine excess
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pump 1
eluent A


column 1


pump 2
eluent A’


colum
n 2


detectorwaste


100 µL valve 1 valve 2


separation on column 1
separation on column 1
with loading of column 2


pump 2 inactive


separation on column 2


flushing of column 1


t0 - t1: separation on column 1 (A: 1 % acetonitrile, pH = 5.6)
t1 - t2: separation on column 1 and loading of column 2 (1 % acetonitrile, pH = 5.6)
t2 - t3: separation on column 2 (A’: 5 % acetonitrile, pH = 5.6);


flushing (1 min B: 50 % acetonitrile, 0.5 % NaCl) and re-equilibration (A) of column 1
[Fig. 133] Column-switching scheme


11. 6. 1. Discussion of the “optimised” separation
    The optimal chromatographic conditions implicate a rapid separation with low eluent flow
rates, high selectivity of column and detector for the analytes, and a high resolution rji with
sharp, ideally Gauss-shaped peaks with a low dispersion giving a small half-width σi. For real
samples, it is impossible to get all these advantages together.
    The extra-column dispersion σex


2  has to be kept as low as possible. It must not exceed


σ σex col
2 20 2≤ .  (1)


σcol
2...dispersion in the column


Capillary tubing with an inner diameter of 0.17 mm and a length as short as possible, a
careful avoidance of dead volumes and turbulent flows at the screw connections with valves
and columns, and a small volume of the detector cell help to minimise these source of errors.
This is especially important in column switching.
    The chromatographic performance of a column is determined by its stationary phase and
the interaction with the analytes. The surface of the reversed-phase material particles is
modified with organic residues, the particles may be irregular or spherical and porous. Totally
excluded unretained substances are sterically hindered to enter the pores,
    The doubling of the column-length means also doubling of the retention time and the peak
width. The resolution is only increased with the square root, i. e. 1.4-fold.
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11. 6. 1. 1. Selection of the appropriate column material and length
   First tests with Merck LiChroSpher C8 5 µm 125 × 4 mm columns and a saline eluent
(1 % w/w acetonitrile / water with 10 g NaCl/L) showed a separability of the tyrosine isomers
with higher selectivity for the tyr / m-tyr isomers (Rji = 1.724) than for the m-tyr / o-tyr peaks
(Rji = 1.481). However, the retention times were too short to allow an at least
semiquantitative determination of metatyrosine in the hydrolysates with their 104-fold tyrosine
excess. The column material deteriorated after only 30 - 50 hydrolysate samples.
   A Merck LiChroSorb C18 7 µm 250 × 4 mm column showed broader peaks and the same
material degradation [Fig 134]. A Merck SuperSpher C18 5 µm 250 × 4 mm column de-
graded rapidly and had to be discarded after 10 standard solution injections.
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[Fig. 134] Separation of a standard mixture on a
LiChroSorb C18 7 µm 250 × 4 mm column


   Phenyl-derivated stationary phases are specially designed for the separation of aromatic
compounds. The tyrosine isomers show a too similar interaction and can only be partially
separated with the originally proposed eluent [Fig. 135].


0 5 10 15 20 25
0


200


400


600


800


1000


o-Tyr (50 µg/L)


m-Tyr (100 µg/L)


Tyr (150 µg/L)


retention time [min]


C
18


-phenyl 5 µm, pH ~ 7


flu
or


es
ce


nc
e 


in
te


ns
ity


 [a
. u


.]


[Fig. 135] Separation of a standard mixture on a
phenyl-derivated C18 7 µm 250 × 4 mm
column at pH ~ 7
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It was attempted to improve the separation efficiency by buffering the eluent at pH = 5.6 near
the isoelectric pH of tyrosine. A concentrated citrate buffer containing 29.545 g citric acid +
13.624 g NaOH/L in 1 % acetonitrile / water replaced the unbuffered eluent. The peaks were
sharper, but the resolution still unsatisfactory [Fig. 136].
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[Fig. 136] Separation at pH = 5.6 using a citrate-
buffered eluent.


   An endcapped material in the Grom-Sil 5 µm 100-ODS 0 AB column proved to be the best
and most economic solution for these hydrolysates. With a column lifetime of at least
300  sample injections, it is much slower impaired by the matrix substances. The
chromatographic peaks are sharp and almost symmetric, the tyrosine isomers are completely
resolved [Fig. 137].
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[Fig. 137] Separation of a 20 µg/L standard mixture
on an endcapped phase.


   The chromatographic parameters of the chromatogram in Fig. 137 were calculated from the
following equations:
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peak capacity Ψι = + +1 0 6 1. logN iκb g  (4)


11. 6. 1. 2. Optimisation results of the elution conditions
    Buffering at the isoelectric pH of ~ 5.65 for tyrosine suppresses the hydrophilic groups of
the amino acid.
    Thermostatisation to lower temperatures (10 °C) improves the selectivity for the separation
of meta- and natural tyrosine. This is especially important for the partial removal of natural
tyrosine. An additional gain in resolution is achieved by the replacement of acetonitrile
(1 % v/v) with methanol (1.25 % v/v). Lower concentrations of methanol delay the retention
times but do not improve the resolution.
    The use of acetonitrile for the separation on the second column focuses the peaks and
prevents additional widening. The peak tail of natural tyrosine is at least partially refocused
allowing a satisfactory quantitation of meta-tyrosine.


11. 7. Tests for practical applicability on real samples
    Mechanical deboned meat, turkey breast and leg muscle and shrimp meat were analysed
both unirradiated and after irradiation. A single-column system and a column-switching
system were tested. Six parallel samples were prepared.


11. 7. 1. Mechanically deboned meat
    Unirradiated mechanically deboned meat contains metatyrosine in the range of
∼ 5 mg/kg dry matter. After irradiation, its concentration is elevated to 2.5 - 5 fold in the dose
range from 5 to 9.5 kGy. Orthotyrosine may not be quantifiable due to low resolution and
partial overlap with an unidentified succeeding substance [Fig 138].
    The meat by-product obtained from beef and pork carcasses contains visible amounts of
fatty tissue. Therefore, the method of choice is the determination of hydrocarbons from lipids
by gas chromatography-mass spectrometry.
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[Fig. 138] Chromatograms of mechanically deboned meat (beef and pork)


11. 7. 2. Turkey breast meat
    The single-column method gives an unsatisfactory separation of metatyrosine from the very
large excess of natural tyrosine. The orthotyrosine peak is overlapped by an unidentified
substance with an intense fluorescence.
    With the optimised column-switching method and fluorescence detection it is not possible
to quantify both meta- and orthotyrosine. The refocusing of the tyrosine tail is insufficient to
ensure a better baseline separation of the metatyrosine peak. The overlap of the
orthotyrosine peak with its accompanying substance is only partially resolved.
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[Fig. 139] Chromatogram of unirradiated turkey
breast muscle
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[Fig. 140] Chromatograms of fractions (0.45 mL collected/100 µL injected) of unirradiated turkey breast
muscle
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[Fig. 141] Chromatogram of turkey breast muscle,
irradiated with 1 kGy
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[Fig. 142] Chromatograms of fractions (0.45 mL collected/100 µL injected) of irradiated turkey breast
muscle (1 kGy)
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[Fig. 143] Chromatogram of turkey breast muscle
irradiated with 2.5 kGy
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[Fig. 144] Chromatograms of the tyrosine isomer fractions collected from the 2.5 kGy sample hydrolysate.


11. 7. 3. Shrimp meat
    Both with the single-column method and the column switching separation of the acidic
hydrolysate shrimp meat cannot be identified as irradiated. The partial or complete overlap
with the meta- and orthotyrosine peak by adjacent substances restricts the quantitative
determination.
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[Fig. 145] Chromatogram of prawn tail meat (column switching). The
tyrosine isomer peaks are not identifiable
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[Fig. 146] Chromatogram of prawn tail meat (column switching). The
tyrosine isomer peaks are not identifiable
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[Fig. 147] Chromatogram of prawn tail meat (column switching). Despite the
relatively high irradiation dose of 7.5 kGy the tyrosine isomer peaks
cannot be identified.


11. 8. Conclusion
    The similar chemical properties of the hydroxylated phenylalanines need optimum condi-
tions for their separation and quantification. The large excess of natural tyrosine can only be
decreased by column switching. The collection of fractions with further dissolution of the
analytes is limited by their low concentration in the hydrolysate.
    The determination of ortho- and metatyrosine in meat by HPLC can be only simplified in the
sample preparation step. The apparative requirements are high, and the method itself is
time-consuming. For the investigation of large sample numbers, it is still inapplicable.
    The method is limited as well by the nature of the sample itself. Turkey meat hydrolysate
contains at least two interfering substances with partial or complete peak overlap.
Furthermore, the excess of natural tyrosine in turkey meat hydrolysate is higher than in shrimp
meat or mechanically deboned meat.
    For shrimp meat without any biomineralised parts and a low fat content, the determination
of both tyrosine isomers will not give a satisfactory discrimination of samples irradiated in
refrigerated condition.
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12. GENERAL CONCLUSION  
    The detection methods of food irradiation investigated in this work are essentially based on
the irradiation-generated effects in mineral substances. Luminescence measurement
requires only moderate expenses for equipment and reagents.
    Thermoluminescence measurement is an already tested and approved two-step method
for the detection of irradiated herbs, spices and dried vegetables. The dust is separated and
before the measurement, carbonates are removed and only silicate particles are read out. In
the second step, the samples require reirradiation and normalisation of the irradiation/
reirradiation signals to ensure an unbiased identification.
   However, the thermoluminescence signal may deliver additional information through the
shape of the glow curve and the corresponding glow peak temperatures. As further
simplification, the common blue-sensitive photomultiplier detectors are almost equally
suitable for both carbonates and silicates. A dissolution of the carbonates is therefore
useless. By selection of the glow peaks with the optimum irradiation sensitivity, a reirradiation
can be avoided and an identification becomes possible in a single step. By using the
simplified thermoluminescence method, identification of irradiated spices, herbs, and
vegetables becomes possible in laboratories not equipped with irradiation facilities.
   Photostimulated luminescence measurement is much less applicable in practice.
Photostimulation and signal bleaching may be effected by incident day- or laboratory light as
well. The sample preparation steps are essentially the same as for thermoluminescence
measurement, but require a special protection from light. It can be predicted that the
photostimulated luminescence method will not reach this degree of practical applicability as
its thermoluminescence equivalent.
   The lyoluminescence method is a promising approach to identify irradiated seafood.
Aragonite predominates as shell material in the majority of marketed seafood species, but as
biomineral it is practically thermoluminescence-insensitive. Dissolution of the shell material in
an alkaline complexing agent solution provides the optimum conditions for the luminol
reaction. The method is as well suitable for calcite, amorphous calcium carbonate, and
hydroxyapatite. Some species relatively insensitive to electron spin resonance spectroscopy
can be identified by lyoluminescence measurement. As further advantage, the
lyoluminescence equipment and reagent requirements are very moderate compared to
electron spin resonance apparatus.
   Physical methods are still the methods of choice for the detection of irradiated foods,
chemical methods based on the determination of non-volatile irradiation-generated marker
substances suffer from artefact formation through the sample preparation process, from
insufficient selectivity of the separation system and from the unspecific detector response.
Therefore the determination of tyrosine isomers in lean meat, poultry, fish and shrimp flesh
remains an unsolved challenge.
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13. SUMMARY  
   It can be stated that this work has reached its main scope:
• to improve officially applied methods, such as thermoluminescence measurement,


towards a simplified scheme of sample preparation, measurement and data analysis;
• to investigate methods proposed for practical use, such as photostimulated


luminescence measurement, on its routine applicability and to set up the necessary
precautions for sample preparation and measurement;


• to develop new methods, such as the complexation lyoluminescence method of
carbonate biominerals, for samples insensitive to energy-induced luminescence
excitation, and to test their potential applicability on a representative variety of the sample
species;


• to identify the main drawbacks of the chemical determination of non-volatile irradiation
markers making them unapplicable for routine analysis.
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NACHWEIS DER BESTRAHLUNG VON LEBENSMITTELN MIT LUMINESZENZ-  
METHODEN  
    In der vorliegenden Arbeit wurde die Anwendbarkeit von physikalischen Methoden
(Thermolumineszenz, photostimulierte Lumineszenz und Lyolumineszenz) und von
chemischen Methoden mit Lumineszenzdetektion (chromatographische Hochleistungs-
Trennung mit Fluoreszenzdetektor) an verschiedenen Arten von Lebensmitteln untersucht.
Die Proben (Mineralien, Getreide, Gewürze, Meerestiere, Truthahnknochen, Truthahnfleisch
und Separatorenfleisch) wurden mit den jeweils üblichen Dosen in einer 60Co-Quelle
bestrahlt.
   Kapitel 1 beschreibt die grundlegende Problemstellung, die Bedenken gegen und die
Argumente für die Lebensmittelbestrahlung. Die angewendeten Dosen reichen von 100 Gy
zur Austriebhemmung von Kartoffeln und Zwiebeln bis zu 10 kGy zur
Schimmelpilzinaktivierung bei Gewürzen. Antioxidantien und Vitamine in Lebensmitteln
können durch die Strahlungseinwirkung abgebaut werden, Radiotoxine oder Radioisotope
werden jedoch nicht gebildet.
   Kapitel 2 gibt einen Überblick über die Bestrahlungstechnologie, die Dosimetrie, die
ökonomischen Aspekte und über Alternativmethoden.
   Kapitel 3 beinhaltet eine Aufstellung der physikalischen und chemischen Nachweis-
methoden. Elektronenspinresonanzspektroskopie, Messung der Thermolumineszenz, der
photostimulierten Lumineszenz von mineralischen Verunreinigungen und Lyolumineszenz-
oder Chemilumineszenzmethoden beruhen auf der Bildung bestrahlungsinduzierter
Fehlstellen in kristallinen Stoffen. Die Bestimmung der Viskosität alkalisch gelatinierter Stärke
ist bei Gewürzen möglich. In Proteinen entstehen radikalisch hydroxylierte Aminosäuren,
Lipide werden zu Kohlenwasserstoffen gespalten. Biologische Testverfahren beruhen auf der
Austrieb- oder Auskeimhemmung oder auf der Bestimmung des Verhältnisses von lebenden
zur Gesamtzahl aller Keime.
   Die in Kapitel 4 detailliert abgehandelte Thermolumineszenz (TL) und photostimulierte
Lumineszenz (PSL) sowie die Lyolumineszenz (LL) sind der Schwerpunkt dieser Arbeit. Die
physikalischen Grundlagen der Lumineszenz-Vorgänge und die Lumineszenzeigenschaften
der wichtigsten Mineralien Quarz, Feldspat sowie Calcit, Aragonit und Dolomit werden aus
der Literatur zusammengefaßt. Die Meßprinzipien und der Aufbau der Meßgeräte werden
übersichtsweise beschrieben.
    Kapitel 5 stellt die am Institut für Radiumforschung und Kernphysik entwickelten
Meßgeräte vor, die in der vorliegenden Arbeit für die Messungen benutzt wurden.
    Kapitel 6 beinhaltet die experimentellen Untersuchungen zur Lumineszenz von
Carbonatmineralien. Calcit, Aragonit, Kalkstein, Muschelkalk und Dolomit wurden als
Vergleichsproben herangezogen. Kalkstein und Dolomit mit niedrigem Eisengehalt zeigen
eine intensive orangerote TL, ein höherer Eisengehalt im Kalkstein und Muschelkalk senkt die
TL-Empfindlichkeit. Natürlicher sehr reiner Calcit (Doppelspat) und Aragonit thermolumines-
zieren, ebenso synthetisches Calciumcarbonat (Reagens zur Silikatanalyse). Hochreines
Calciumcarbonat (Merck suprapur®) ist praktisch TL-inaktiv. Die Lyolumineszenz (LL) von
Calciumcarbonat in verdünnten Säuren liefert nur ein schwaches Signal. Das Lösen von
bestrahltem Calciumcarbonat (Calcit, Aragonit und Reagenzien) in einem auf pH = 10.5
gepufferten wäßrigen EDTA-Luminol-Hämin-Reagensgemisch liefert ein deutlich erhöhtes
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Chemi-lumineszenz-Signal, dessen zeitlicher Verlauf von der Partikelgröße und der Kristall-
modifikation abhängt. Die bestrahlungsinduzierten Ladungsträger reagieren beim
Aufbrechen des Kristallgitters mit dem Lösungsmittel. Die Reaktionsprodukte setzen sich mit
Luminol unter dem charaktistischen blauen Leuchten um. Bestrahltes hochreines
Calciumcarbonat kann mittels der EDTA-Luminol-Lyolumineszenz eindeutig und
hochempfindlich identifiziert werden.
    Kapitel 7 beschreibt die experimentellen Untersuchungen über die Lumineszenz von
Carbonatmineralien. Geologische Quarzmineralien, Kali-, Alkali-, Natron und Kalkfeldspäte
standen als reine Proben mit definierter Zusammensetzung zur Verfügung. Die TL wurde im
Meßgerät des Instituts für Radiumforschung und Kernphysik gemessen. In einer
kommerziellen PSl-Meßapparatur (ELSEC) wurde die PSL von Feldspäten sowohl mit
grünem Licht (514 nm) als auch mit infrarotem Licht (850 - 950 nm) angeregt, jene des
Quarzes nur mit grünem Licht. Die Detektion erfolgte mit einer photonenzählenden SEV-
Röhre (Thorn-EMI 9635 Q) im UV-Bereich (Grün-Stimulation, U 340 UV-Filter) bzw. im
sichtbaren blaugrünen Bereich (IR-Stimulation, BG 39-Filter). Die Feldspäte zeigen
unbestrahlt eine natürliche Lumineszenz, Quarz und bestimmte Feldspäte (Sanidin, Ca-
Feldspat) liefern einen unbedeutenden Beitrag zur Lumineszenz polymineralischer
Gemische. Natron- und bestimmte Kalifeldspäte zeigen intensive TL und PSL. Bei Dosen
über 2000 Gy tritt jedoch bei einigen Mineralien (Natronfeldspat) bereits eine PSL-Sättigung
auf.
    Kapitel 8 beschreibt Experimente zum Nachweis der Bestrahlung mit niedrigen Dosen.
Getreide wird in Elektronenbeschleunigern mit niedrigen Dosen (~ 500 Gy) bestrahlt, um
Schädlinge und deren Larven abzutöten. Die organischen Anteile des Staubes ergeben beim
Erhitzen Störlumineszenz, das natürliche Thermolumineszenzsignal der mineralischen
Verunreini-gungen ist von deren Zusammensetzung abhängig, die wiederum vom Ort des
Anbaues bestimmt wird. Sowohl Weizen als auch Roggen konnten in der vorliegenden Arbeit
daher nicht eindeutig als bestrahlt identifiziert werden.
    Kapitel 9 konzentriert sich auf Gewürze, die mit hohen Dosen (5 - 10 kGy) bestrahlt
werden, um vegetative Keime und Schimmelpilze sowie deren Sporen zu inaktivieren. Die
Abtrennung der Mineralien erfolgt durch Flotation und Zentrifugation in Flüssigkeiten hoher
Dichte. Die Thermolumineszenz-messung kann in diesem Dosisbereich auch ohne
Nachbestrahlung der ausgelesenen Proben eine eindeutige Identifikation ermöglichen. Die
photostimulierte Lumineszenz-Messung verlangt spezielle Lichtschutzmaßnahmen bei der
Proben-vorbereitung, um das Ausbleichen des Signals durch Tages- oder Kunstlicht zu
verhindern. Bei Beleuchtung mit einer Na-Dampflampe mit nichtbleichendem Licht (590 nm)
wird das PSL-Signal nicht verändert. Alle drei untersuchten Gewürze (Zimt-, Paprika- und
Currypulver) waren durch ihre erhöhte PSL eindeutig als bestrahlt zu identifizieren.
    Kap. 10 zeigt die Möglichkeiten der Lyolumineszenzmethode zum Bestrahlungsnachweis
von Meerestieren und Geflügel. Aragonitische Muschelschalen sind TL-inaktiv, zeigen aber
LL ebenso wie die TL-aktiven calcitischen Muschelarten. Die Luminol-EDTA-Lyolumines-
zenzmethode konnte bei Miesmuscheln, Austern, Venusmuscheln, Wellhornschnecken,
Kronenhummern, Süßwassergarnelen und Truthahnknochen erfolgreich getestet werden. Bei
amorphem Calciumcarbonat ist sie durch ihre höhere Empfindlichkeit der Elektronen-
spinresonanz-Spektroskopie möglicherweise überlegen.
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    Die in Kap. 11 dargelegten chemischen Untersuchungen sollten zur Weiterentwicklung der
Bestimmung von Tyrosin-Isomeren in Fleisch dienen. Phenylalanin wird zu Tyrosin und
dessen Isomeren Ortho- und Metatyrosin hydroxyliert. Die Tyrosinisomere lassen sich durch
Hochleistungs-Flüssigkeitschromatographie (HPLC) trennen und mit Fluoreszenzdetektion
bestimmen. Der hohe Tyrosinüberschuß der natürlichen Aminosäure (1000 - 10000-fach)
stellt hierbei das größte Problem dar.
    Bei der sauren Hydrolyse der Proben können bei Anwesenheit von Sauerstoff Artefakte
entstehen. In der vorliegenden Arbeit sollte daher zunächst eine schonende Aufschluß-
methode entwickelt und anschließend deren Anwendbarkeit auf verschiedenartige Proben
(Truthahnfleisch, Separatorenfleisch und Garnelen) getestet werden.
    Der Zusatz von Hydroxylamin verringerte die Menge der entstehenden Störsubstanzen.
Die Verwendung einer speziellen säure- und basendeaktivierten Trennsäule ermöglichte eine
optimale Trennung mit verbesserter Beständigkeit des Säulenmaterials gegenüber den
Hydrolysaten. Isoelektrisches Puffern der mobilen Phase erzielte deutlich schärfere
Substanzpeaks mit verbesserter Auflösung. Metatyrosin konnte von dem hohen
Tyrosinüberschuß jedoch nur unvollständig getrennt werden, sodaß Säulenschalten mit der
Trennung der Tyrosin-Isomerfraktion auf einer zweiten gleichartigen Trennsäule als möglicher
Ausweg versucht wurde.
    Es zeigte sich bei allen untersuchten Proben, daß die Analyten häufig von benachbarten
Störsubstanzen überlagert wurden und eine quantitative Bestimmung dann unmöglich war.
Auch das Säulenschalt-Verfahren konnte den Tyrosinüberschuß nicht vollständig abtrennen,
den verbleibende Tyrosin-Untergrund refokussieren und die Auflösung der Analytpeaks und
der überlappenden Störsubstanzen erhöhen.
    Die Bestimmung der Tyrosin-Isomeren stellt daher weiterhin eine nur teilweise gelöste
analytische Herausforderung dar, die eine Anwendung als Routinemethode noch verfrüht
erscheinen ließe.
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EPILOG/EPILOGUE


    Hätte man mir vor nunmehr zehn Jahren voraussagen können, daß die Chemie sich zu
einem Orchideenfach entwickelt, hätte ich es wahrscheinlich nicht geglaubt und trotzdem nur
dieses Studium gewählt. Ich hoffe aber, auch und gerade durch die widrigen Umstände noch
rechtzeitig den Zugang zum Schöngeistigen gefunden zu haben und dem Absturz in den
durch kulturelle Scheuklappen verblendeten Fachidiotismus entronnen zu sein.
    If I had already been told ten years ago that chemistry would evolve into an orchidaceous
subject, I would not have believed it and nevertheless it would have been my choice. I hope
to have found an access to aestheticism despite or just because of the adverse circum-
stances and to have escaped the precipice into culturally blindfolded one-track specialism.
    In diesem Sinne nur zwei Zitate aus den Briefen der von mir so sehr verehrten Meister der
holden Kunst / in this sense just two quotations from letters of the revered masters:


Franz Schubert an Eduard v. Bauernfeld, 10. Juli 1826


... ich habe g a r  kein Geld, [u.] es geht mir überhaupt s e h r  schlecht. Ich mache mir [aber]
nichts daraus, u. bin lustig...


... I have no money at all and feel very bad in general. But I don’t care and make fun of it...


(Franz Schubert: Briefe und Schriften, 4. Aufl., hrsg. v. O. E. Deutsch, Wien: Gebr. Hollinek
1954)


Ludwig van Beethoven an Franz Gerhard Wegeler, 16. November 1801


... – ich will dem schicksaal in den rachen greifen, ganz niederbeugen soll es mich gewiß
nicht – o es ist so schön das Leben tausendmal leben – ...


... – I will grasp into fate’s throat, it certainly shall not bend me down – o it is so good to live
life a thousand times – ...


(Ludwig van Beethoven: Briefe, Bd. 1, hrsg. v. S. Brandenburg, München: G. Henle 1996)


...abgesehen davon habe ich während meiner Dissertation (reichlich) Zeit gefunden...


...
die Klaviersonate op. 13 „Grande Sonate Pathétique“ am Klavier spielen zu lernen...
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[Fig. 1] Experimental irradiation of seafood in a 60Co-source
(7 kGy/h) at the Austrian Research Centre Seibers-
dorf. The source was built up of 12 steel tubes (1)
with insertable 60Co-sticks and the sample (2) was
placed on the table in between. All photos © 1994,
1995, 1996 by the author.
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1.   INTRODUCTION  


1. 1. General overview
    Food irradiation raises undetermined discussions. The conservation of food using ionising
radiation is applied to increase the shelf-life of fresh, valuable foods and to prevent food
spoilage and food borne diseases by the inactivation of vegetative microorganisms, insects
and larvae, and sometimes the metabolism of the food (fruits, vegetables) up to a desired
degree.
    In Austria, offering of irradiated foods for sale is prohibited by law. In other countries, the
legislation varies. The following table (Tab. 1) is representative for food irradiation:


Tab. 1.: General overview of application and doses in food irradiation
irradiation dose food type purpose
    60 -     100 Gy potatoes, onions inhibition of sprouting
  250 -     600 Gy fruits, grain radicidation, i. e. disinfestation of insects and


larvae
1000 -   8000 Gy meat, poultry, eggs,


fish, seafood, fruits,
mushrooms


radappertization or radurisation, i. e. radiation
pasteurisation of viable microorganisms and
thereby extension of shelf life


5000 - 10000 Gy spices, herbs inactivation of yeasts and moulds, partial
inactivation of spores


25000 Gy hospital menus for
immunodeficiencies


radappertisation, i. e. radiation sterilisation


(1 Gy = 1 J absorbed irradiation energy/kg)


    The legislation and the consumers’ demand for information require control methods in food
analysis. These methods are required to give a distinct qualitative determination whether the
food has been irradiated, and they are desired to deliver quantitative information about the
irradiation dose.
    There are several ways of interaction of ionising radiation with the food compounds. In solid
substances, as cellulose, starch, sugars, dry proteins, or sodium chloride crystals, defects in
the crystal lattice are induced. This is of course also the case for inorganic parts, as egg shell,
mollusc shell, crustacean exoskeleton, bone, or inorganic dust.
    Lipids are cleaved into hydrocarbons or peroxides are formed. Water is ionised and
hydrated electrons and oxygen or hydroxyl radicals are formed. These intermediate
substances are very reactive and may alter proteins, amino acids, nucleic acids,
carbohydrates, and vitamins. Natural radical scavengers may be affected.


1. 2. Concerns about irradiated foods
    The original concern about contamination with radioactive matter and the induction of
artificial radioactivity was soon refuted. The radiation source does not come in contact with
the food. The maximum energy of the applied radiation should not exceed 5 - 10 MeV (WHO
(1984)). The energy of the gamma-radiation (60Co:  1.17 and 1.33 MeV, 137Cs: 0.66 MeV) is
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below threshold to induce radioactivity (Schubert and Ehlermann (1988)). Electron beams
with 10 MeV are still energetically too weak, while 20 MeV electrons interact with main and
minor constituting elements. The short-wave bremsstrahlung of the electrons entering the
foodstuffs effects (γ, n) reactions with the isotopes 14N, 35Cl, 39K, 86Sr, 88Sr  and (γ, p)
reactions with the isotopes 25Mg and 44Ca of the main and minor constituents. The neutrons
are then captured by isotopes of abundant elements (1H, 14N, 23Na, 31P, 32S, 35Cl, 37Cl, 41K,
40Ca, and 44Ca) forming mostly short-lived radioactive products. From 1 h to 1 d after
application of a high dose of 50 kGy with 20 MeV electrons the radioactivity of meats and
spiced falls from 0.7 to 0.0135 Bq/g (Findlay et al. (1992)).
    It was also assumed that irradiation leads to the formation of “radiotoxins”. In beef
irradiated with an extremely high dose of 56 kGy, the total amount of volatile substances
formed did not exceed 9 mg/kg (WHO (1981)). Most of these compounds were identified and
are known to be formed through normal cooking or frying. Feeding experiments on laboratory
animals (rats, mice and pigs) with radiation-sterilised feeds showed no deleterious health
effect and no increased cancer risk. Also none of the possible hazards has been reported
with immunosupressed patients whose diet is based completely on sterilised meals (WHO
(1981)).


1. 3. Arguments favouring food irradiation
    The main pro argument is the improvement of the hygienic status in food production and
processing with the prevention of food-borne diseases.
    In tropical and subtropical regions it may be difficult to maintain an uninterrupted
refrigeration chain. Habitually fish, seafood and poultry may be among the most important
protein sources in local nutrition. In industrialised countries, poultry is bred in large numbers
of animals. During slaughter, plucking and cutting, the skin and the meat of the birds may be
superficially contaminated from the cloacal region.
    Food-borne pathogenic microbes as Salmonella spp., Shigella spp., Staphylococcus spp,
Streptococcus spp., Vibrio spp., Listeria monocytogenes and faecal coliforms are efficiently
inactivated by doses > 1 kGy. Higher organised cells, as vegetative yeasts and moulds, are
even more sensitive. Spores may withstand doses of 10 kGy. After inactivation of the viable
forms, no concurring flora may inhibit the growth of newly contaminating microbes or
germinating spores. Therefore principally the same hygienic precautions have to be kept after
irradiation as for unirradiated food.
    Spices, herbs and condiments are potentially highly contaminated with fungal spores as
well as vegetative cells. They are added only in small quantities, but they may be important
ingredients in raw and fermented foods, as Hungarian salami, or food mixtures, as dried soup
or sauce powders.
    The extension of the shelf-life of fruits and vegetables is advantageous for soft fruits like
strawberries. Fresh fruits may be stored for a few days and are rapidly overgrown by moulds
even refrigerated. The consumer is profiting from an extended availability.
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2. METHODS AND TECHNOLOGY OF FOOD IRRADIATION  


2. 1. Irradiation with gamma sources from artificial radioisotopes
    The gamma radiation must have a sufficient penetration depth to reach all parts of the
food. Their energy has to be sufficiently low not to induce artificial radioactivity, and the
isotopes should provide an adequate dose over an economic duration.
    The radioactive isotope 60Co (t½ = 5.27 a) is synthesised by neutron-bombardment of the
natural 59Co in specially designed reactors. It emits gamma-radiation with energies of 1.17
and 1.33 MeV. It is the most widely used source material not only for food preservation, but
also for the sterilisation of medical equipment and pharmaceutical raw materials.
    137Cs (t½ = 30 a) emits a somewhat “softer” radiation at 0.66 MeV. It is a by-product in
spent nuclear fuel, but has no practical significance.
    The gamma-sources are encapsulated in zirconium-steel sticks and stored submersed in
water. For the irradiation, they are moved to their active positions allocated to ensure a
constant irradiation dose. The foods remain within the irradiation chamber for a defined time
or are slowly moved through the radiation zone. The dose rate is usually in the 0.1 - 10 Gy/s
range. Ozone is removed by exhaustors, and the radiation is shielded with thick concrete
walls from the environment (Schubert and Ehlermann (1988)).
    The main disadvantage of the radioactive isotopes is that their radioactivity cannot be
turned off. Accelerated electrons or X-rays from electron targets may replace the gamma
radiation thus avoiding the handling of radioactive materials and reducing the accident risk
for the operating personnel.


2. 2. Electron-beam irradiation
    Despite their high energy of up to 10 MeV the particles from an electron accelerator have
usually a penetration depth of only a few centimetres into the irradiated object. The maximum
thickness for 10 MeV is 5 cm for food with a density ρ = 1 g/cm3 (Findlay et al. (1993)). For
large bulks of food, this radiation source is useless, but thin layers are completely penetrated.
The high dose rate of up to 1 MGy/s allows very short irradiation times.
    In the port of Odessa, Ukraine, an electron-irradiation plant was installed by the once
Soviet Union authorities for imported grain (described by Getoff (1989)). In such a device, the
grain is flowing from a silo as a thin layered stream (6 m/s, 7 - 8 mm thickness) thereby
passing the irradiation zone. Electrons accelerated to 1.5 MeV with a beam power of 20 - 25
kW provide a dose of 250 - 400 Gy. The capacity reaches 200 t/h and more. Four weeks later,
no living insects or fertile eggs are present any more in the irradiated grain.
   In France, an electron accelerator has been installed to decontaminate deboned poultry
meat. The grey-pink matter is frozen to 5.5 cm thick blocks and a dose from 2 - 3.5 kGy is
applied (Sadat and Vassenaix (1990)).


2. 3. Irradiation dosimetry
    Dosimetry is important to assure an equal distribution of the applied dose within the
allowed maximum. Low doses from 50 - 450 Gy can be exactly determined by a Fricke
dosimeter (2.5 mL of a solution containing 1 mM FeSO4 and 1 mM NaCl in 0.4 M aqueous
H2SO4 in a sealed 5 mL ampoule, afterwards the absorption is measured at
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304 nm). Higher doses up to 60 kGy can be exactly measured exactly determining the
irradiation-generated hydrochloric acid in a slightly aqueous ethanol-chlorobenzene solution
(Grahn (1990)). For irradiation doses from 50 - 10000 Gy, electron spin resonance or
luminescence measurement of dosimetry substances, as thermoluminescent lithium fluoride,
or alanine for ESR measurement are suitable. A dosimetry calibration is necessary to
compensate saturation effects in these dosimetry substances (Schubert and Ehlermann
(1988)).


2. 4. Economics of food irradiation
    The costs of food irradiation are determined by the expenses for installation and
maintenance of the irradiation facility, by the operation conditions as climatisation,
refrigeration and ozone filtering, by its sample throughput and the transportation costs. Costs
of 0.002 - 0.1 US$ kg–1 kGy–1 are realistic only for the irradiation (Schubert and Ehlermann
(1988), Kunstadt et al. (1993)).


2. 5. Effect of ionising radiation on microorganisms
    The effect on microorganisms depends on the environmental conditions, as humidity, pH
and temperature, and on the irradiation dose. It has to be taken into account that
microorganisms have very efficient repair mechanisms for single ionising strikes. Therefore a
single microbe has to be repeatedly hit (Schubert and Ehlermann (1988)).
    The equation expressing the number of surviving cells can be noted as
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   N is the number of survivors of the total microbial count N0 at the dose D (in kGy). The dose
D10 is necessary to reduce the number to a tenth. The extrapolated value Nex and the
corresponding fraction r  is the measure for the irradiation sensitivity of the microbe.
   There are some species of scientific interest, like Micrococcus radiodurans, which survives
doses of 15 kGy. Most food-borne pathogens are radiation sensitive, but the spore-forming
clostridium spp. are more or less resistant to the doses applied for food irradiation.


Tab. 2.: D10 values of food-borne pathogens (Schubert and Ehlermann (1988))
species D10-dose [kGy]
Clostridium botulinum 2      - 3.5
mould spores 0.5   - 5
Saccharomyces cerevisiae 0.4   - 0.6
Salmonella spp. 0.2   - 1
Staphylococcus aureus 0.2   - 0.6
Escherichia coli 0.1   - 0.35
Pseudomonas spp. 0.02 - 0.2


    For practically complete inactivation it is necessary to reduce the number of micro-
organisms by a factor of about 1012. Clostridium botulinum would require 25 - 50 kGy for
elimination to this extent.
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2. 6. Alternative preservation methods to food irradiation
    There are only a few other methods applicable for the types of foods potentially subject to
irradiation treatment.
• Hot-steam treatment of spices and fruits
    The treatment of whole and powdered spices with hot steam (120 °C) has been proposed
for microbial decontamination. Since water is the only reagent applied, no harmful residue is
left, but etheric oils and flavour compounds may volatilise with the water vapour. The method
is considered as economic only for some purposes, like for ingredients in meat processing.
    Partially ripened papaya fruits have to be heated to a kernel temperature of 47.2 °C to kill
the fruit fly and its larvae. The texture and flavour may be changed to an unacceptable degree
(Moy (1993)).
• Fumigation of grain and spices
    Grain may be disinfestated with phosphine or methyl bromide (Getoff (1989)). Alkyl
halogenides are powerful mutagens alkylating the nucleotides. The grain silos have to be
hermetically sealed. Eggs, larvae and pupae mostly survive the fumigation.
    Spices can be treated with ethylene oxide, which is toxic and mutagenic as well. In Austria,
the use of ethylene oxide is prohibited.
• Immersion of fruits in hot water or solutions of preservatives
    The treatment of the fruit surface with insecticides does not reach insects, larvae or eggs in
the fruit flesh or the kernel. Most of these pesticides are prohibited today as toxic and
hazardous in human consumption. A hot water dip of mangoes or papayas has the same
effect as the treatment with hot steam with significant deterioration of flavour and texture
(Moy (1993).
• Storage of fruits in carbon dioxide atmosphere
    Fruits, especially apples, can be stored at reduced temperature (10 °C) in carbon dioxide
atmosphere for long times (up to 10 months). The metabolism, mainly their cell respiration
and the consumption of carbohydrates, is inhibited (Belitz (1987)).
• Curing of meat with pickle (aqueous solution of sodium chloride and nitrite or nitrate)
    Nitrite is a powerful inhibitor of the anaerobic Clostridium botulinum in meat. Meat or
sausage cured with sodium nitrate or sodium nitrite/sodium chloride shows the typical red
colour of nitrosohemoglobin.
    Fish and seafood may be spoiled with the psychrophilic strain E of Clostridium botulinum
growing well during refrigeration at 0 - 4 °C. Fish and crustacean flesh contains free
secondary amines, forming the carcinogenous N-nitrosamines with nitrite. Therefore this
preservative is hazardous and inapplicable.
• Heat treatment: pasteurisation and sterilisation
    Heating has the well known disadvantage to change the flavour and the texture of the food.
It is therefore only applicable for ready to serve-foods, either canned or deep-frozen. As a
significant exception, some seafood species are sold only cooked, as green mussels from
New Zealand, or the legs and pincers of king crabs, snow crabs, or complete dead lobsters
or spiny lobsters, and others are available both fresh and canned, like land snails, mussels,
clams, oysters, shrimps and lobster meat.
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2. 7. Doses in food irradiation
    The following tables [Tab. 3, 4] give an overview of the doses necessary for the different
types of food and the resulting storage shelf-life under optimum conditions.


 Tab. 3.: Irradiation of vegetable foods
vegetable or fruit purpose dose [Gy] storage temp. [°C] preservation
potato sprouting inhibition   100 room temp.   1 a
onion sprouting inhibition   100 room temp.   1 a
garlic sprouting inhibition     80 room temp.   1 a
carrot extended shelf life   200   2 °C   9 m
cauliflower extended shelf life   200   2 °C   2 m
cucumber extended shelf life   100   2 °C   1 m
bamboo shoot extended shelf life   200   2 °C   3 m
apple extended shelf life   400   2 °C 10 m
grape extended shelf life   500 10 °C   2 m
kiwi fruit extended shelf life   500   2 °C   3 m
litchi extended shelf life   500   2 °C   3 m
grain (wheat, corn, rice) disinfestation   200 - 400
mango disinfestation   500
strawberry extended shelf life 2000   2 °C 45 d
dried vegetables decontamination


of bacteria and
moulds


2 - 6 kGy room temp   1 a


spices decontamination
of bacteria and
moulds


8 - 10 kGy


Tab. 4.: Irradiation of animal foods
animal food purpose dose [Gy] condition preservation
chicken and turkey
meat


decontamination
of pathogens


1 - 5 kGy
5 - 8 kGy


refrigerated
frozen


  7 d
  1 a


mechanically
deboned meat


decontamination
of pathogens


1 - 5 kGy
5 - 8 kGy


refrigerated
frozen


fish, seafood decontamination
of pathogens


1 - 5 kGy
5 - 8 kGy


refrigerated
frozen


frog legs decontamination
of pathogens


1 - 5 kGy
5 - 8 kGy


refrigerated
frozen


dried egg powder decontamination
of pathogens


~ 3 kGy room temperature requires ab-
sence of O2
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3. METHODS OF FOOD IRRADIATION DETECTION  


3. 1. Physical methods
    The physical methods are applicable to solids measuring the effects of the radiation-
generated radicals or trapped electrons. These methods may either leave the radicals and
electrons unchanged (electron spin resonance spectroscopy) or stimulate some of the
electrons and read out their absorbed radiation energy (thermally or optically stimulated
luminescence) or involve practically all radiation-generated defects by dissolution of the solid
substance (lyoluminescence).


3. 1. 1. Electron spin resonance spectroscopy
    By Electron spin resonance (ESR) spectroscopy unpaired electrons are detected in solid
substances. These unpaired electrons are generated upon irradiation and trapped at
different defects (vacancies and interstitials) in the crystal lattice. The names describing the
nature of the trapped electrons (and electron-deficient holes) originate from the colours
observed in irradiated crystals. The most important lattice defect in ESR measurement is the
F-centre of a negative ion vacancy. The F-centre is paramagnetic since only a single electron
is present. Other electrons may be trapped at anions of the crystal, forming anionic radicals
with an unpaired, paramagnetic electron. In a magnetic field, these electron spins are
oriented either “up spin” or “down spin”. Microwaves may be absorbed from the “down spin”
electrons, which are pumped up to the higher of the two possible energetic levels. A
decrease in the microwave signal is observed. This resonance condition is expressed by


h g Hν β= 0  (1)


h ... Planck’s quantum
ν ... frequency of the microwave radiation
g ... spectroscopic splitting factor (2.0023 for a free electron)
β ... Bohr’s magneton
H0 ... resonance magnetic field strength


    In an ESR spectrometer, microwaves from a klystron are guided into a cavity between the
two poles of an electromagnet. The sample tube is inserted into this cavity and the magnetic
field strength (∼ 800 - 1000 mT) changed slowly. To detect very low levels of microwave
absorption, the magnetic field is modulated with a 100 kHz sinusoidal field of ∼ 0.1 mT. The
sensitivity is high, 109 - 1010 spins may be detected in the sample.
    The first derivative dP/dH of the microwave absorption P is recorded, and the maximum-
minimum distance indicates the amount of unpaired electrons. The g factor is characteristic
for the type of defect, but in crystals, it depends on the direction of the magnetic field.
Furthermore, it may be influenced by interactions with nuclear spins from nearby atoms. Mn2+


with its nuclear spin of 5/2 splits the ESR signals into a hyperfine structure of six lines with
equal or almost equal distances. Protons produce hyperfine structures with organic radicals.
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    Electron spin resonance spectroscopy is applicable to all types of food with solid parts
unaffected by moisture. Bones in beef and pork meat, in poultry, in fish, calcified mollusk
shells, in the chitinous or calcified crustacean integument, and in lignified nut shells or in fruit
kernels may provide sufficient free radicals for ESR detection.
    For simple qualitative measurements, only an irregular piece of the sample fitting into the
sample tube is required. In these samples the crystalline structures are still oriented. The
anisotropic response of the unpaired electrons give variable signal intensities and variable g-
factors. Powdering, grinding and fractionation of the sample give a sufficiently large number
of particles, which behave as a practically homogeneous and isotropic powder. These
powdered samples enable ESR dosimetry [Fig. 2, 3].


[Fig. 2 (above), 3 (below)] ESR spectra of unirradiated (above) and irradiated (2.5 kGy, below) blue mussels.
The shell was ground and sifted and the fraction < 0.062 mm used for
measurement to give an isotropic sample material (Anderle et al. (1997)).
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3. 1. 2. Luminescence measurement
    Luminescence is defined as an excess of light emission over the thermal background.
Irradiation and defect-generation may induce luminescence of the irradiated substance,
known as cathodoluminescence from electron beams or radioluminescence from gamma
radiation, and a post-irradiation phosphorescence called radiophosphorescence or afterglow.
These effects are considered to be unimportant for food control, since they cease with the
end of radiation exposure or fade widely short afterwards.
    The remaining trapped electrons and holes may be stimulated thermally or by photons.
Thermoluminescence (TL) is a well known effect in both irradiated calcareous and siliceous
minerals. Siliceous minerals, as quartz or feldspars, emit a bluish or yellow-green (feldspar)
TL light and are only present as dust particles on the surface of fruits, vegetables, herbs,
spices or mushrooms. Carbonate minerals as calcite and dolomite, emitting mainly red TL,
are also present as biominerals in calcified tissues of bone, mollusc shell, crustacean
carapace or egg shell (Sanderson et al. (1989), Autio and Pinnioia (1990), Calderón et al.
(1995)).
    For TL measurement, the sample particles have to be heated and the emitted TL light is
read out by a detector. Marine shells are available in sufficient amounts, so the material can
be measured after grinding or powdering (Agnel et al. (1991), Carmichael et al. (1994)). The
dust adherent to the surface of plants or mushrooms has to be washed off and concentrated.
Thermoluminescence measurement is regularly applied for herbs and spices, which are
irradiated with high doses up to 10 kGy (Heide and Bögl (1986, 1990), Heide et al. (1989a,
1989b), Guggenberger and Bögl (1990),  Dangl et al. (1993), Pinnioia (1993), Sharifzadeh
and Sohrabpour (1993a), Schreiber et al. (1995)). Commercial TL readers designed for food
control are already available.
    Salt (NaCl) may also serve as TL-sensitive irradiation indicator. Salted nuts provide
sufficient salt crystals for TL detection. The hygroscopicity of commercial salt leads to a rapid
fading in a humid environment (Sharifzadeh and Sohrabpour (1993b)).
    In general, the main drawbacks of the method are the small amount of mineral particles
present on the food surface, the natural TL of some minerals, the low or lacking sensitivity of
other minerals and biominerals and the spurious luminescence from the thermally
decomposing organic substances. The latter may be suppressed in an inert gas atmosphere.
    Photostimulated luminescence (PSL) uses light for luminescence excitation. This effect is
only partially understood for siliceous minerals, as quartz or feldspars. It has been proposed
by Sanderson (1991) as a possible detection method unaffected by organic substances. Its
disadvantage is the bleaching of the light-sensitive traps by ambient light and the highly
variable PSL sensitivity of the luminescent minerals. PSL has not yet reached practical
applicability. Commercial PSL readers are available for geological, paleontological or
archaeological dating.
    With respect to its mechanisms, lyoluminescence (LL) in not strictly a physical effect. Upon
dissolution of an irradiated solid substance light is emitted. This effect may occur with
inorganic substances, as alkali halides in water, or with organic compounds, as sugars or
amino acids in water. A lyoluminescence emission can be also observed when irradiated
calcium carbonate is attacked by aqueous acids (Copty-Wergles et al. (1990)). Chemically
enhanced lyoluminescence uses sensitisers, which give chemiluminescence with the
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products formed by the reaction of radicals or electrons with the solvent during dissolution
(Gundermann (1968), Ettinger and Puite (1982a, 1982 b)). The most prominent
chemiluminescence sensitiser is luminol, which gives a blue light when oxidised by hydrogen
peroxide.
    LL has been proposed for the detection of irradiated ground spices or milk powder (Bögl
and Heide (1985), Chang-Ma et al. (1989), Heide and Bögl (1990)). These samples are very
sensitive towards ambient atmospheric moisture. Storage may make the irradiation-induced
LL fade. Lipid peroxidation of spice oils or milk fat may lead to false positive results.
Therefore, the method could not reach practical application. On the other hand, a
chemiluminescence method determining irradiation-generated lipid peroxides in fatty foods
has been proposed by Matthäus et al. (1994). Lyoluminescence readers are commercially not
available.


3. 2. Chemical methods


3. 2. 1. Methods determining physico-chemical properties
    Macromolecules are cleaved by ionising radiation. The polysaccharides in spices are
broken into smaller carbohydrate chains of lower molecular weight. The apparent viscosity of
slurries of spice powders in water is therefore decreased.
    A recent work of Esteves et al. (1995) based on earlier experiments of Sharif and Farkas
(1993) gives an example of irradiation detection and dosimetry of pepper. The pepper
samples are homogeneously ground to a particle size < 600 µm. An aqueous suspension of
the sample powder is rendered alkaline with NaOH to pH ≈ 13 and incubated up to 90 °C.
The gelatinised suspensions are then cooled to 25 °C and the viscosity is measured in a
rotation viscosimeter. The logarithm of the viscosity logηa shows a linear decrease with
increasing irradiation dose.
    Other physico-chemical properties of the radiation-damaged starch are an increased
alcohol-induced turbidity of hot water extracts and a higher content of reducing compounds
(Sharif and Farkas (1993)).
    The radiation damage of membranes in potatoes shortens the initial decrease of the
electrical conductivity. This effect may also occur in frozen and thawed tubers (Scherz
(1991)).


3. 2. 2. Changes in proteins and nucleic acids
    The proteins partially hydrolysed and crosslinked by irradiation give gel-electrophoretical
patterns of molecular mass distribution different from its native precursors, as reviewed by
Glidewell et al. (1993).
    Aromatic amino acids, as phenylalanine, tyrosine and tryptophane, react with irradiation-
generated hydroxyl radicals to hydroxylated compounds. Tyrosine is naturally present in
proteins, but its isomers, meta- and orthotyrosine, have drawn attention as irradiation-
markers in low-fat muscle tissue. They are usually determined by high performance liquid
chromatography (HPLC), but during hydrolysis in the presence of oxygen, artefact amounts
may be formed giving false positive results.
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    In the DNA, thymidine glycol (5,6-dihydroxy-dihydrothymidine) is a known product of
irradiation. It has been investigated as a potential marker for the irradiation of wheat and cod,
shrimp and chicken breast muscle. A fluorimetric test based on the degradation of thymidine
glycol in alkaline solution and condensation with o-aminobenzaldehyde to the fluorescent 3-
hydroxyquinaldine (λex = 375 nm/λem = 444 nm) proved ineffective (Ewing and Stepanik
(1993). Other analytical techniques applied are GC-MS, HPLC with electrochemical detection
and immunoassays. The presence of thymidine glycol in unirradiated samples makes further
investigations necessary (Glidewell et al. (1993)).


3. 2. 3. Changes in lipids
    Fatty acids in triglycerides and other lipids are cleaved in the α or the β C-C bond forming
Cn-1 or Cn-2 alkanes, alkenes and alka-polyenes, respectively. Fat is extracted and
hydrocarbons are then isolated from the fat extract and determined conveniently by GC-MS.
The method has been developed and evaluated as a routine application (Mörsel et al. (1991),
Ammon et al. (1992), Biedermann et al. (1992), Sjöberg et al. (1992), Morehouse and Ku
(1993)).
    2-Alkylcyclobutanones having the same number of C atoms as the parent fatty acids are
radiation markers as well and usable for semi-quantitative dosimetry. Stevenson et al. (1993)
have developed a method to determine 2-dodecylcyclobutanone in chicken meat and whole
eggs quantitatively by GC-MS. 6-Ketocholestanol, an assumed irradiation-generated
oxidation product of cholesterol, has also been proposed as irradiation marker in chicken
meat and prawns. However, it occurs naturally in red meats (Maerker and Jones (1992),
Hwang and Maerker (1993)).


3. 2. 4. Changes in carbohydrates
    The radiation damage-products of carbohydrates have been identified as deoxysugars and 
ω-hydroxy maltol (Scherz (1968), (1975)). Analytical methods for quantitation and
semiquantitative dosimetry have not been developed to practical applicability.


3. 2. 5. Changes in vitamins
    Radical scavenging vitamins, as thiamine (vitamin B1), L-ascorbic acid (vitamin c) and the
tocopherol isomers (vitamin E), may be partially destroyed by the irradiation-generated
substances (Fox et al. (1989), Lakritz and Thayer (1992), Hau and Liew (1993)). Their
concentration is as well highly variable in natural, unirradiated samples. L-ascorbic acid and
tocopherols are sensitive to atmospheric and dissolved oxygen, and tocopherol is instable
against heat and visible or UV light. The analysis may pose even greater problems in sample
preparation than in determination.
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3. 3. Biological methods


3. 3. 1. Sprouting and germination tests
    Potatoes and onions are irradiated to prevent sprouting in the dark during storage. As
highly organised organisms compared to bacteria or fungi, they are much more sensitive
towards low irradiation doses. Doses < 100 Gy induce sufficient damage to the cells to
prevent further growth.
    Wheat can be irradiated to reduce insect pests and larvae. The radiation affects the
germination cells as well. Both root and shoot grow with reduced speed. Kawamura et al.
(1992) developed a standardised test based on the root and shoot length under defined
cultivation conditions. Stored grain with lower moisture content (< 9 % by wt. compared to ≈
10 % for freshly threshed grain) was found to be more susceptible towards the same
radiation dose. The detection limit was found at 500 Gy of 60Co-γ radiation for stored grain
and 1000 Gy for fresh grain. Qiongying et al. (1993) found similar threshold doses for rice,
soybeans, maize, peanuts and bean varieties.


3. 3. 2. Microbiological tests
    Irradiation with doses from 1 - 10 kGy inactivates or kills viable microorganisms. The
amount of viable microorganisms is measured using the total aerobic plate count (APC). The
microorganisms are washed from the surface and dispersed over the culture medium. After
breeding for a defined time at 37 °C the number of cultures is counted. Abnormally low plate
counts are often a first indicator for the application of irradiation (Glidewell et al. (1993)).
To differentiate viable and dead microorganisms, the direct epifluorescence filter test (DEFT)
may be used. The washed-off microorganisms are collected on a fine-pore filter and treated
with an acridine orange solution. Under the fluorescence microscope, the dead cells give a
green fluorescence, while the living cells show an orange colour.
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4. LUMINESCENCE METHODS  


4. 1. Thermoluminescence
    Thermoluminescence (TL), an emission of light upon heating, is the most prominent
consequence of the irradiation of natural or synthetic minerals.


4. 1. 1. Historical overview (Przibram (1953, 1956), Harvey (1957))
     The first TL observations were performed on natural minerals, as diamonds or fluorspar,
and were first described for diamonds by Robert Boyle in 1663. A much more spectacular TL
effect of a green fluorspar known as false emerald, was used for scientific entertainment,
when the powdered mineral was dusted as letters or figures on a metal plate and heated. In
the 18th century, a TL of minerals such as rock crystal, amethyst, topaz and of calcite, had
ben described. By the end of the 18th century, a relationship of thermoluminescence and
phosphorescence as well as triboluminescence was evident.
    In the early 19th century, the electric spark was observed to induce TL by exposure to its
light. Calcareous biominerals, as mother of pearl, scallop shells and egg shells, gave spark-
irradiated an orange-red TL. A colouration of fluorspar by spark irradiation was observed to
vanish after heating.
   Finally in 1888, Wiedemann introduced the term luminescence for the observation of
excess light emission over the thermal background. Wiedemann and Schmidt (1895) were
the first to detect thermoluminescence (TL) of substances irradiated with cathode rays and
they were also the first to investigate TL activators systematically. Cathode rays, X-rays and
the detection of natural radioactivity opened the way to induce TL experimentally in natural
and synthetic minerals. The role of luminescence activators, especially manganese, iron and
rare earth elements, has since then been a subject of intense studies supported by the
availability of artificial irradiation sources and refined analytical methods.
    The first glow curves (measured light intensity vs. temperature) were recorded by Przibram
et al. (1922 - 23) at the Radium-Institut in Vienna. A that time, various minerals, as alkali
halides, calcium carbonates, silicates, and of course the wide variety of fluorites, were usually
exposed to radium sources or X-rays, and the resulting luminescence investigated visually,
recorded spectrographically or measured by photoelectric detectors.
    A first theoretical model was proposed by Randall and Wilkins (1945) for first order kinetics
and later extended by Garlick and Gibson (1948) for second order kinetics. Meanwhile, work
concentrated on geological materials, trace impurities, and development of dosimeter
substances doped with such metal traces. First attempts to apply TL on biogenic calcium
carbonates by Johnson (1960) showed that calcitic mollusc shells are suitable, whereas
aragonitic shells do not emit TL. In the subsequent years, TL was adapted as a method of
geological, paleontological and archaeological dating of rocks, soils, sediments, weathering
deposits, fossil bones, and shells, and pottery and other ceramic materials.
    Thermoluminescence as method for the detection of food irradiation was developed after
1985 for irradiated spices, herbs, fruits, vegetables, and mushrooms, using the TL of mineral
particles. Such particles were also isolated from the intestines and legs of marine
crustaceans.







©
 1


99
7 


by
 H


ei
nz


 A
nd


er
le


. A
ll 


rig
ht


s 
re


se
rv


ed
.


II. PHYSICAL METHODS: THEORY
15


4. 1. 2. Principles of thermoluminescence
    Upon irradiation of solids with ionising radiation, pairs of charge carriers (electrons and
holes) are formed, which can move freely within the conduction and valence band,
respectively. The charge carriers can be caught in traps with a certain probability. These
traps are provided by lattice defects or impurities, the fixation between the conduction and
valence band is energetically metastable.


valence band


conduction band


β–, x, γ


hole


∆E


∆E


recombination
centers


hν


electron


deep traps


traps (occupied and empty)


shallow traps


∆E


[Fig. 3] The scheme of luminescence excitation and emission in solids


According to Boltzmann-statistics the probability pi of liberation of a charge carrier from the
trap by thermal excitation is


p
E


kTi
i∝ −FHG
I
KJexp  (1)


Ei ... energy difference between band edge and trap
k ... Boltzmann´s constant
T ... temperature


    The released charge carriers can be captured again by traps or recombine in
luminescence centres. The wavelength λ of the emitted luminescence light is proportional to
the energy difference ∆E between the traps and the luminescence centres.


λ = hc


E∆
 (2)


h ... Planck´s quantum
c ... velocity of light
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    The intensity I of the luminescence is time-dependent


I t
dn


dt
a


dn


dt
( ) ∝ − = −1 1  (3)


    where


− = −FHG
I
KJ × −


−
− +


F
HG


I
KJ


dn


dt
n s


E


kT


N n


N n n
t


t r r


1
10 1


1 1 1 1


1 1 1


1exp
σ


σ σ
b g


b g  (4)


a ... proportionality factor
n1 ... trapped electron concentration at time t
n10 ... trapped electron concentration at time t = 0
s1 ... pre-exponential or “attempt to escape” frequency
E1 ... activation energy for thermal detrapping [eV]
k ... Boltzmann’s constant
T ... temperature
σt1 ... cross section for electron retrapping
σr ... cross section for electron-hole recombination resulting in light emission
N1 ... electron trap concentration
Nr ... hole trap concentration
σ1 = σt1/σr ... retrapping/recombination cross-section ratio


    The typical shape of a glow curve (I vs. T ) can be deduced by solving this differential
equation. A simplifying assumption of only one kind of traps present (with the energy depth
E ) and of recombination of all released charge carriers leads to first-order kinetics


I t a
dn


dt
a s n


E


kT
( ) exp= − = −FHG


I
KJ


1
1 1  (5)


s1... “attempt to escape” frequency factor [1/s] (trap characteristic)


    With a constant heating rate of


β = ∆
∆
T


t
 (6)


    and the temperature given by


T T t= +0 β  (7)


T0 ... temperature at the beginning of measurement


    the following equation for the luminescence intensity is obtained:


I T n s
E


kT


s E


kT
dT


T


( ) exp exp= − − −FHG
I
KJ


F
HG


I
KJz10 1


1 1


0 β
 (8)


n10 ... number of occupied traps at the beginning of measurement
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    The typical lifetime τ of a trapped charge carrier is


τ =
F
HG


I
KJ


F
HG


I
KJ


1


1


1


s


E


kT
exp  (9)


    When released carriers are captured in traps again, kinetics of higher order may be
applied. For second-order kinetics, the intensity can be expressed as


I T
s n


N


E


kT


s E


kT
T


T


( ) exp exp= −FHG
I
KJ × + −FHG


I
KJ


F
HG


I
KJ


∗ ∗ −


z1 10 1 1 1


0


2


1
β


d  (10)


    where


s s
n


N1
10


1


∗ =  (11)


    In practice, traps with different structure and energy difference occur, as well as retrapping
between the different types.
    The assumption of only one type of hole traps for all different types of electron traps leads
to the general equation for interacting kinetics of j different types of interacting electron traps
(Levy, 1983):


dn


dt
n s


E


kT
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i
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 (12)


where


i j= 1 2, ,..., σ σ
σi


ti


r


= n ni r
i


j


0
1


=
=
∑      (13 a, b, c)


and


I t
dn


dt


dn


dt
r i


i


j


b g = − = −
=
∑


1


 (14)


ni ... trapped electron concentration in trap i at time t
ni0 ... trapped electron concentration at time t = 0
si ... pre-exponential or “attempt to escape” frequency
Ei ... activation energy for thermal untrapping
k ... Boltzmann’s constant
T ... temperature
σti ... cross section for electron retrapping by electron traps
σr ... cross section for electron-hole recombination resulting in light emission
Ni ... electron trap concentration
Nr ... hole trap concentration


σ1 ... σt1/σr
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    If the type of radiation-induced defects can be identified, e. g. by ESR spectra, the shape
of the glow curve can be simulated (Ikeya (1992)) and the wavelength maxima of the TL light
may be assigned to the corresponding defects (Speit and Lehmann (1982)). High irradiation
doses and low trap density result in saturation.
    The lifetime depends on the energy difference (9), therefore peaks occurring at higher
temperatures are more stable. This effect of fading is influenced by the ambient temperature,
but incident light can bleach TL traps as well. Furthermore, fast anomalous fading is
assumed to be possible as tunnelling of the carriers through the potential barrier.


4. 1. 3. Phototransferred thermoluminescence
    Illumination of a thermoluminescent sample with light, either ultraviolet, visible, or infrared,
may shift thermoluminescence glow peaks. These peaks may appear at lower temperatures
with different wavelength maxima. This effect is caused by phototransfer of charge carriers
from deep to shallow traps, from which they are easily read out by thermal excitation. During
sufficiently long bleaching, the traps may be emptied and the corresponding peaks
disappear.


4. 1. 4. Thermoluminescence measurement for food irradiation detection
    The occurrence of intense TL in artificially irradiated natural minerals enables an easy
readout of even minute amounts of mineral particles. Both siliceous and carbonate minerals
are TL-sensitive. Calcium carbonate biominerals may show this sensitivity as well. The TL
signals are relatively stable against storage and ambient light. Therefore, TL identification by
readout of mineral particles has already been established as approved method for spices
and marine animals. In the present work, it is mainly applied as detection method using the
biominerals in seafood and as control method for photostimulated luminescence
measurement of spices.


4. 1. 5. Thermoluminescence equipment
    Commercially available TL readers comprise a heating bench, on which the samples are
placed, and a photomultiplier tube (PMT) to measure and enhance the emitted TL light. The
wavelength ranges can be limited by various cut-off-, broad- or narrow-band filters inserted
between heating bench and multiplier window. To prevent oxidation from air, the
measurement chamber can be flushed with inert gas. Heating rate, maximum temperature
and multiplier voltage can be adjusted to the sample requirements.
    For research purposes, more sophisticated equipment is required. The TL reader
developed by Weninger et al. (1991) at the Institut für Radiumforschung und Kernphysik
permits both evacuation of the measurement chamber and inert gas flushing prior to heating.
    TL spectrometry can be done using light-guiding fibre optics and a grid monochromator
with either adjustable wavelength and a single PMT for scanning detection or, in a more
advanced design, a charge-coupled device detector for simultaneous recording. Rieser et al.
(1994) designed a multi-excitation (thermal and/or photon energy) spectrograph for both
thermoluminescence and photostimulated luminescence measurement. The emitted light is
dispersed by an attached charge-coupled device camera spectrometer. In a temperature
range from 20 - 700 °C, wavelengths from 200 to 800 nm can be detected simultaneously.
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4. 2. Photostimulated luminescence
    Naturally or artificially irradiated minerals may emit light with decreasing intensity upon
illumination, especially with excitation wavelengths longer than the wavelength of the emitted
light. This effect is clearly different from fluorescence excited by shorter wavelengths, which is
common e. g. in calcites, or phosphorescence, ceasing slowly after illumination.


4. 2. 1. Historical overview
    Przibram (1921) observed that irradiation-coloured kunzite (rose fluorspar) crystals were
bleached not only by heating, but also by light, and that in some cases a phosphorescence
was detectable. He therefore described the effect of light emission of illuminated irradiated
substances as radio-photoluminescence. In his first experiment, he irradiated kunzite using a
radium source and illuminated the sample with an arc lamp. An intense orange-red afterglow
was visible after light exposure. Przibram and Kara-Michailova (1922) showed that the
photophosphorescence intensity depends on the excitation wavelength. They discovered
also photofluorescence in English fluorspars, which ceases immediately after removal of the
excitation source. More important, Przibram stated that the radium irradiation produced
luminescence centers which are then excited by light exposure. Urbach and Schwarz (1930)
demonstrated the light bleaching mechanisms in irradiated rocksalt. Urbach (1926) observed
that irradiated CsBr luminesces bright blue when excited by the red light of a darkroom lamp,
as well as a recovery phenomenon of irradiated KCl, which was first giving a rapidly decaying
blue luminescence when exposed to red light. After a certain time of storage in the dark, the
reexcitation with red light stimulated a luminescence much more intense than at the end of
the first exposure.
   In the last decade, photostimulated luminescence has attracted attention as a tool for
dating of geological samples. Especially loess and similar aeolian deposits were the subject
of optical dating, since it is assumed that all accumulated luminescence is bleached by
daylight during wind transportation of the mineral particles (quartz, feldspar) and deposition
on the ground. After coverage with further sediment layers, the traps generated from natural
radiation are again accumulated to give a new luminescence signal. Despite intensive
research, the photostimulated luminescence method has not yet reached practical
applicability.


4. 2. 2. Principles of photostimulated luminescence
   The theory of photostimulated light emission is derived from the same trap model as for
thermoluminescence. The different light yields in PSL measurement at elevated temperatures
show thermal assistance in the eviction of deeper traps into higher energy levels for
subsequent photostimulation. The energy liberated during recombination exceeds the
excitation energy of the illumination photons, thus resulting in shorter emission than
excitation wavelengths. The luminescence wavelengths are therefore somewhat incorrectly
termed as “anti-stokes” wavelengths; however, the mechanism is clearly different from
fluorescence.
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4. 2. 3. Photostimulated luminescence as tool for the detection of irradiated food
    While the main research has focused on the PSL dating of quartz and feldspar minerals in
sediments, its application on the mineral particles in irradiated foods has until now only been
proposed in a excitation-scanning method by Sanderson (1991). The wavelength of the
excitation light is varied by a monochromator and the PSL light recorded.
    In this work, a less sophisticated approach based on an excitation of both quartz and
feldspar particles with a green interference filter (520 nm) and the detection of the UV PSL, or
with infrared light emitting diodes (LEDs) used for the feldspars alone and the detection of
the blue and green PSL, will be presented in the experimental section.


4. 2. 4. Photostimulated luminescence equipment
    Commercially available PSL readers use tungsten-halogen lamps with interference or other
bandpass filters to select the appropriate wavelength in the visible region, or infrared diodes
for stimulation. Such filters, as well as wavelength cut-off filters are also used to exclude the
stimulation light from the detector, usually a photomultiplier tube. Ultraviolet-transparent
filters are used for quartz and feldspars, e. g. for optical dating of loess deposits.
    More sophisticated experimental designs allow spectral scanning. The use of adjustable
interference monochromators with variable slit width for both stimulation and detection has
first been realised by Bøtter-Jensen et al. (1994). The spectral bandpass of the filters
depends on the slit width and measures 10 - 20 nm for a 1 mm slit.
    Instead of these relatively coarse monochromators, grid spectrometers linked with light-
guiding silica fibre cables allow a finer adjustment of the stimulation wavelength and extend
the available wavelength range into the ultraviolet region. Charge-coupled device
spectrometer cameras originally designed for astronomical spectroscopy can be used
instead of photomultipliers. The experimental combined TL-PSL spectrometer built by Rieser
et al. (1994) allows PSL excitation from ultraviolet to infra-red and simultaneous detection
between 200 and 800 nm.


4. 3. Lyoluminescence and radiolyo-chemiluminescence
    Dissolution of irradiated solids breaks the crystal lattice, liberating the charge carriers to
react with the solvent. Light may be emitted during the dissolution process, or reaction
products may be formed, which react with chemiluminescence sensitising substances.


4. 3. 1. Historical overview
     Wiedemann and Schmid (1895) observed the emission of blue-green light upon
dissolution of cathode-ray irradiated alkali halides (NaCl, NaBr, KCl, KBr) in water. This effect
is not limited to these easily water-soluble substances, e. g. Copty-Wergles et al. (1990) were
able to measure a very weak light when irradiated calcium carbonate was attacked by
aqueous hydrochloric, acetic or phosphoric acid.
    Albrecht (1928) discovered that a substance later named luminol (5-amino-2,3-dihydro-
1,4-phtalazinedione), dissolved in alkaline aqueous solution, emits chemiluminescence as an
intense bluish glow, when it is oxidized by hydrogen peroxide in the presence of a suitable
catalyst, as Fe(III)-hemin. Lucigenin (bis-N-methylacridinium dinitrate) (Gleu and Petsch
(1935)) is another well-known chemiluminescence sensitiser. The mechanisms and
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problems of these organic CL sensitizers have been reviewed by Gundermann (1968). LL
dosimetry of organic substances, as amino acids or sugars, has been investigated as simple
method of personal or accident dosimetry, as reviewed by Ettinger and Puite (1982).
However, luminol solutions are unstable in their CL response, they show background self-
glow by dissolved atmospheric oxygen and a few hours after preparation the light yield starts
to increase until it reaches a constant maximum after a few days.
    In the mid-1980s, when food irradiation had reached a level of commercial applicability, CL
was investigated as a promising rapid and simple method for the detection of irradiated
spices, herbs, and milk powder (Bögl, Heide et al. (1985, 1986, 1988, 1989, 1990)). The dry
organic matter of the plant material is susceptible to humidity from ambient air, leading to a
decreasing signal during storage. Lipids and unsaturated fragrance or aroma compounds
are easily peroxidised by atmospheric oxygen. These peroxides cause CL as well and give
false positive results. Until now, the sensitiser / catalyst / peroxide-based chemiluminescence
method could not be established as a control method.


4. 3. 2 Principles of lyoluminescence
    The spectra of alkali chloride lyoluminescence indicate a reaction between the hydrated
electron and the holes.


e Cl Claq
-− ∗


+ → c h


    The mechanisms of lyoluminescence, i. e. the luminescence of irradiated substances
during dissolution, have been identified by Ettinger et al. (1979) for alkali halides as the
recombination of electrons with V2-centres of the water-solid-surface.
    With 60Co as radiation source, saturation is reached at ≈ 15 kGy for NaBr, but not reached
up to 2.5 MGy for KCl in pure water. The LL yield depends on the dissolution rate, on the pH
of the solution, on the temperature and on the presence of scavengers. Dissolved oxygen
reduces the light emission by competition for the hydrated electrons. The nitrate anion is an
efficient scavenger as well.
    The mechanism of the lyoluminescence of irradiated calcium carbonate in aqueous acids
(Copty-Wergles et. al (1990)) is assumed to be more complex. A decrease of the LL yield
can be registered with increasing acid concentration. Dilute hydrochloric, phosphoric and
acetic acid cause LL in the same intensity range.
    Irradiated organic substances may form peroxy radicals upon dissolution as products of
radiation-generated radicals reacting with oxygen present in the sample. The combination of
peroxy radicals may give excited carbonyls in the triplet state. During transition to the ground
state, lyoluminescence light in the blue-green range (397 - 510 nm) is emitted. Blue-green CL
has also been attributed to hydrogen carbonate radicals HCO3


• produced by the reaction of
perhydroxyl or hydroxyl radicals with the carbonate anion. Singlet oxygen may also occur
during the dissolution process. A reddish chemiluminescence is the well known effect of the
reaction of two singlet oxygen pairs.
    For the organic substances, the mechanisms of radical generation, peroxide formation
and light emission have been summarised by Chatterjee et al. (1994), who give a
comprehensive calculation of the kinetics and the light yield [Fig. 4].
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[Fig. 4] Schematic overview of the lyoluminescence process between
organic substances and water


    A molecule RH is excited by ionising radiation to the species RH* which may return to the
ground state or dissociate giving an alkyl radical R•. Some of the oxygen O2 present in the
sample is consumed by dissociation into oxygen radicals. Even at high irradiation doses, the
concentration of the molecule RH can be assumed to remain constant during the irradiation
time T.  During the storage time τ after irradiation the excited species RH* may react in both
directions. During dissolution, it is presumed that the peroxy radicals ROO• are formed in
equilibrium, and that much more peroxy radicals are lost in nonemissive processes.
Assuming both unimolecular and bimolecular mechanisms, the total light yield can be
calculated and  simplified using four parameters
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    L1 and L2 represent the amplitude of the two body and three body light yielding processes,
and L3 represents the threshold radical concentration for the saturation of the light emitting
process. The oxygen necessary may be present in the unirradiated sample or may be formed
during the irradiation of oxygen-rich compounds.
    Chemiluminescence sensitising uses the reaction of the dissolution products of irradiated
solids with a sensitiser substance. Luminol requires an alkaline medium with an optimum pH
at 10 - 11 and the presence of a transition metal catalyst to give a chemiluminescent reaction
with hydrogen peroxide [Fig. 5]. The bluish luminol light intensity with its emission maximum
at 424 nm increases with the amount of H2O2 in low concentration ranges and can therefore
be used for quantitative determination.
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[Fig. 5] The reaction of luminol with hydrogen peroxide


    Luminol solutions exhibit self-glow caused by dissolved oxygen, favoured by the presence
of trace metal impurities as iron, manganese, copper, nickel and cobalt, and increasing with
temperature. Fresh luminol solutions are unstable in their light yield.
    Lucigenin is as well a potent CL sensitiser. In alkaline solution, it gives a bluish-green CL
upon the reaction with H2O2 catalysed by traces of OsO4 or organic compounds, as glycerol,
ascorbic acid, and hydrazine. Its optimum pH is 11.5 for maximum light yield.


2 NO3
-


Lucigenin
(N,N´-bismethylacridinium dinitrate)


N
+


N
+


[Fig. 6] Structure of lucigenin
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4. 3. 3. Lyoluminescence measurement as food irradiation detection method
    The main drawback of the LL measurement of irradiated foodstuffs such as ground spices,
milk powder and spray-dried egg is the moisture-sensitivity of the LL response. Both ESR
and LL signals fade during storage.
    Biocalcite and bioaragonite resistant to an aquatic environment build up stable shells and
exoskeletons. The ESR signals remain stable even during storage at ambient temperature
and normal humidity. LL measurement would not require an equally sophisticated equipment
as ESR spectroscopy. However, the LL signal obtained from an acidic dissolution of
irradiated calcium carbonate is weak and requires electronic amplification (Copty-Wergles et
al. (1990)), while the blue LL light of the alkaline luminol reaction with peroxides is brilliant and
visible to the free eye.
    During dissolution and breakdown of the calcite or aragonite crystal lattice, the electrons
trapped since the irradiation are expected to react with the solvent, thereby forming
peroxides, faster than to recombine. Therefore it was one of the main topics of the present
work to develop a LL method allowing the dissolution of biocalcite, bioaragonite and bone
hydroxyapatite in an alkaline solvent/sensitizer system.


4. 3. 4. Lyoluminescence equipment
    Lyoluminescence readers require a dissolution cell with a photoelectronic device. The solid
sample is dropped into the reagent mixture and has to be kept suspended or stirred. Since
commercial LL readers are not available, scintillation counters may be modified for LL
measurement of small reagent amounts. Thermostatisation, flushing with inert gas and the
use of degassed liquids may further improve the reproducibility.
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4. 4. Luminescence of calcium carbonate
    Calcium carbonate occurs as mineral and biomineral in nature. It crystallises in three
modifications: calcite (trigonal/rhombohedric, stable), aragonite (orthorhombic, metastable)
and vaterite (orthorhombic, unstable). Calcite constitutes chalk, limestones, sinter and
speleothems, travertine and tufa, and marble as metamorphic rock. Calcite crystals of the
typical rhombohedric shape are well known as Iceland spar, either colourless or tinted. Some
molluscs and crustaceans have entirely calcitic shells, others are built up of aragonite, and
some species synthesise both modifications. Bird egg shells are as well calcareous. A
considerable part of the inorganic dust on vegetables, fruits, spices and herbs is calcium
carbonate. Therefore, CaCO3 is an interesting mineral for qualitative and quantitative
detection of irradiation.
    Calcium carbonate may be precipitated by addition of ammonium carbonate to a calcium
chloride solution. The resulting grains are fine (1 - 10 µm range) and built up in the calcitic
modification. Synthetic calcium carbonates are used in glass manufacturing and as an
additive in the production of pharmaceuticals.


4. 4. 1. Crystal structures of calcite and aragonite
    The rhombohedric calcite crystal is built up of Ca2+ ions and triangle planar CO3


2– anions.
In Fig. 7, the true unit, a tall and thin rhombohedral cell is marked by dashed lines, but the
crystal cleaves into the typical cell shown by solid lines.
    Calcite is present in the shell of some mollusc species, in corals and in foraminiferous
skeletons. The stable modification constitutes the main part of calcareous rocks.


[Fig. 7] The unit and cleavage cell of cal-
cite (after Ikeya (1993))
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   Aragonite is an orthorhombic modification, and harder and denser than calcite. The unit cell
has Ca2+ ions in pseudohexagonal layers separated by two distinct layers of the planar
CO3


2– anion [Fig. 8]. Aragonite is metastable and converts already at normal conditions into
calcite. In mollusc shells, it is much more common than calcite, but in fossils shells it
transforms into an irregularly structured calcite. The natural mineral forming hexagonal
columns is rare compared to the abundance of calcite.


[Fig. 8] The unit cell of aragonite (after
Ikeya (1993))


4. 4. 2. Effects of ionising radiation on calcium carbonate
    TL and ESR are based on principally the same effect of ionising radiation, but only the
latter allowed a detailed identification of the involved mechanisms (Ikeya (1993)). Electrons
from an ionised CO3


2– anion are trapped in another carbonate anion, resulting in the
formation of a CO3


3– “electron centre” and a CO3
– “hole centre” radical ion. These centres are


stable only at low temperatures, but can either associate with cation impurities or stabilise on
crystal distortions or dislocations. The as well formed CO2


– ion is more stable and behaves in
a similar way. Stable trivalent cations solvated by water molecules are assumed to favour the
formation of hydrated CO2


– radicals. Anion impurities as sulfate and sulfite, nitrate and nitrite,
phosphate and phosphite, arsenate and arsenite provide traps as well.
    Orthorhombic CO3


–, axial CO3
3– and orthorhombic CO2


– are responsible for the
characteristic shape of the ESR spectrum of synthetic calcite. For natural calcites, axial and
freely rotating SO3


– from impurities results in additional signals. Aragonite shows a different
signal from isotropic SO3


–, but for all carbonate ionisation products, the same resonance has
been observed as for calcite. Mn2+ gives a characteristic pattern of a strong sextet and weak
forbidden transitions, clearly visible even for trace impurities in natural calcite and calcium
carbonate rocks.
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4. 4. 3. Thermoluminescence of calcium carbonate: the role of trace impurities
    Calcium carbonate minerals and stones exhibit thermoluminescence, fluorescence, and
phosphorescence. Wiedemann and Schmid (1895) were the first to investigate the
luminescence response of irradiated calcium carbonate. They irradiated synthetic calcium
carbonate, marble, egg shells and precipitates doped with trace impurities and observed a
”weak“ thermoluminescence of the pure material, but an intense red glow for the natural
samples and the precipitates doped with manganese. Later, lead was as well identified as TL
activator. Rare earth elements are responsible for TL below and above 300 °C. Their effects
are very complex and until now, the interactions between the luminescence activators are
only partially understood.
    In general, the typical orange thermoluminescence of calcite recorded with heating rates
of∼ 5 °C/min shows immediately after irradiation TL glow peaks at ∼ 110 °C (very intense),
∼ 150 - 180 °C (weak), ∼ 250 - 280 °C (intense) and ∼ 330 - 400 °C (moderate). The first peak
associated with the migration of the CO3


3– centre has a short lifetime of a few hours at room
temperature (Ikeya (1993)). The second glow peak will occur only in some specimens, the
third glow peak is either present due to electrons released from freely rotating CO2


– or from
CO3


3– associated with trivalent impurities. Its lifetime is estimated at ∼ 500 ka. The high-
temperature peak might be associated with SO2


– and has a estimated lifetime of ∼ 2 Ma.
    Manganese causes a broad thermoluminescence emission band from 550 to 700 nm with
an intense orange maximum around 620 nm. Spectral investigations of sliced synthetic
calcite with a low Mn content showed a line spectrum with emission bands around 310, 475,
560, 600, 650 and 700 nm at 230 °C (Townsend et al. (1994)). The rare earth elements
dysprosium and thulium show emission bands at 495 and 570 nm for Dy and 380 and 475
nm for Tm at 230 °C (Bangert et al. (1983)).
    The thermoluminescence properties of natural aragonite may depend on the location of
the sampled crystal pieces in a single specimen. The colour ranges from white to intense
red. At temperatures over 425 °C the aragonite converts into calcite and emits an irradiation-
unspecific thermo-luminescence. The role of trace impurities in aragonites has much less
been studied than for calcite.


4. 4. 4. Photostimulated luminescence of calcium carbonate
    Natural calcite with a high manganese (1000 mg/kg) doping shows orange and ultraviolet
fluorescence (Aguilar and Osendi, 1982). Excitations at 245, 285, 313, 359, 402, 408 and
526 nm excite a single orange emission band at 610 nm. The lower UV excitation
wavelengths up to 313 nm cause an UV emission at 345 and 367 nm as well. The lifetime of
the excited state reaches 35 ms at room temperature.
    A strongly thermoluminescent calcite rich in rare earth impurities is found in Nabeto
(Japan). Illumination with ultraviolet light from a Hg lamp stimulates a phosphorescence
blackening photographic plates (Imori (1933)). A further increase of the illumination time over
the maximum phosphorescence yield bleaches the obtainable phosphorescence.
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4. 4. 5. Lyoluminescence of calcium carbonate
    In neutral aqueous media, like water, fresh water or sea water, calcium carbonate is
insoluble in all modifications. Acids attack in a rapid way, depending on the acid
concentration CO2 is liberated in gas bubbles.
    Copty-Wergles et al. (1990) successfully measured the lyoluminescence of synthetic
calcium carbonate and natural aragonitic snail shells (edible snails, Helix pomatia) in dilute
hydrochloric acid (0.1 M). The signal is short with an intense initial maximum of 2 - 3 s and a
slower, weaker LL peak lasting 20 s. In general, the LL signal obtained from the PMT has to
be amplified electronically.
    The luminescence yield increases linearly with the sample mass not exceeding 300 mg for
60 mL acid solution. Acid concentrations higher than 0.1 mol/L decrease the LL yield. For the
edible snails, an almost linear dose-response up to 3 kGy without any signs of saturation
could be obtained by this method.
    In alkaline solution, calcium carbonate precipitates if carbonate anions are present.
Complexing agents, as nitrilotriacetic acid (NTA) or ethylenediaminetetraacetic acid (EDTA)
form stable complexes with Ca2+-ions in the alkaline range. They are used in analytical
chemistry for complexometric determination of calcium and in practice as additives in
detergents and cosmetics to remove water hardness.
    It has been recommended to use EDTA for the decalcification of mineralised exo- and
endoskeletons, as for algae, molluscs, crustaceans and bones. The demineralisation of large
pieces of bone or shell is slow.


4. 5. Luminescence of quartz
    Natural quartz is more or less pure crystalline silicon dioxide. The trigonal α-quartz is the
stable modification at normal conditions. At 573 °C it converts into the hexagonal β-quartz.
Over 870 °C the tridymite modification and over 1470 °C the cristobalite modification are
formed. Coesite and stishovite are formed by the high temperatures and pressures of meteor
impacts. Amorphous hydrated silicon dioxide is found in the milky opal mineral and in
diatomaceous earth or the volcanic siliceous tufa. Quartz minerals, as rock crystal (colour-
less), amethyst (purple), citrin (yellow), smoke quartz (dark brown) and rose quartz (pink) are
built up in large single crystals from a supersaturated aqueous solution in hydrothermal
veins. Microcrystalline quartz minerals are chalcedon, agate and onyx. Opaque pyrogenic
quartz (white to slightly orange from weathered iron minerals) is formed during magmatic
crystallisation. Large amounts of this common rock mineral are the main constituent in river
bed rubble and its deposits. It is also a main constituent in granite and similar magmatic
rocks. Natural quartz contains various minor and trace impurities, especially aluminium,
germanium, titanium and the alkali metals lithium, sodium and potassium. Upon irradiation,
its colour turns grey-brown, natural smoke quartz is the result of included natural radioactive
elements. It loses its colour upon heating at least partially. The violet amethyst is tinted by
traces of iron, upon heating, it turns into yellow citrin. Rose quartz contains manganese as
colouring constituent. Rare earth elements are as well activators of quartz luminescence, but
their role has been investigated even less than for calcium carbonate.
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4. 5. 1. Trace impurities in natural quartz
    Aluminium, germanium and titanium are not only present as trace impurities, but may also
require ionic charge compensation by monovalent cations.
   The presence of hydrogen in the quartz crystal may result in (H3O4)0 centres as hole traps.
The 380 nm TL emission at 110 °C is produced by recombination of electrons with these
holes (Stoneham and Stokes (1991)).
   The Si(IV) in the [SiO4]0 tetrahedrons of the quartz crystal may be substituted by Al3+ and a
monovalent cation (H+, Li+, Na+) to give an [AlO4/M+]0 centre. The cations are located
interstitially in the SiO2 lattice. Upon irradiation, a hole h+ can be trapped and the cation M+


may diffuse away, resulting in an [AlO4/h+]0 centre. The aluminium content in natural quartz
may reach some 100 mg Al/kg. Fortunately, only about 10 % of the Al-centre is optically
bleached, and its lifetime is estimated at ∼ 18 - 38 Ma.
   Germanium has a higher electronegativity (2.01) than silicon (1.90) and is therefore more
susceptible to trap irradiation-ionised electrons, resulting in a [GeO4·e–]– centre which
attracts monovalent interstitial cations to be stabilised as [GeO4·e–/M+]0. Natural magmatic
quartz shows the Ge-centres frequently. The corresponding thermoluminescence glow peak
at 325 °C is easily bleached by sunlight despite its estimated stability of ∼100 ka at room
temperature. Titanium behaves in the same manner as germanium.


4. 5. 2. Thermoluminescence of quartz
    After irradiation, quartz exhibits a blue TL at 205 °C around 440 nm (Hashimoto et al.
(1994)). Natural quartz annealed in a furnace between 700 and 1000 °C for 100 h and then
irradiated shows an additional red TL around 260 °C at 620 nm. The intensity of the blue TL
decreases linearly with higher Al concentrations (100 mg/kg range), whileas the red TL
shows a quadratic increase indicating correlation with sites where two aluminium atoms are
located as impurity. Other TL regions investigated for dating purposes are a 110 °C peak
around 380 nm from the [GeO4·e–]– centres (McKeever (1991)), a 325 °C peak around
440 nm, which is easily bleachable by sunlight, and a partial overlapping, but optically stable
peak 375 °C in the same wavelength region. A 410 °C TL is red. Natural amethyst shows both
red and infrared TL around 740 - 750 nm and the blue quartz TL (Zhang et al. (1994)).


4. 5. 3. Photostimulated luminescence of quartz
    The TL peaks at 110 °C and 325 °C can be bleached by illumination. In general, all
wavelengths in the visible region can be applied for photostimulation, but for quartz, a
maximum of PSL intensity in the UV region from 340 - 380 nm has been reported from
excitation with the green light of an Ar laser at 514.5 nm. This wavelength can also be filtered
by an interference filter or emitted from green light emitting diodes (LED). At room
temperature the PSL signal increases app. 1 % / 1 °C, indicating thermal assistance in trap
eviction (Aitken (1994)).







©
 1


99
7 


by
 H


ei
nz


 A
nd


er
le


. A
ll 


rig
ht


s 
re


se
rv


ed
.


II. PHYSICAL METHODS: THEORY
30


4. 6. Luminescence of feldspars


4. 6. 1. Thermoluminescence of feldspars
    Feldspars are alkali - alkaline earth alumosilicates with variable contents of calcium,
sodium or potassium. The general formula is (Na, K)1-xCaxAl1+xSi3-xO8 (Poolton et al. (1996)).
The nomenclature of the feldspar group is shown in Fig. 15 (Akber and Prescott (1985)). Pure
potassium feldspar K[AlSi3O8] (orthoclase, microcline, adular), sodium feldspar Na[AlSi3O8]
(albite) and calcium feldspar Ca[Al2Si2O8] (anorthite) are rare, but in general feldspars form
over 60 % of the earth’s crust. Plagioclases alone build up 40 %.
    As it can be derived from the ternary diagram [Fig. 15], the content of K in anorthites and
of Ca in orthoclase does not exceed 5 % (m/m). The alkali feldspars form a complete solid
solution with monoclinic symmetry at high temperatures. Si and Al are distributed without any
order in the tetrahedral lattice. Rapid cooling preserves this mixture. Slow cooling leads to
segregation of triclinic K- and Na-rich feldspars. The plagioclases are all triclinic, and the
substitution of the ionic pairs is coupled, so that (Na+ + Si4+) are exchanged for
(Ca2+ + Al3+). The lattice is thereby reconstructed.
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[Fig. 9] Feldspar nomenclature, depending on alkali and
alkaline earth content.


    Feldspars occur in various purities, alone or included in pegmatic and metamorphous
rocks, as granites or gneiss. For fundamental luminescence studies, these rocks are usually
crushed and the feldspar crystals picked out. Mineralogical determination of the crystal
modification by X-ray diffraction, microscopic investigations of the microstructure and the
chemical analysis of major, minor and trace constituents allow an exact identification.
Spectral information is gained from recording with different filter types or spectrometers.
    Dating investigations are based on the natural thermoluminescence of alkali feldspars. In
sediments, aeolian deposits, or sand samples are drawn from the layer to be dated. After
dissolution of carbonates with HCl, the feldspar particles are separated from other acid
insoluble minerals and from each other (K-rich/Na-rich) by centrifugation in the aqueous
polytungstate or bromoform heavy liquid and read out in the measuring device.
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    The alkali feldspars’ main constituent potassium contains 0.118 % of the the weakly
radioactive isotope 40K with β − (79 %) and EC (11 %) decay, responsible for a natural
thermoluminescence signal as the result of this long-time low-level exposure. As minor and
trace impurities in the natural rocks, the α emitters uranium (238U and 235U), thorium (232Th)
and their daughters are present in the 1 - 1000 mg/kg range. During erosion and weathering,
feldspar particles are exposed to daylight, which bleaches the natural TL partially, leaving an
unbleachable rest signal.
    The apparent colour of the TL light of potassium-rich feldspars is dominated by a blue and
a red emission band at 100 - 150 °C with a 450 and 720 nm maximum, respectively (Dalal et
al, 1988). While the blue TL may be absent in rare cases, the red TL is common for all
feldspars, although difficult to detect with the usual blue-sensitive equipment. A higher
sodium content may shift the apparent colour to green-yellow. A green TL peak around
530 nm diminishes with increasing calcium content.
    ESR investigations by Speit and Lehmann (1982) gave an allocation  of the wavelengths to
the types of irradiation-induced defects. The blue TL emission between 425 and 475 nm is
caused by Al-O– ...Al centres. The green TL from 500 - 550 nm is ascribed to Si-O– ...X (X =
divalent metal cation) centres, and an ultraviolet TL of amazonite or microcline from 270 - 300
nm to Pb-O– ...X centres. Geake et al. (1977) synthesised artificial plagioclases and
concluded that Mn2+ at Ca sites is the activator for the 560 nm emission band, while Fe3+ in
Al sites causes the infrared emission at 700 - 780 nm. The origin of the orange TL from 640 -
660 nm is assumed to arise from trace impurities of Europium present in mg/kg
concentrations (Kirsh and Townsend (1988)). Eu3+ is an efficient TL activator.


4. 6. 2. Photostimulated luminescence of feldspars
    Feldspars emit luminescence stimulated from infrared (850 - 970 nm) and green (514 -
560 nm) light. It is assumed in a model by Hütt et al. (1988) that the green light could liberate
the electrons from a trap into the conduction band, while the infrared energy would only be
able to raise the electrons to a more shallow trap from which they could escape into the
conduction band by thermal excitation at room temperature. The infrared stimulated
luminescence (IRSL) of potassium feldspars has its maximum in the blue-violet region
(400 nm), while sodium feldspars show a yellow-green emission at 570 nm (Wintle (1994),
Bøtter-Jensen et al. (1994)). Calcium-rich feldspars emit an IRSL four orders of magnitude
weaker.
    The thermal stability of the IRSL signal has to be taken into account for dating purposes,
but fortunately not for food irradiation detection. Anomalous fading may pose a problem, if
traps lose about 40 - 70 % of their corresponding TL and IRSL signals at normal storage
conditions within a short time of a few weeks. A tunnelling mechanism accelerated at higher
storage temperatures is assumed (Spooner (1994)). Sanidine is a well known example for
anomalous fading, but its IRSL signal is 3 - 4 orders of magnitude weaker than for the
microcline feldspars.
    The thermoluminescence signal of irradiated feldspars is bleached from exposure to both
infrared, ultraviolet or sunlight. In potassium feldspar, the 270 and 330 °C TL peaks are
bleached to app. 80 % of its original intensity after two hours of infrared light illumination. An
emission of photostimulated luminescence with a spectrum similar to the bleached TL is
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observed [Fig. 10] (Duller and Bøtter-Jensen (1993)). Green light from 515 to 560 nm was
more effective in reducing the TL to only 50 % - 60 %. The problem of bleaching affects the
PSL signal itself with a rapid loss of the signal intensity after an initial time of ≈ 10 s.
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[[Fig. 10] The effect of illumination on the TL and PSL signal of potassium feldspar


4. 7. Practical consequences: inorganic “dust” – the luminescence indicator of food
irradiation
    The inorganic dust is adhering to fruits, vegetables, herbs, spices and grains, or has been
ingested into the intestines of marine crustaceans, such as prawns or crabs and may also be
sticking to their legs as well. Soil particles stick on the surface of tubers and beets and
between the roots of onions and the hyphens of mushrooms. This inorganic dust has a very
variable composition comprising carbonates from limestone or dolomite, quartz particles,
feldspars, micas and other clay minerals. It can be stated that even for the same species of
produce harvested by the same farmer, the composition depends on the location of the
fields.
    Attempts to increase and normalise the measured TL include the sedimentation in high
density liquids, as aqueous sodium polytungstate solution (ρ > 2 g/mL) or carbon
tetrachloride (ρ = 1.79 g/mL), etching in dilute acid to remove carbonates and re-irradiation
of the read-out sample with a known dose. It has been demonstrated by Calderón et al.
(1995) that quartz, feldspars and calcite are ubiquitous and present in all spice and herb
samples of different origin, that the TL intensity contributed by calcite is much higher than the
TL of quartz or feldspars remaining after acid treatment, and that the calcite TL is less
bleached by ambient light than the siliceous minerals.
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5. LUMINESCENCE MEASUREMENT EQUIPMENT USED FOR THIS WORK  


5. 1. The thermoluminescence reader of the Institut für Radiumforschung und Kern-
physik
    The thermoluminescence apparatus [Fig. 11, 12] consists of a measurement chamber
and a removable detector case. When the detector case is lifted, an aluminium disk with
sample powder can be placed on the heating metal planchet. The TL-chamber is tightly
closed and can be evacuated and flushed with inert gas before measurement. During
heating of the sample carrier planchet by a high-frequency current, the TL-glow is measured
by a photomultiplier tube (blue-sensitive Thorn-EMI 9635 QB with UV-transparent quartz
window or red sensitive Thorn-EMI 9850 with prismatic window for extended infrared
sensitivity). A Schott KG3 glass filter shields the PMT window from heat, other filters (orange:
Schott OG 550, green: Schott VG 14, blue: Corning 5-58, UV: Schott UG 11) can be mounted
as well in the filter holder with a maximum capacity of three filters. Evacuation, flushing,
heating rate, maximum temperature, repeats of measurement cycles, PMT voltage, and
readout time intervals are programmed on a industrial-standard personal computer (PC)
linked by an interface card. The PC records, stores and computes the TL glow curve using a
specially developed DOS-based software with a graphical user interface [Fig. 11].


[Fig. 11] The thermoluminescence measurement system designed at the Institut für Radium-
forschung und Kernphysik. 1: power and high frequency supply, 2: PMT head,
3: computer with graphical control software, 4: printer
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[Fig. 12] Construction of the thermoluminescence reader developed
by Weninger et. al. (1991).


5. 2. The photostimulated luminescence reader of the Institut für Radiumfor-schung
und Kernphysik
    The commercially available apparatus (ELSEC, Ernest Littlemore Scientific Engineering
Corp.) uses infrared LEDs for the investigation of feldspars in its original design.
    A holder for 64 sample carrier disks is placed onto the electromechanically adjustable
sample table. The sample holder can be cooled by water during the readout. A circular array
of infrared diodes for feldspar excitation shining onto the sample is the basic illumination
equipment [Fig. 13]. An additional filtered light source, using a tungsten-halogen lamp, an
interference filter with maximum transmission at 514 nm and a mirror system to focus the
illumination on the sample disk, can replace the infrared diodes to stimulate the
luminescence of quartz [Fig. 14]. A photomultiplier tube (Thorn-EMI 9235B) mounted directly
above the illuminated sample records the emitted light. The reader is controlled by an
industrial-standard personal computer with a manufacturer-designed DOS-based software.
The position of the sample can be selected, the duration and the PMT voltage of the readout
can be set.
    The apparatus was modified according to the design introduced by Bøtter-Jensen et al.
(1994) with adjustable interference monochromators (Oriel 2500) from 400 - 700 nm for both
stimulation and emission.
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[Fig 13, 14] The PSL reader in its basic design for IR stimulation (above) and with the filtered light
source for green light stimulation (below). 1: insert for sample holder; 2: filtered light
source; 3: detector case with PMT; 4: power and PMT high voltage supply;
5: personal computer
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5. 3. The lyoluminescence reader of the Institut für Radiumforschung und Kernphysik
    The lyoluminescence reader [Fig. 15, 16] consists of a lighttight case for the sample
reaction vessel with the detector (photomultiplier tube) below the vessel bottom, shielded by
an insertable shutter. In the removable case cover, an adjustable stirring motor is mounted
with exchangeable stirring rods. The sample powder is placed on the pivoted shovel and
after opening of the shutter dropped into the glass beaker containing the stirred
solvent/sensitiser mixture. The emitted light is measured by a photomultiplier tube (PMT,
Philips XP3462B) with adjustable high voltage supply (HV) and the anode current is digitised
and read out on a industrial-standard personal computer connected by an interface card.
The DOS-based measurement software with a graphical user interface allows the setting of
measurement intervals and electronic amplification, and enables glow curve integration with
background subtraction.
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[Fig. 15] Construction of the lyoluminescence reader at the
Institut für Radiumforschung und Kernphysik







©
 1


99
7 


by
 H


ei
nz


 A
nd


er
le


. A
ll 


rig
ht


s 
re


se
rv


ed
.


III. PHYSICAL METHODS: EXPERIMENTAL
37


[Fig. 16]: The lyoluminescence reader at the Institut für Radiumforschung und Kern-
physik: 1. measurement chamber, 2: stirring motor, 3: PMT case, 4: PMT voltage
supply, 5: computer with digitizer control software
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6. INVESTIGATIONS ON THE LUMINESCENCE OF CALCIUM CARBONATE  


6. 1. Samples and reagents
   For this work, pure single-crystal natural minerals, ground microcrystalline carbonate rocks
and synthetic calcium carbonate reagents were investigated. The natural minerals were a
clear, colourless Iceland spar specimen from Durango, Mexico and an natural aragonite from
Spain  were obtained from a mineral shop, crushed and sifted through a 63 µm sieve. The
carbonate rocks were limestone from Hirschwang and from the Meißlhöhe mountains, shell-
lime from Petersdorf and from the Leithagebirge quarries, and dolomite from Edelputz and
from the Rosengarten (Alto Adige-South Tyrol, Italy). Synthetic calcite, commercially available
as reagent in different purity grades, was investigated for comparison. For this work, Merck
No. 2067 (analytical reagent for Lawrence-Smith silicate analysis) and Merck No. 2059
(suprapur®, highest purity available) were selected.


6. 2. Trace element determinations
    Inductively coupled plasma-atomic emission spectrometry was used as appropriate
method to determine trace impurities of luminescence activators and deactivators.
Manganese, copper, zinc, iron, and magnesium could be determined directly from sample
solutions obtained by dissolving 500 mg calcium carbonate in 50 mL 1.2 M HCl.


Tab. 5: sample preparation scheme for Mn, Cu, Zn, Fe and Mg:


(marine shell powder: 500 mg)
â


dry ashing at 450 °C


minerals, precipitates and reagents: 500 mg â


    æ
dissolution in 1.2 M HCl (50 mL)


â


ICP-AES measurement


    ICP-AES measurement was performed using a sequential ARL-3520 ICP spectrometer and
a combined simultaneous/sequential ARL-3580 ICP spectrometer. As correction for matrix
effects in sample transport and nebulisation, the calibration solutions were prepared as
matrix-matching standards containing 4000 mg/L Ca equivalent to 1000 g sample (as
CaCO3) in 100 mL. Background correction measurement was applied for alkaline earth
straylight compensation.
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Tab. 6: Trace activators (Mn) and deactivators (Fe) in the investigated CaCO3 minerals
mineral sample SiO2* Mn Fe Cu Zn


Durango calcite        0.08        7.85   0.06   0.68
Spanish aragonite      39.90    199.1   0.06   0.66
Meißlhöhe limestone   0.33    454.1  2433.9   7.07   5.57
Hirschwang limestone   0.29      17.27    133.9 19.63 22.77
Leithakalk shell-lime   3.95    629.3  3047.5 47.47 17.32
Petersdorf shell-lime 19.26  1333.6  7884.3 21.00 29.00
Rosengarten dolomite   0.23      16.25   188.8   3.40   9.00
Edelputz dolomite   0.49      16.67   174.3   5.42   4.29
reagent sample Mg


Merck suprapur®** < 5 < 0.05 < 0.05 < 0.05 < 0.05
Merck p. A. 151.6    1.74    6.16    0.16    1.48


* average value of gravimetric analyses performed 1930 - 1960 (n ≥ 8)
** values from analysis certificate


6. 3. Thermoluminescence
    Characteristic for the TL of calcium carbonate is its orange to red emission [Fig. 17].
Therefore two types of photomultiplier tubes with different photocathode materials were
tested in the TL reader. The heating rate was set to 4.75 °C/s and the high voltage set to 800
or 1000 V.


[Fig. 17] Thermoluminescence of calcium carbonate reagents,
minerals and biominerals (150 - 250 °C). A: CaCO3 supra-
pur®, B: undoped precipitate, C: + 3 mg Mn/kg, D:
+ 30 mg Mn, E: + 300 mg Mn, G: + 30 mg Cu, H:
+ 100 mg Fe, I: Durango calcite, J: marble, K: Leogang
aragonite, L: Norway lobster, M: blue mussels, N, O, P:
aragonitic shells (irradiation dose 5 kGy, J: 1 kGy)
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    The use of the blue-sensitive bialkali PMT (Thorn-EMI 9235 QB) limits the quantum
efficiency in the orange-red spectral range to < 5 % compared to 25 - 30 % from green to
ultraviolet. A trialkali photocathode (Thorn-EMI 9658 A) extends the sensitivity into the near
infrared with a quantum efficiency of ~ 15 % at 600 nm. At temperatures exceeding 250 °C
the discrimination of the TL signal from the background blackbody radiation of the heated
sample becomes difficult. High-temperature TL is practically unresolved.
    The synthetic calcium carbonate of the highest purity available (Merck suprapur®) is
practically thermoluminescence-insensitive towards irradiation [Fig. 18]. The TL glow peak at
~ 140 - 160 °C is the only discernible irradiation-induced TL signal [Fig. 19]. The analytical
grade material is sufficiently pure for the determination of alkali metals in silicates by the
Lawrence-Smith method, but contains higher concentrations of the luminescence activator
manganese (1.74 mg Mn/kg). Three TL glow peaks at ~ 180 °C (est.), 230 °C and 320 °C
show irradiation-sensitivity with similar dose-response [Fig. 20].
    The clear and colourless Durango Iceland spar emits an amber-white TL with a natural,
irradiation-sensitive glow peak at 260 - 270 °C, while the naturally absent 170 °C peak
intensity is much lower than for most other calcites [Fig. 21, 22]. This mineral consists of
almost pure calcium carbonate. Manganese (0.08 mg Mn/kg) is present only in very low
traces.
    The powdered Hirschwang limestone is among the strongest TL emitters of the investi-
gated samples. The natural sample emits thermoluminescence at 290 °C, after irradiation an
orange light giving a complex glow curve with peaks at 150 - 180 °C, 230 - 240 °C and 260 °C
covers the natural TL [Fig. 23]. The Hirschwang limestone is constituted of a relatively pure
material (17.27 mg Mn/kg).
    The Meißlhöhe calcite emits a natural TL from 210 °C upwards with no discernible glow
peak [Fig. 24]. The sensitivity of the irradiation-induced 270 °C glow peak is low. Its iron and
manganese content is higher (see Tab. 6) than the corresponding values of the Hirschwang
sample, its TL-sensitivity is however 2 orders of magnitude lower.
    The ground shell-lime from Petersdorf contains 20 % SiO2 (w/w), and emits a natural
thermoluminescence at 275 °C. It is much less irradiation sensitive than the Hirschwang
limestone. Irradiated, a red TL emission at 170 °C (very faint), 220 °C (highly sensitive) and
255 - 270 °C (moderately sensitive) is detected. A further high-temperature peak at
360 °C is present for all doses. It seems that the natural 275 °C peak shifts to lower
temperatures with increasing irradiation doses [Fig. 24]. The iron and manganese
concentrations are very high (7884 mg Fe/kg, 1334 mg Mn/kg). The Leithakalk shell-lime
shows a similar natural TL with glow peaks at 275 - 280 °C and 375 °C. Irradiation-induced
glow peaks are observed at 220 °C and 255 °C [Fig. 26]. Its trace impurity content is in the
same level (Tab. 6).
    The impure (see Tab. 6) dolomite from the Rosengarten [Fig. 27] and the relatively pure
specimen from Edelputz [Fig. 28] are the strongest thermoluminescent carbonate rocks of
the investigated samples. Their natural TL has prominent maxima at 285 - 290 °C and 360 -
365 °C. The irradiation-induced glow peaks are located at 180 °C (Edelputz) or 195 °C
(Rosengarten) (weak), 265 - 270 °C (intense) and 360 -365 °C (moderate).
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[Fig. 18] TL glow curves of synthetic high-purity
calcium carbonate (UPMT = 1000 V)


100 120 140 160 180 200
20


40
60


80


100


120
140


160
 unirradiated


 2.5 kGy


 5 kGy


 7.5 kGy


T
L (K


G
 3


/1
00


0 
V


) (
qu


al
ita


tiv
e)


 [a
. u


.]


temperature [°C]


CaCO
3
 (suprapur®)


[Fig. 19] TL glow curves of synthetic high-purity
calcium carbonate, enlarged (UPMT = 1000 V)
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[Fig. 20] TL glow curves of synthetic high-purity
calcium carbonate (UPMT = 1000 V)
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[Fig. 21] TL glow curves of irradiated Durango calcite
(UPMT = 800 V)
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[Fig. 22] Thermoluminescence glow curves of irradiated
Durango calcite, enlarged (UPMT = 800 V)
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[Fig. 23] Thermoluminescence glow curves of Hirsch-
wang limestone (UPMT = 800 V)







©
 1


99
7 


by
 H


ei
nz


 A
nd


er
le


. A
ll 


rig
ht


s 
re


se
rv


ed
.


III. PHYSICAL METHODS: EXPERIMENTAL
43


100 200 300 400
0


500


1000


1500


2000


2500
limestone (Meisslhöhe)


temperature [°C]


 natural


 + 200 Gy


 + 1000 Gy


 + 2500 Gy
T


L (K
G


 3
/8


00
 V


) [a
. u


./m
g]


[Fig. 24] TL glow curves of Meißlhöhe limestone
(UPMT = 800 V)


100 200 300 400
0


5


10


15


20


temperature [°C]


molluscal limestone (Petersdorf)


 natural


 + 200 Gy


 + 1000 Gy


 + 2500 Gy


T
L (K


G
 3


/8
00


 V
) ×


 1
03  [a


. u
.]


[Fig. 25] TL glow curves of Petersdorf limestone
(UPMT = 800 V)
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[Fig. 26] TL glow curves of Leithakalk limestone
(UPMT = 800 V)
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[Fig. 27] TL glow curves of Rosengarten dolomite
(UPMT  = 800 V)
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[Fig. 28] TL glow curves of Edelputz dolomite
(UPMT  = 800 V)


    The Spanish aragonite shows an intense red TL after irradiation with a glow peak at 170 °C
and another intense emission maximum at 300 °C. A saturation effect can be deduced from
the glow curves, the intensities increase only slightly with doses over 2.5 kGy [Fig. 29]. The
irradiated Leogang aragonite shows a red to white TL emission with different intensity and
colour of the crystal grains. A single prominent glow peak at 170 °C can be found
[Fig. 30].
   TL emission of irradiated natural aragonite minerals has been reported by several authors.
Johnson (1960) attributed the TL of aragonite to calcite impurities. The different shape of the
glow curves of calcite and aragonite minerals indicate that the TL originates from the
aragonite itself. Manganese traces seem to activate the TL in both modifications.
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[Fig. 29] TL glow curves of irradiated Spanish aragonite
(UPMT = 1000 V)


6. 5. Lyoluminescence
    LL measurements of calcium carbonate reagents and minerals were performed for
comparison with biominerals in molluscs and crustaceans. The EDTA-lyoluminescence of
calcium carbonate was proven to be applicable for natural calcite, aragonite and the
synthetic reagents.
    In fresh luminol solutions, some reagent samples like high-purity calcium carbonate (Merck
suprapur® or for silicate analysis) effected only a decrease of the luminol self-glow by the
turbidity of the suspended crystallites. For these slowly dissolving samples, an aged luminol
solution (> 30 days) was chosen for its enhanced sensitivity and light yield.
    Using the EDTA-Lyoluminescence, irradiated high-purity calcium carbonate, being
practically TL-insensitive, could be identified with high sensitivity [Fig. 30]. The dosimetry plot
is linear and shows no sign of saturation up to the highest applied dose of 7.5 kGy
[Fig. 31]. The analytical reagent behaves similar [Fig. 32]. Pure calcite (Durango Iceland
spar) dissolves rapidly and gives a quasi-linear dose-response [Fig. 33, 34]. Aragonite
indicates different dissolution kinetics and shows an elevated luminescence yield also from
the unirradiated sample [Fig. 35, 36]. The dose-response is quasi-linear.
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[Fig. 30] LL glow curves of synthetic high purity
calcium carbonate
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[Fig. 31] LL dosimetry of synthetic high purity calcium
carbonate
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[Fig. 32] LL dosimetry of synthetic analytical grade
calcium carbonate
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[Fig. 33] LL glow curve of calcite (Iceland spar)
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[Fig. 34] LL dosimetry plot of calcite (Iceland spar)
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[Fig. 35] LL glow curves of aragonite
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[Fig. 36] LL dosimetry plot of aragonite
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5. 6. Calcium carbonate luminescence: practical conclusion
    The characteristic orange-red TL emission of irradiated calcium carbonate minerals and
rocks is well detectable with bialkali photomultiplier tubes, although the quantum efficiency of
these photocathode materials is decreasing from ~ 5 to > 1 % at wavelengths between 550
and 700 nm.
    In the orange or amber-white TL of the investigated calcite samples of natural origin, the
~ 170 °C glow peak is moderately sensitive and much less intense than the higher
temperature thermoluminescence at 260 °C. The aragonites show however an intense red TL
with a prominent ≈ 170 °C emission maximum.
    For thermoluminescence measurement of minimum amounts of dust, no general rule can
be given for glow peaks to be expected at certain temperatures. It can only be stated that
glow peaks in a temperature range around 260 °C originate more likely from irradiated
carbonate mineral particles. Fortunately, the corresponding traps are expected to be more
stable against thermal and optical bleaching.
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7. INVESTIGATION ON THE LUMINESCENCE OF SILICEOUS MINERALS  


7. 1. Samples and reagents
   For this work, mineral samples of different origin were available. Opaque quartz (Danube
river bed) was crushed with a hammer and cleaned from intercrystalline impurities. Powdered
soil minerals of known composition (sanidine from the Wehr-Eifel mountain range, Germany,
soda-potash feldspars from Arendal, Norway, from Frederiksvaern, Norway,  from “Russia”
with unknown origin, from Meseritsch, Austria, soda feldspar from Moss, Norway, and calcium
feldspar (Labradorite) from the Labrador peninsula, Canada, and a ground sandstone from
Kreisbach, Austria) were investigated for direct comparison with the agricultural samples of
grain and the irradiated spices. The samples were irradiated with 200 Gy, 1000 Gy and 2500
Gy, respectively and stored in brown glass bottles to avoid exposition to light.


7. 2. Major, minor and trace constituent determination
   The concentrations were determined by ICP-AES measurement after a single-step sample
preparation (Hermann (1975)) with hydro-fluoric/perchloric acid digestion in a platinum dish.


Tab. 7: Sample preparation scheme for quartz and feldspars


2 g crushed quartz 500 mg feldspar powder
â â


digestion in a Parr® teflon-lined digestion in 15 mL conc. HF (40 % w/w)
pressure bomb with 15 mL HF + + 5 mL conc. HClO4 (72 % w/w)
1 mL HClO4 suprapur® on a sand bath
at 100 °C / 24 h æ â


evaporation to dryness in platinum dish
â â


(repeated digestion, if necessary)
â â


dissolution in 1.2 M HCl
â â


dilution to 20 mL (quartz)/ to 50 mL (feldspar) with 1.2 M HCl


Tab. 8: extraction scheme for Pb
1000 mg sample


dissolution in 1.2 M HCl (~ 50 mL), addition of 1 - 2 g KI
â


extraction with methyl-isobutylketone (25; 15; 10mL)
â


back extraction with 5 % H2O2 in 3 M HNO3


â


evaporation to dryness, dissolution in 10 mL 0.1 M HNO3


â


ICP-AES measurement
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Tab. 9 : Major constituents of the investigated silicate minerals (% weight)
mineral sample SiO2


* Al2O3 Fe2O3
** CaO MgO Na2O K2O TiO2


sanidine 65.0 17.84 0.29   1.01 0.19 3.00 11.82 Ti


Frederiksvaern 65.3 18.86 1.22   0.70 0.28 6.50   6.81 0.303
Russian fsp. 69.3 16.61 0.27   0.39 0.063 3.68   9.51 Ti


Meseritsch fsp. 67.2 18.18 0.25   0.048 0.011 3.73 10.76 Ti


arendalite 68.2 16.92 0.19   0.136 0.030 2.30 12.14 Ti


Moss fsp. 69.0 18.93 0.23   1.04 0.024 9.97   0.81 Ti


labradorite 55.5 26.91 0.99 10.54 0.29 5.10   0.51 0.154


Tab. 10: Trace constituents in the investigated silicate minerals (mg/kg)
mineral sample Li Na K Ca Al Ti Ge Fe Cu Mn Zn
quartz A 0.11 65.4 n. d. 21.5 251.4 n. d. 0.78 12.9 n. d. 0.39 n. d.


quartz B 0.55 22.3 n. d. 27.9   22.3 n. d. 0.46   4.36 n. d. 0.21 n. d.


quartz C 0.84 46.5 n. d.   7.46 242.1 n. d. 0.88 10.2 n. d. 0.06 n. d.


sanidine < cDL Na2O K2O CaO Al2O3 89.6   2.5 Fe2O3 13.0   17.9   21.6
Frederiksvaern 2.96 Na2O K2O CaO Al2O3 TiO2 21.0 Fe2O3 11.8 304.9   37.3
Russian fsp. 7.76 Na2O K2O CaO Al2O3 66.9 33.7 Fe2O3   5.9   46.8     5.1
Meseritsch fsp. 6.87 Na2O K2O CaO Al2O3 39.6 < cDL Fe2O3   7.0   22.8   10.4
arendalite < cDL Na2O K2O CaO Al2O3 21.9 < cDL Fe2O3 18.8   31.5     8.5
Moss fsp. < cDL Na2O K2O CaO Al2O3 26.3 < cDL Fe2O3   8.5   20.6   18.5
labradorite 2.30 Na2O K2O CaO Al2O3 TiO2   8.2 Fe2O3 20.9   80.0   70.2


Tab. 10 (cont.)
mineral sample Be Mg Sr Ba Pb Eu
quartz A n. d. 0.39 n. d. n. d. n. d. n. d.


quartz B n. d. 1.76 n. d. n. d. n. d. n. d.


quartz C n. d. 4.31 n. d. n. d. n. d. n. d.


sanidine   0.24 MgO 795.2 6880 n. d. < cDL


Frederiksvaern   3.28 MgO 317.1   651.1 n. d. < cDL


Russian fsp.   0.77 MgO   29.8   140.6   52.8 < cDL


Meseritsch fsp.   0.20 MgO     6.72     35.9   21.2 < cDL


arendalite   0.85 MgO   56.9   613.4 231.9 < cDL


Moss fsp. 11.12 MgO   21.8     16.4   15.4 < cDL


labradorite   0.33 MgO 677.0   250.3 n. d. < cDL


n. d. = not determined;
< cDL= below detection limit
(quartz: 0.02 mg Li, 0.2 mg Ge/kg ;
feldspar: 0.2 mg Li, 2 mg Ge, 0.2 mg Eu/kg)


* SiO2 values were calculated as:
%(SiO2) = 100 - %(Al2O3 + CaO + MgO + BaO + TiO2 + Fe2O3  + Na2O + K2O);
** total Fe as Fe2O3
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7. 3. Quartz
    The natural magmatic quartz samples used for this investigation were from opaque
siliceous pebbles with a brownish-white colour from weathered iron oxides. The quartz
pebbles were crushed with a hammer, washed in water, etched for 5 min in 30 % HNO3 /
10 % HF to destroy adherent feldspar particles, and boiled in 6 M HCl for 10 min to dissolve
the intercrystalline iron traces. A white opaque material was obtained. All these sample
preparations were done at daylight so that natural TL and PSL signals were at least partially
bleached. Afterwards, they were stored in brown glass bottles and irradiated.
    These white natural magmatic quartz minerals are pure and contain aluminium, alkali
metals and alkaline earths only in the 10 - 100 mg/kg range. Chemical analyses were
performed using ICP-AES determination.


7. 3. 1. Thermoluminescence
    Between irradiation and measurement, the samples were stored at room temperature for at
least one week to ensure the thermal decay of short-lived, low-temperature luminescence
traps. The quartz grains were weighed and placed on the heating bench. The blue-sensitive
Thorn-EMI 9235 QB photomultiplier tube was used for glow-curve recording from 20 - 400 °C
with a heating rate of 4.75 °C/s.
    The three quartz samples showed clearly distinct glow curves. After irradiation, the quartz A
has a saturated glow maximum at 290 - 295 °C with overlapped side peaks at
∼ 215 °C and ∼ 350 °C. Two partially overlapping natural signals at ∼ 305 °C and ∼ 350 °C are
present [Fig. 37, 38]. Quartz B has as well a natural TL signal at ∼ 305 - 360 °C. The
irradiation-induced peak has its maximum at ∼ 240 °C. The 305 °C glow peak is more
irradiation-sensitive than its ~ 360 °C neighbour [Fig. 39, 40]. No saturation can be observed
for the doses applied. The overall TL sensitivity is 50 - 100-fold higher than for the two other
quartz specimens due to a lower Al content (22 mg/kg). This corresponds to a decrease of
the blue TL intensity with the square of the Al concentration. Quartz C shows the natural
peak of ∼ 305 - 370 °C and an irradiation-sensitive glow peak at 205 - 210 °C with an
adjacent weaker signal at ∼ 270 °C [Fig. 41]. Over 1000 Gy, saturation can be assumed. Its
Al content is high.
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[Fig. 37] TL glow curve of opaque quartz of the Danube
river bed. (UPMT = 800 V)
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[Fig. 38] TL glow curve of opaque quartz of the Danube
river bed, enlarged. (UPMT = 800 V)
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[Fig. 39] TL glow curve of opaque quartz of the Danube
river bed with low Al content. (UPMT = 800 V)
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[Fig. 40] TL glow curve of opaque quartz of the Danube
river bed with low Al content, enlarged.
(UPMT = 800 V)
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[Fig. 41] TL glow curve of opaque quartz of the Danube
river bed with high Al content. (UPMT = 800 V)


    It can be stated that natural geological quartz gives a variable TL response depending on
its constitution. In mixtures of different origin, as sand or dust, the glow curves of the single
grains may overlap. The relatively low TL intensities compared to carbonates or feldspar
make the quartz TL insignificant in mixed mineral dust.


7. 3. 2. Photostimulated luminescence
   The sample preparation for the PSL measurement had to be done under sodium vapour
light, as recommended by Aitken (1994). The yellow 590 nm light does not bleach the PSL
signal in quartz and feldspar. A 15 W sodium darkroom lamp with practically no thermal
radiation provided sufficient light. 100 - 120 mg of small quartz particles (< 1 mm) were
weighed directly into the sample holder and illuminated with the green light from the
interference filter. The luminescence light was read out for 240 s after an initial background
measurement (no illumination) of 10 s. The PSL signals of the investigated quartz samples
are in general weak with moderate irradiation sensitivity and show a slow decay. Therefore, it
can be stated that the luminescence of quartz particles gives a practically insignificant
contribution to PSL signals of irradiated foods.
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[Fig. 42] GLSL glow curve of opaque quartz of the
Danube river bed with high Al content.
(UPMT = 1280 V)
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[Fig. 43] GLSL glow curve of opaque quartz of the
Danube river bed with low Al content.
(UPMT = 1280 V)
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[Fig. 44] GLSL glow curve of opaque quartz of the
Danube river bed with high Al content.
UPMT = 1280 V)
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7. 4. Feldspar
    Feldspars occur as one of the main constituents in magmatic rocks such as granite, but
may also be found in single crystals. The radioactive isotope 40K (t/2 = 1.28×109 a) is
present as 0.118 % of the total potassium. A steady natural radiation from 40K and the
thermal decay of radiation-induced luminescence traps maintains a saturation level of the
natural thermoluminescence. The contribution of 232Th, 238U and the cosmic radiation are
practically insignificant, so plagioclase (Na, Ca) feldspars poor in potassium do not show
natural TL. With the subsequent weathering of the rock surface and the cracking and grinding
of river-bed rubble, fine dust particles are formed and transported by winds. During exposure
to light, certain luminescence traps are bleached.


7. 4. 1. Thermoluminescence
    The powdered feldspars used for this work had originally been prepared as instruction
samples for mineral analysis in the early 1930s. The minerals had been ground to a fine
powder and stored in a colourless glass jar at daylight. The thereby partially bleached
feldspar grains resemble well the dust particles present on plant surfaces.
    Very small amounts (0.01 - 1 mg) of the feldspar powders were weighed on a micro-
balance into aluminium dishes designed to be placed on the TL reader’s heating bench. The
heating rate was adjusted to 4.75 °C/s, the blue-sensitive 9235 QB photomultiplier tube had
to be set to a high voltage of 800 V to avoid an anode current overflow.
    The natural potash-soda feldspars show a TL sensitivity increasing with the Na/K ratio. The
sample from Frederiksvaern shows only a reddish TL which could be detected using
commercially available high-speed colour negative film (35 mm, ISO 1600/32°) [Fig. 45]. The
apparent colour shifts from faint blue to yellow-green with the Na content and from blue to
longer wavelengths with higher temperatures [Fig. 46]. The sanidine and the labradorite do
not show any TL in the visible wavelength region, therefore it cannot be recorded on colour
films.


 A  B
[Fig 45 a, b] The thermoluminescence colour of alkali feldspars with increasing Na/K ratio (1 → 4) and
temperature: 1: Russian feldspar, 2: Arendalite feldspar, 3: Meseritsch feldspar, 4; Moss feldspar.
above: natural TL, below: + 1000 Gy; temperature range A: ~ 180 - ~ 250 °C, B: ~ 250 - ~ 320 °C.
[Fig. 46] The Frederiksvaern feldspar emits a dull red thermoluminescence (~ 180 - ~ 250 °C)
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    The sanidine feldspar emits thermoluminescence outside the visible range of the spectrum
after irradiation. This TL light can only be detected easily with the blue-sensitive
photomultiplier tube with the quartz window if it is in the ultraviolet range. Its apparent TL
sensitivity is 3 - 4 orders of magnitude lower than for the Na-rich alkali feldspars. The weak
natural TL at ~ 210 °C is covered by an irradiation-induced signal with an apparent maximum
at ~ 230 °C [Fig. 47]. The maximum may be located at lower temperatures, but outside the
sensitivity of the blue-sensitive PMT.
    The Frederiksvaern feldspar emits a natural TL at ~ 250 °C and after irradiation an visually
dull red TL at ~ 180 °C [Fig. 48]. Its apparent intensity is two orders of magnitude lower than
that of the high-soda alkali feldspars.
    The natural Arendalite displays a weak TL at ~ 250 and ~ 340 °C. After irradiation, a
relatively intense TL glow peak (blue with a slightly green tint, one order of magnitude lower
than that of the high-soda feldspar) at ~ 180 °C can be observed [Fig. 49].
    The Russian feldspar luminesces at ~ 268 °C and shows an irradiation-induced glow peak
at ~ 180 °C [Fig 50]. Its colour is blue with an apparent intensity two orders of magnitude
lower than that of the high-soda alkali feldspars.
    The Meseritsch feldspar emits an intense unbleachable thermoluminescence maximum at
~ 250 °C. After irradiation, radiation-induced glow peaks at ~ 200 °C and ~ 225 °C cover this
natural TL [Fig. 51]. The colour is bright blue with the greenish tint.
    The soda feldspar from Moss is the most intensely luminescent feldspar among the
investigated minerals. Its natural yellow-green TL has two glow peaks at ~ 260 °C and
~ 330 °C. Its irradiation induced TL at ~ 180 °C is bright blue-white. The natural peaks are
irradiation-sensitive [Fig. 52] as well.
    The labradorite shows practically no natural thermoluminescence. Its potassium content is
very low and 40K effects a much lower paleodose than for the potash-soda feldspars. Its TL
sensitivity is three to four orders of magnitude lower than that of the orthoclases and soda
feldspars. The irradiation-induced TL at 180 °C is not visible [Fig. 53].
    The sandstone consists of only 54 % acid-insoluble material, which is constituted not only
of quartz and feldspar, but also of clay particles. The TL of the unfractionated sandstone
powder is therefore dominated by the carbonates giving a dark-red colour. Unirradiated TL
peaks are present at ~ 265 °C and ~ 360 °C. After irradiation, a peak at ~ 180 °C overlaps
partially with the as well irradiation-sensitive 255 - 260 °C glow peak, while the ~ 360 °C TL is
practically irradiation-insensitive [Fig. 54]. The peaks around 260 °C may originate from both
carbonates and feldspars. The 180 °C glow peak is feldspar TL; the carbonate TL at that
temperature is usually much less intense and less irradiation sensitive.







©
 1


99
7 


by
 H


ei
nz


 A
nd


er
le


. A
ll 


rig
ht


s 
re


se
rv


ed
.


III. PHYSICAL METHODS: EXPERIMENTAL
57


100 200 300 400
0


2000


4000


6000


8000


10000


temperature [°C]


sanidine (Wehr-Eifel)


 natural


 + 200 Gy


 + 1000 Gy


 + 2500 Gy


T
L (K


G
 3


/8
00


 V
) [a


. u
./m


g]


[Fig. 47] TL glow curve of ground sanidine from the
volcanic Wehr-Eifel mountains, Germany
(UPMT = 800 V)
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[Fig. 48] TL glow curve of ground potash feldspar from
Fredederiksvaern, Norway (UPMT = 800 V)
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[Fig. 49] TL glow curve of ground potash feldspar from
Arendal, Norway (UPMT = 800 V)
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[Fig. 50] TL glow curve of ground potash feldspar from
   “Russia” (UPMT = 800 V)
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[Fig. 51] TL glow curve of ground alkali feldspar from
Meseritsch, Austria (UPMT = 800 V)
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[Fig. 52] TL glow curve of ground soda feldspar from
Moss, Norway (UPMT = 800 V)
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[Fig. 53] TL glow curve of ground labradorite from the


Labrador peninsula, Canada (UPMT = 800 V)
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[Fig. 54] TL glow curve of ground sandstone from
Kreisbach, Austria (UPMT = 800 V)


7. 4. 2. Photostimulated luminescence
    Small amounts (≤ 5 mg) were weighed in a weighing glass and filled directly into the
cavities of the PSL sample holder. Higher sample amounts may lead to an overflow of the
PMT anode current exceeding the 24 bit-analogue-digital digitiser sampling frequency. The
PMT voltage was set to 1280 V. After 10 s of background measurement the samples were
illuminated for 290 s with the infrared diodes at a current of 30 mA or the green light with
minimum aperture. For the IRSL measurement a blue-green Schott BG 39 filter with 1 mm
thickness is sufficient to block the red component of the detected visible light. Green light
stimulation requires the use of the 3 mm Hoya U 340 ultraviolet filter to block reflection of the
incident light.
    The investigated feldspar samples and the sandstone exhibit both infrared and green light-
stimulated luminescence. As described earlier by Bøtter-Jensen et al. (1994) and Spooner
(1994), the IRSL of the sanidine is four orders of magnitude weaker and of the labradorite
three orders of magnitude weaker than for the other soda-potash feldspars.
    The soda-potash feldspars have accumulated a natural luminescence exceeding the
irradiated potash and calcium feldspars. After the turnoff of the stimulating infrared light, a
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phosphorescence can be observed from the Moss feldspar, the Meseritsch and the Russian
feldspar. These samples are emitting luminescence from after-glow and thermal stimulation
at room temperature one week after irradiation or even some months later. This light is
however very weak compared to the illumination-stimulated signal.
   For the K-rich feldspars from “Russia”, Arendal and Meseritsch, the TL, IRSL and GLSL
intensities show a similar dose-response. For the Na-rich feldspar, the TL response up to
2500 Gy does not indicate saturation. On the other hand, both the IRSL and the GLSL
response of this sample are apparently saturated.
    The sanidine feldspar has a very low PSL sensitivity to both IR and green stimulation
[Fig. 55, 56]. During storage at room temperature (20 °C) Sanidines may show a rapid
anomalous fading of the PSL within a few weeks after irradiation (Spooner (1994)).
    The Frederiksvaern feldspar gives also a weak PSL signal [Fig. 57, 58] compared to the
samples from “Russia”, Arendal, Meseritsch and Moss. The labradorite signal is in the same
range as the Frederiksvaern sample [Fig. 67, 68] Green light stimulation of the unirradiated
labradorite sample effects a significantly higher natural PSL showing its characteristic slower
decay [Fig. 68]. Both the sanidine and the Frederiksvaern feldspar as well as the labradorite
will not contribute a significant part to the PSL of a polymineral mixture of feldspar dust
particles.
    The feldspars from Arendal [Fig. 61, 62] and Meseritsch [Fig. 63, 64] are highly PSL
sensitive. The “Russian” sample [Fig. 59, 60] and the Moss soda feldspar [Fig. 65, 66] emit
the strongest PSL signals.
    The polymineral sandstone containing quartz, feldspars and carbonates shows a high
natural PSL [Fig. 69, 70]. The luminescence induced by the relatively low dose of 200 Gy is
only slightly elevated compared to the monomineral samples.
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[Fig. 55] IRSL/VIS glow curve of sanidine, a volcanic
potash feldspar susceptible to anomalous
fading (UPMT = 1280 V)
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[Fig. 56] GLSL/UV glow curve of sanidine (280 -
380 nm) (UPMT = 1280 V)
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[Fig. 57] IRSL/VIS glow curve of alkali feldspar from
Frederiksvaern (UPMT = 1280 V)
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[Fig. 58] GLSL/UV glow curve of alkali feldspar from
Frederiksvaern (UPMT = 1280 V)
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[Fig. 59] IRSL/VIS glow curve of alkali feldspar from
“Russia” (UPMT = 1280 V)
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[Fig. 60] GLSL/UV glow curve of alkali feldspar from
“Russia” (UPMT = 1280 V)
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[Fig. 61] IRSL/VIS glow curve of arendalite
(UPMT = 1280 V)
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[Fig. 62] GLSL/UV glow curve of arendalite
(UPMT = 1280 V)
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[Fig. 63] IRSL/VIS glow curve of alkali feldspar from
Meseritsch (UPMT = 1280 V)
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[Fig. 64] GLSL/UV glow curve of alkali feldspar from
Meseritsch (UPMT = 1280 V)
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[Fig. 65] IRSL/VIS glow curve of soda feldspar from
Moss (UPMT = 1280 V)
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[Fig. 66] GLSL/UV glow curve of soda feldspar from
Moss (UPMT = 1280 V)
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[Fig. 67] IRSL/VIS glow curve of labradorite
(UPMT = 1280 V)
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[Fig. 68] GLSL/UV glow curve of labradorite
(UPMT = 1280 V)
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[Fig. 69] IRSL/VIS glow curve of sandstone containing
both quartz and feldspar as well as carbo-
nates  (UPMT = 1280 V)
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[Fig. 70] GLSL/UV glow curve of sandstone
(UPMT = 1280 V)
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8. DISINFESTATION OF GRAIN: DETECTION OF LOW-DOSE IRRADIATION  


8. 1. Electron beam irradiation of grain
    As already described in Chap. 2. 2. grain (wheat, corn or rice) can be irradiated with low
doses of 200 - 500 Gy to inactivate insects and larvae. The grain is passing through the
narrow irradiation zone of an electron accelerator in the short time of a few milliseconds.
During irradiation and transport, the grain may be superficially exposed to light.


8. 2. Sample preparation methods
    After harvesting and threshing, the  grain is blown-out. Therefore it contains only a small
amount of inorganic particles. This dust has to be washed off the grains and transferred to
the luminescence sample carriers.
    As a quick sample preparation method, 250 g grain were shaken with 200 mL dry diethyl
ether in a closed separation sieve. The ether containing only fine dust particles was
suspended by a ultrasonic bath and poured onto the aluminium sample carriers. After
evaporation of the ether, the samples were read out in the TL. reader (see Chap. 5. 1.).
   Preconcentration of inorganic dust particles can be effected by heavy liquid flotation.
Carbon tetrachloride was tested. A 250 g grain sample was washed with an aqueous
household detergent solution. The dust was centrifuged off at 2000 rpm for 2 min, the
supernatant liquid discarded, the residue washed with distilled water, and the centrifugation
repeated. The centrifugate was washed and centrifuged twice with acetone and finally with
CCl4. The residual inorganic particles were transferred by a pipette to the sample carriers.


8. 3. Results


8. 3. 1. Thermoluminescence detection
   The investigated grain samples originate from organic agriculture. Two batches of wheat
and one batch of rye were selected. The batches were harvested by the same producer.
   The results obtained from the first wheat batch were promising. The dust was sedimented
from the ether suspension. Evacuation and nitrogen flushing reduced the spurious
luminescence from charring and oxidation of the organic particles. However, low doses of 200
Gy give only a very slightly elevated thermoluminescence. Doses exceeding 500 Gy are
detectable with caution [Fig. 71].
   The low doses applied in grain disinfestation apparently do not exceed the natural
paleodoses of some inorganic mineral particles. Two distinct peaks occur at 160 -180 °C and
260 °C.
   The other wheat lot and the rye showed unirradiated a very remarkable natural TL at 180 °C
[Fig. 72, 73]. This glow peak may be attributed to feldspar particles. As it was shown before
in Chap. 7. 4. 1., feldspars emit a very intense natural thermoluminescence. The 260 °C
calcite glow peak is much more sensitive in its irradiation response.
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[Fig. 71] Thermoluminescence glow curves of irradiated
wheat, (UPMT = 1200 V)
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[Fig. 72] Thermoluminescence glow curves of irradiated
wheat, (UPMT = 1200 V)
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[Fig. 73] Thermoluminescence glow curves of irradiated
rye, (UPMT = 1200 V)
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  In general, a detection of the irradiation of grain with doses up to 500 Gy by
thermoluminescence measurement seems to be impossible in general. The very low amount
of inorganic dust (< 10 mg/kg) is occluded by organic particles. The isolated and
sedimented dust particles form a dark, opaque layer on the sample disks which chars during
heating. Therefore, only luminescence of the particles on the dust layer’s surface can be
detected by the photomultiplier tube.
   The contribution of the quartz particles seems to be negligible compared to the other main
thermoluminescent components feldspar and carbonates. On the other hand, feldspar grains
may emit such an intense natural thermoluminescence that it exceeds the artificial TL
induced by low irradiation doses < 500 Gy.


8. 3. 2. Photostimulated luminescence
    Preliminary experiments showed that the ambient daylight bleaches the irradiation-induced
photostimulated luminescence signals. The green excitation light with its maximum
stimulation efficiency at ~ 520 nm is the main component of the visible sunlight and also
present in tungsten or fluorescent lamp light. Therefore, sampling, sample transport, sample
preparation and sample insertion in the PSL reader would require complete darkness or at
least red or sodium vapour light.
    Wheat from batch B irradiated with 500 Gy was treated under ambient light to enrich the
dust particles and the sample carrier disks were illuminated with the green light source.
Compared with the unirradiated sample, no elevated PSL response could be detected, the
signal had been bleached by the ambient light. After irradiation with 50 Gy from a β-source,
the sample disk was kept in the dark and read out 15 min after irradiation. A discernible
elevated signal could be measured [Fig. 74].
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[Fig. 74] GLSL/UV glow curve of the dust on wheat
(UPMT = 1280 V)


    However, the electron beam irradiation facilities especially designed for the disinfestation
of grain are operating under ambient light (as shown on a photograph by Getoff (1989)), and
sampling of the stored irradiated grain in the dark is impracticable. The doses applied are too
low to ensure a positive identification of irradiated grain by PSL measurement.
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9. DECONTAMINATION OF SPICES: DETECTION OF HIGH DOSE IRRADIATION  
    Spices may be highly contaminated with moulds, yeasts and bacteria, either as vegetative
cells or spores. Spices are used in little quantities, but they may be important ingredients in
raw or fermented foods. The number of viable cells can be reduced by irradiation, fumigation
with ethylene oxide, or hot steam treatment. For irradiated spices, there are several detection
methods using both physical and chemical effects, as viscosity measurement of alkaline
gelatinised spices, lyoluminescence measurement in luminol solution, and thermolumines-
cence measurement of the enriched dust particles.


9. 1. Sample preparation for the PSL experiments
    Three sorts of spices from organic horticulture (cinnamon (100 g), curry and paprika, 50 g
of each) were purchased in small light-tight aluminium-paper laminate bags and irradiated
with 10 kGy. The irradiated spices and unirradiated control samples were stored in the
unopened bags for 6 months at room temperature.
    For the first PSL measurement, the sample was prepared in a darkroom with sodium light
illumination to exclude all bleaching wavelengths. Twice approx. 5 g of the spice powder
were suspended in a conical centrifuge vial containing 30 mL CCl4. The suspension was
centrifuged for 2 min at 1000 rpm. The supernatant suspension was removed and the
centrifugate washed with  5 mL CCl4 and centrifuged again. The particles were finally washed
with 5 mL acetone and dried in the air stream of the exhaustion hood. A dissolution of
carbonates was avoided. The mineral particles were stored in light-tight film-boxes and
5 - 20 mg were weighed into the sample holder for illumination in the PSL reader. For
comparison measurement, an equivalent amount was heated in the TL reader to read out the
thermoluminescence. For measurement of the whole spices, 5 mg powder was read out
directly in the PSL apparatus without any mineral separation.


9. 2. Results
    Only curry powder contains sufficient inorganic dust to give a PSL signal discriminating
irradiated from unirradiated samples. Paprika and cinnamon powder are apparently poorer in
mineral particles. However, TL measurement requires the removal of organic matter.
    The enriched dust may show a quite stable irradiation afterglow phosphorescence in the
blue and yellow-green wavelength region giving a first indication of irradiation. The IR or
green light stimulated luminescence for a 10 kGy irradiation dose is 2 - 3 orders of magnitude
higher than the natural signal.
    The main TL light of the spice dust can be attributed to the alkali feldspars. The TL glow
peak at 200 - 240 °C is characteristic for these minerals. Very remarkable is the 105 °C glow
peak in the curry dust. TL at this relatively low temperature region is relatively short-lived and
may decay in a few hours [Fig. 75, 76]. Six months after irradiation and storage at room
temperature (20 - 30 °C) the peak can still be detected. It has to be investigated if the
corresponding shallow traps are refilled through thermal activation from deeper energy levels.
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    The separation of mineral particles from the spices is the same procedure for both the TL
and PSL method, but for the latter it has to be done under sodium vapour light. The TL signal
of the feldspar is much less susceptible to bleaching from ambient light and dust separation
for TL measurement only can be done in a normal laboratory. The discrimination of the usually
applied high doses of 10 kGy is well possible with both methods.
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[Fig. 75] TL glow curve of the dust in curry powder
(UPMT = 800 V)
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[Fig. 76] Natural TL of the dust in curry powder,
enlarged (UPMT = 800 V)
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[Fig. 77] IRSL/VIS glow curve of curry powder
(UPMT = 1280 V)
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[Fig. 78] IRSL/VIS glow curve of the dust in curry
powder (UPMT = 1280 V)


0 50 100 150 200 250
0


10


20


30


40


50


60


time [s]


curry (enriched dust)


 unirradiated


 + 10 kGy


P
S


L 52
0 


nm
/U


 3
40


 ×
 1


04  [c
ou


nt
s/


m
g]


[Fig. 79] GLSL/UV glow curve of the dust in curry
powder (UPMT = 1280 V)
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[Fig. 80] Irradiation afterglow phosphorescence of the
dust in irradiated curry powder (BG 39,
UPMT = 1280 V)
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[Fig. 81] Irradiation afterglow phosphorescence of the
dust in irradiated curry powder (U 340,
UPMT = 1280 V)
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[Fig. 82] TL glow curve of the dust in paprika powder
(UPMT = 800 V)
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[Fig. 83] Natural TL of the dust in paprika powder,
enlarged (UPMT = 800 V)
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[Fig. 84] IRSL/VIS glow curve of the dust in paprika
powder (UPMT = 1280 V)
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[Fig. 85] GLSL/UV glow curve of the dust in paprika
powder (UPMT = 1280 V)
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[Fig. 86] Irradiation afterglow phosphorescence of the
dust in irradiated paprika powder
(BG 39, UPMT = 1280 V)


100 200 300 400
0


250


500


750


1000


1250


1500


temperature [°C]


cinnamon (enriched dust)


 unirradiated


 + 10 kGy


T
L (K


G
3/


80
0V


) [a
. u


./m
g]


[Fig. 87] TL glow curve of the dust in cinnamon powder
(UPMT = 800 V)
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[Fig. 88] IRSL/VIS glow curve of the dust in cinnamon
powder (UPMT = 1280 V)
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[Fig. 89] GLSL/UV glow curve of the dust in cinnamon
powder (UPMT = 1280 V)
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[Fig. 90] Irradiation afterglow phosphorescence of the
dust in irradiated cinnamon powder
(BG 39, UPMT = 1280 V)


9. 3. Conclusion: The applicability of TL and PSL for food irradiation detection
    The photostimulated luminescence measurement applied in Chap. 8 and 9 is without
doubt a method of both scientific interest and practical value.
    Its practical applicability is however limited. Only feldspars are excitable by the commonly
used infrared light to give sufficient intensity. A very important group of the feldspars, the
potash-soda feldspars, may show higher natural signals than potash or soda-calcium
feldspars. The quartz PSL is too weak for practical use in food irradiation detection.
Carbonates show practically no PSL with the infrared and green excitation source.
    The photostimulated luminescence delivers less information about the luminescence
source. Thermoluminescence measurement allows classification of the traps and a clear
distinction of irradiation induced signals at lower temperatures from higher temperature glow
peaks of natural paleodoses. Most of the thermoluminescence peaks are relatively stable
against bleaching, on the other hand, PSL is easily bleached by both day- and tungsten light
and does not recover after complete bleaching. The common red darkroom bulbs may also
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emit a significant infrared radiation. A complete protection from these types of light has to be
maintained from sampling through the sample preparation to the measurement. Partially
bleached photostimulated luminescence may give false negative results.
    The natural luminescence poses an additional source of error in both TL and PSL
measurement. The TL and PSL of an unirradiated sample may give a higher natural signal
than for similar samples irradiated with low doses, depending on the mineral composition of
the adherent dust. As shown in Chap. 8., both the TL and the PSL methods are of limited use
for the investigation of disinfestated grain (~ 500 Gy).
    Also for the detection of higher irradiation doses, the thermoluminescence method delivers
more information, its sample preparation requires less precautions and can be done under
normal illumination, as subdued daylight. Even for high-dose (5 - 10 kGy) irradiated samples
such as spices, the unbiased thermoluminescence information has therefore to be measured
as control method.
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Ludwig van Beethoven: Kantate auf den Tod Kaiser Josephs II. WoO 87 (Bonn 1790)
Text von Anton Severin Averdonck


Ein Ungeheuer,
sein Name Fanatismus,
stieg aus den Tiefen der Hölle,
dehnte sich zwischen
Erd’ und Sonne,
und es ward Nacht.
Da kam Joseph,
mit Gottes Stärke,
riß das tobende Ungeheuer
weg zwischen Erd’ und Himmel,
und trat ihm aufs Haupt.
Da stiegen die Menschen ans Licht,
da drehte sich glücklicher
die Erd’ um die Sonne,
und die Sonne wärmte
mit den Strahlen der Gottheit!
A miscreant, his name fanatism, arose from the abyss of Hell,
spread between Earth and Heaven, and night fell.
And Joseph came, with God’s power, and tore away the beast
from between Earth and Heaven, and crushed its head.
And the humans ascended to light, and Earth revolved prosperously around the Sun,
and the Sun warmed with the rays of Divinity.
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II


    In 1790, a Cantata on the death of Emperor Joseph II. was commissioned by the
enlightened Bonner Lesegesellschaft (Bonn Reading Circle) to two of its members, Anton
Severin Averdonck for the lyrics and Ludwig van Beethoven for the music. The 20-year old
composer set the struggle of light and darkness and the triumph of light to a score too
demanding for the skills of the Bonn court orchestra and judged as too difficult after the first
rehearsals.
    The cantata for soprano, bass, choir and orchestra is built up of five movements, a
mournful lament with an orchestral introduction (“Todt stöhnt es durch die öde Nacht...”), a
recitative and aria for bass (fugato: “Ein Ungeheuer...” and cavatina “Da kam Joseph...”), a
wonderful aria for soprano and choir (“Da stiegen die Menschen ans Licht...”), a recitative
and aria for soprano (“Er schläft... – Er schlummert seinen stillen Frieden”) and the lament of
the beginning. The orchestral introduction and the soprano-choir aria have been reused by
the composer for the beginning and the finale in the third act of his opera “Leonore”, first
performed in 1805, and the second act in its final version “Fidelio” in 1814.
    The thermoluminescence artwork has been inspired by the subject of the cantata. For the
blue light, a triangular-cut piece and ground powder of feldspar, and for the red light,
powdered aragonite and dolomite, all irradiated with 1 kGy, have been placed on a hot plate
and the thermoluminescence light was photographed in the dark. It is presumably the first
artwork of its kind.







©
 1


99
7 


by
 H


ei
nz


 A
nd


er
le


. A
ll 


rig
ht


s 
re


se
rv


ed
.


III


DETECTION OF FOOD IRRADIATION
WITH LUMINESCENCE METHODS


Nachweis der Bestrahlung von Lebensmitteln
mit Lumineszenzmethoden


Dissertation


for the acquisition of the academic degree
zur Erlangung des akademischen Grades


Doctor rerum naturalium


Doctor of Science / Doktor der Naturwissenschaften


at the University of Vienna
an der Universität Wien


proposed by
eingereicht von


Mag. Heinz Anderle


Vienna, June 1997
Wien, im Juni 1997







©
 1


99
7 


by
 H


ei
nz


 A
nd


er
le


. A
ll 


rig
ht


s 
re


se
rv


ed
.


IV


this work is dedicated to


my parents and their patience towards a three-year work







©
 1


99
7 


by
 H


ei
nz


 A
nd


er
le


. A
ll 


rig
ht


s 
re


se
rv


ed
.


V


Acknowledgements:


   I owe the greatest gratitude to Dr. Ilse Steffan at the Institut für Analytische Chemie der
Universität Wien for her competent guidance throughout the years during my work on both
the diploma and the dissertation.
   Without the intention of Dr. Eva Wild of the Institut für Radiumforschung und Kernphysik der
Universität Wien the work would never have focused on this subject. It is the merit of both
scientists that the project succeeded in its application for funding.
   O. Univ.-Prof. Dr. Dr. h. c. mult. Josef Franz Karl Huber of the Institut für Analytische Chemie
supervised the chemical part in his very own domain, high performance liquid
chromatography. His supervision entitled my autonomous arrangement and proceeding in
the chromatographic research.
    Ao. Univ.-Prof. Dr. Peter Hille continued the long tradition of luminescence measurement at
the Institut für Radiumforschung und Kernphysik for both theoretical and practical aspects.
   The Fonds zur Förderung der wissenschaftlichen Forschung granted this work with
abundant assets for equipment, reagents, samples and personnel funding in the project
09910 CHE.
   Without the generous assistance of the Austrian Research Centre Seibersdorf, irradiations
would probably have been impossible.
   The Bundesanstalt für Lebensmitteluntersuchung und -forschung made the evaluation of
the luminescence methods possible by electron spin resonance measurements. Dr. Friedrich
Sövegjarto and Ing. Maria Froihofer shall be mentioned here representing all their colleagues
involved.
   Dr. Vladimir Bermanec at the Mineralogical-Petrographical department of the Geological
Institute of the University of Zagreb performed the X-ray diffraction measurements of the
molluscs and crustaceans.
   Mag. Phillipe Collon of the Institut für Radiumforschung und Kernphysik helped me by
importing the frog legs from Belgium and some other useful information about the Belgian
cuisine (moules frites are not fried mussels, but mussels with French (or better Belgian)
fries).
   I want to express my special thanks to my companion in fortune, Mag. Peter Zimprich, for
his valuable discussions and assistance in luminescence theory and practice.
   My friend and colleague Dipl.-Ing. Andràs Törvényi provided the necessary experience for
the determination of hydride-forming trace elements in the mineral samples.
   The colleagues in my department deserve a special credit for enduring myself.
   – And last not least, I attribute my inspiration to the frontispiece luminescence artwork,
expressing the enlightened ideals of tolerance, free-mindedness and objective vision, to the
ardent example of the head of the Institut für Analytische Chemie, o. Univ.-Prof. Dr. Franz
Ludwig Dickert.







©
 1


99
7 


by
 H


ei
nz


 A
nd


er
le


. A
ll 


rig
ht


s 
re


se
rv


ed
.


VI


This work was written on an industrial standard personal computer using the following
Microsoft Windows programs:
Microsoft Word 2.0 (text and word-processing);
Microcalc Origin 3.5 (plots) at the Institut für Analytische Chemie der Universität Wien;
Micrografx Designer 4.0 (technical drawings);
Micrografx Picture Publisher 5.0 and
Adobe Photoshop 3.05 (imaging);
Corel DRAW! 4.0 (graphics and artwork);
Passport Encore 4.1 (musical notation);
Adobe Acrobat 3.0 (conversion into the portable document format);
layout with the Bitstream Swiss 721 font family (Swiss 721 Light, 12 pt), the Bitstream Bodoni
Book font for the artwork and the Bitstream Compacta font for the cover;
images scanned with the HP ScanJet 4c colour flatbed scanner;
colour graphics printed on the HP DeskJet 850 C colour printer







©
 1


99
7 


by
 H


ei
nz


 A
nd


er
le


. A
ll 


rig
ht


s 
re


se
rv


ed
.


VII


Table of contents:


I. INTRODUCTION 1
1. Introduction 2


1. 1. General overview 2
1. 2. Concerns about irradiated foods 2
1. 3. Arguments fovouring food irradiation 3


2. Methods and technology of food irradiation 4
2. 1. Irradiation with gamma sources from artificial radioisotopes 4
2. 2. Electron-beam irradiation 4
2. 3. Irradiation dosimetry 4
2. 4. Economics of food irradiation 5
2. 5. Effect of ionising radiation on microorganisms 5
2. 6. Alternative preservation methods to food irradiation 6
2. 7. Doses in food irradiation 7


3. Methods of food irradiation detection 8
3. 1. Physical methods 8


3. 1. 1. Electron spin resonance spectroscopy 8
3. 1. 2. Luminescence measurement 10


3. 2. Chemical methods 11
3. 2. 1. Methods determining physico-chemical properties 11
3. 2. 2. Changes in proteins and nucleic acids 11
3. 2. 3. Changes in lipids 12
3. 2. 4. Changes in carbohydrates 12
3. 2. 5. Changes in vitamins 12


3. 3. Biological methods 13
3. 3. 1. Sprouting and germination tests 13
3. 3. 2. Microbiological tests 13


II. PHYSICAL METHODS: THEORY 14
4. Luminescence methods 14


4. 1. Thermoluminescence 14
4. 1. 1. Historical overview 14
4. 1. 2. Principles of thermoluminescence 15
4. 1. 3. Phototransferred thermoluminescence 18
4. 1. 4. Thermoluminescence measurement for food irradiation detection 18
4. 1. 5. Thermoluminescence equipment 18


4. 2. Photostimulated luminescence 19
4. 2. 1. Historical overview 19
4. 2. 2. Principles of photostimulated luminescence 19
4. 2. 3. Photostimulated luminescence as tool


for the detection of irradiated food 19
4. 2. 4. Photostimulated luminescence equipment 20


4. 3. Lyoluminescence and radiolyo-chemiluminescence 20
4. 3. 1. Historical overview 20







©
 1


99
7 


by
 H


ei
nz


 A
nd


er
le


. A
ll 


rig
ht


s 
re


se
rv


ed
.


VIII


4. 3. 2 Principles of lyoluminescence 21
4. 3. 3. Lyoluminescence measurement


as food irradiation detection method 24
4. 3. 4. Lyoluminescence equipment 24


4. 4. Luminescence of calcium carbonate 25
4. 4. 1. Crystal structures of calcite and aragonite 25
4. 4. 2. Effects of ionising radiation on calcium carbonate 26
4. 4. 3. Thermoluminescence of calcium carbonate:


the role of trace impurities 27
4. 4. 4. Photostimulated luminescence of calcium carbonate 27
4. 4. 5. Lyoluminescence of calcium carbonate 28


4. 5. Luminescence of quartz 28
4. 5. 1. Trace impurities in natural quartz 29
4. 5. 2. Thermoluminescence of quartz 29
4. 5. 3. Photostimulated luminescence of quartz 29


4. 6. Luminescence of feldspars 30
4. 6. 1. Thermoluminescence of feldspars 30
4. 6. 2. Photostimulated luminescence of feldspars 31


4. 7. Practical consequences: inorganic “ dust” –
the luminescence indicator of food irradiation 32


5. Luminescence measurement equipment used for this work 33
5. 1. The thermoluminescence reader


of the Institut für Radiumforschung und Kernphysik 33
5. 2. The photostimulated luminescence reader


of the Institut für Radiumforschung und Kernphysik 34
5. 3. The lyoluminescence reader


of the Institut für Radiumforschung und Kernphysik 36
III.  PHYSICAL METHODS: EXPERIMENTAL 38


6. Investigations on the luminescence of calcium carbonate 38
6. 1. Samples and reagents 38
6. 2. Trace element determinations 38
6. 3. Thermoluminescence 39
6. 4. Lyoluminescence 45
6. 5. Calcium carbonate luminescence: practical conclusion 48


7. Investigations on the luminescence of siliceous minerals 49
7. 1. Samples and reagents 49
7. 2. Major, minor and trace constituent determination 49
7. 3. Quartz 51


7. 3. 1. Thermoluminescence 51
7. 3. 2. Photostimulated luminescence 53


7. 4. Feldspar 55
7. 4. 1. Thermoluminescence 55
7. 4. 2. Photostimulated luminescence 59







©
 1


99
7 


by
 H


ei
nz


 A
nd


er
le


. A
ll 


rig
ht


s 
re


se
rv


ed
.


IX


8. Disinfestation of grain: detection of low-dose irradiation 66
8. 1. Electron beam irradiation of grain 66
8. 2. Sample preparation methods 66
8. 3. Results 66


8. 3. 1. Thermoluminescence detection 66
8. 3. 2. Photostimulated luminescence 68


9. Decontamination of spices: detection of high-dose irradiation 69
9. 1. Sample preparation for the PSL experiments 69
9. 2. Results 69
9. 3. Conclusion 75


10. Radappertisation of seafood and poultry:
detection of medium-dose irradiation 77


10. 1. Seafood (clams, mussels, snails, squids and crustaceans)
and its health risks 77


10. 1. 1. Classification of molluscs and crustaceans 77
10. 2. Poultry 80
10. 3. Detection methods for irradiated seafood and poultry: state-of-the art 80
10. 4. Samples, sample preparation and measurement 81
10. 5. Results 83


10. 5. 1. Oysters 83
10. 5. 1. 1. Thermoluminescence of oyster shells 83
10. 5. 1. 2. Lyoluminescence of oyster shells 84


10. 5. 2. Mussels 85
10. 5. 2. 1. Thermoluminescence of blue mussel shells 85


 10. 5. 2. 2. Lyoluminescence of blue mussel shells 86
10. 5. 3. Quahogs 88


10. 5. 3. 1. Thermoluminescence of quahog shells 88
10. 5. 3. 2. Lyoluminescence of quahog shells 89


10. 5. 4. Smooth Venus shells 90
 10. 5. 4. 1. Thermoluminescence of smooth Venus shells 90


10. 5. 4. 2. Lyoluminescence of smooth Venus shells 91
10. 5. 5. Thick through shells 92


10. 5. 5. 1. Thermoluminescence of thick through shells 92
10. 5. 5. 2. Lyoluminescence of thick through shells 93


10. 5. 6. Common whelk snails 93
10. 5. 6. 1. Thermoluminescence of common whelk snails 94
10. 5. 6. 2. Lyoluminescence of common whelk snails 95


10. 5. 7. Norway lobster 95
10. 5. 7. 1. Thermoluminescence of the Norway lobster molt 96
10. 5. 7. 2. Lyoluminescence of the Norway lobster molt 96


10. 5. 6. Giant river prawns 98
10. 5. 6. 1. Thermoluminescence of the giant river prawn molt 98
10. 5. 6. 2. Lyoluminescence of the giant river prawn molt 99







©
 1


99
7 


by
 H


ei
nz


 A
nd


er
le


. A
ll 


rig
ht


s 
re


se
rv


ed
.


X


10. 6. Turkey 100
10. 6. 1. Sample preparation 101
10. 6. 2. Thermoluminescence of turkey bones 101
10. 6. 3. Lyoluminescence of turkey bones 102


10. 7. Conclusion 105
IV. CHEMICAL METHODS: EXPERIMENTAL 106


11. Chemical detection of irradiated meat:
  application of high-performance liquid chromatography 106
11. 1. Meat: low-fat muscle tissue and mechanically deboned meat 106
11. 2. Chemical changes requiring high performance liquid chromatography 106
11. 3. Hydroxylation of phenylalanine 106
11. 4. Samples, reagents and equipment 108
11. 5. Sample preparation optimisation 109
11. 6. Optimisation of the chromatographic process 110


11. 6. 1. Discussion of the “optimised” separation 111
11. 6. 1. 1. Selection of the appropriate column material and length 112
11. 6. 1. 2. Optimisation results of the elution conditions 114


11. 7. Tests for practical applicability on real samples 114
11. 7. 1. Mechanically deboned meat 114
11. 7. 2. Turkey breast meat 115
11. 7. 3. Shrimp meat 117


11. 8. Conclusion 118
V. GENERAL CONCLUSION 119


12. General conclusion 119
13. Summary 120


VI. LITERATURE 121
14. Literature cited 121


ANHANG: ZUSAMMENFASSUNG (DEUTSCH) 130
Epilog/Epilogue 133





