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Germany

für Geologie, Universität Bern, Baltzerstr. 1-3, CH-3012 Bern,
Switzerland

Abstract
Following the recent development of a new solid state luminescence dating technique
for geochronometry that uses the infrared radiofluorescence (IR-RF) at 1.43 eV (865
nm) of potassium feldspars, an automated radioluminescence (RL) measurement instrument was designed and built. The instrument is based on a commercial Daybreak
1100 automated TL reader system, widely used in thermoluminescence (TL) dating.
It was re-designed and highly modified to adapt it to the physical and methodological needs of the IR-RF dating technique and other RL dosimetry applications. This
new system holds up to 10 samples, has an integrated bleaching and irradiation
unit, and measures the radiofluorescence (RF) (excitation using 10 137 Cs sources,
each 5 MBq activity) as well as phosphorescence effects. All technical requirements
for the measurement of optically excited luminescence were implemented in order
to investigate the defect structure of luminescent materials. Because of the broad
wavelength range and the high sensitivity of the photomultiplier detector used, the
system is suitable for a great many luminescent materials, natural and synthetic.
This paper summarises the technical features and performance criteria of the system. Furthermore, a calibration method and the dosimetric concepts, using the blue
RF emission of Al2 O3 :C at 415 nm for the β source dose rate estimation with low
calibation errors is described in detail. Finally, examples of IR-RF dating results
on Quaternary sediments as well as of other RF measurements and their physical
interpretation using different RF emissions are presented.
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Introduction

Radiofluorescence (RF) is a well known luminescence phenomenon, which
arises from prompt radiative recombinations of charges after excitation by
ionising radiation in crystalline semiconductors and insulators. Historically,
the RF of ZnS helped raise Rutherford to the scientific Pantheon when he
used this phenomenon to determine the scattering of α particles in a gold
foil to prove the existence of atomic structure (1). This prompt fluorescence
during irradiation with ionising radiation has also been used to distinguish
the quality of diamonds by measuring the RF produced by their impurities
(2). It may also be applicable to detection of unwanted effects on optical devices in radioactive environments (3) as well as in the clarification of defect
characteristics in crystalline solids (4; 5). Luminescence dosimetry, and the
luminescence dating procedures derived from it, use wide bandgap insulators.
These are characterised by thermally or optically sensitive electronic levels in
the bandgap which act as trapping and recombination sites for charge carriers
stable–ideally–over the period studied (age span or time of storage). During
interaction with ionising radiation, electrons and holes are excited in different
ways and this may lead to an increasing population in trapping and recombination centers, respectively. Thermoluminescence (TL) and optically stimulated luminescence (OSL) protocols–which are basically radiophosphorescence
(RP) processes–measure the relative density of electrons by secondarily excited
(thermally or optically) radiative transitions of charges from traps into recombination centers (6). In contradistinction, the radiofluorescence measures the
relative densities of electrons and holes on primary effects and, due to the
continuous excitation by ionising radiation, in a transient equilibrium. The
physical processes occuring while the RF is measured are straightforwardly
similar to those which take place during the irradiation of the crystals in
radiation fields of dosimetric interest.
A method of an UV-RF measurement on quartz extracted from bricks was
described for retrospective dosimetry of the Chernobyl accident (7). Other authors investigated the spectral and dosimetrical RF behaviour on LiF:Mg,Ti
(8) and on Al2 O3 :C (9). Apart from applications of the radiofluorescence mentioned above, there have been recent developments in the field of luminescence
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geochronometry. The usefulness of the dosimetric application of radiofluorescence in dielectric media was affirmed when an infrared emission from potassic
feldspar at 865 nm (1.43 eV) was carefully studied; its dosimetric behavior is
suitable in Quaternary sediments for the age determination of the last light
exposure, with an age range of up to 250 ka (derived from the mean IR-RF
saturation dose of 800 Gy (10; 11; 12)). Comparing common luminescence
dating techniques (13; 14; 15), the dosimetric information depends directly
on the stability of the trapping states and not directly on the stability of the
recombination centers. In addition, with the measurement of the prompt luminescence during the interaction of the feldspar grains with irradiation, one
receives direct information about the electron population in the traps. The
infrared emission in potassium feldspar at 865 nm represents the transition
of electrons from the conduction band via the excited state of the trap in
its ground state, which was fundamentally concluded from its opposite dose
charactistics (single exponential decay) comparing TL and OSL and other RF
techniques. Current investigations into the IR-RF of K-feldspar propose that
its dose characteristics may depend on the complex kinetics of all radiative
and non-radiative charge transitions within the minerals and on a second electron transition (emission at 910 nm) into the ground level of the 1.43 eV trap,
but from another excited state in the same, luminescence creating ion (16).
There is a paper on an automated instrument which has measured radiofluorescence, but only in the UV-VIS wavelength range (17). Because of our new
instrument’s measurement flexibility, the first dating results (11), and the fact
that a reliable luminescence dating technique for older clastic sediments (older
than 150 ka) does not exist, the fully automated radioluminescence reading
instrument we describe here has distinct advantages for geochronometry as
well as for dosimetry and luminescence research. This instrument is able to
detect luminescence light from 160 nm to 920 nm. Furthermore, we report
in this present paper on a highly precise β source calibration protocol using
the blue RF emission at 415 nm of Al2 O3 :C, on dating results of Quaternary
sediments and other possible RF measurements using the new RL reader.

2

2.1

Experimental

General notes

Radiofluorescence spectra of samples GOS4, HURL1, KOE10a, K6, K7 and K9
were measured using a highly precise CCD-based luminescence spectrometer
described elsewhere (10; 18). RF spectra were excited by an 137 Cs source with
an activity of 3.5 MBq.
3

In the present paper, IR-OSL measurements on K-feldspar samples GOS4 and
HURL1 were carried out using a Risø TL-DA-12 reader (19). 40 aliquots were
normalised by short exposure (0.1 s) to IR-diodes and irradiated using a 60 Co
γ source (≈7 Gy min−1 ). Six dose groups five aliquots each have been used
for constructing a dose response curve. Prior to measurements the sample was
stored for more than four weeks at room temperature and pre-heated at 160◦
C for 16 h to remove unstable components of the signal. IR-OSL was recorded
during a 60 s shine down of IR-diodes applying a detection filter set with a
peak transmission at ≈410nm (Schott BG 39, Schott GG40, Corning 7-59).
The integral 50-60 s was substrated from the rest of the shine down curve as
late-light.
Following investigations of Krbetschek et al. (20), K-feldspar samples for spectral and dosimetric studies were bleached 30 minutes.
γ irradiation for the calibration of the β sources was carried out on a 60 Co
source at STEP Sensortechnik Pockau GmbH/Germany. Samples were irradiated by a dose rate of about 500 mGy h−1 with an error of 2%.

2.2

The radioluminescence reader

The RL system presented in this paper is based on a commercial Daybreak
1100 TL reader (without its usual lid, vacuum plumbing, or luminescence
light detection (21)) and re-designed expressly for RL measurements. Bearing
in mind the physics as well as the methodology of the IR-RF dating technique (16; 20; 22) and requirements for the measurement of RL in general, the
following technical needs were considered:
•
•
•
•
•
•
•

High quantity of samples for routine dating tasks
Broad band luminescence detector for all emissions in the UV to near IR
Fast automatic optical filter exchange
Bleaching facility within the instrument
Broad band OSL excitation for dating and defect spectroscopy
Software solution for full automation
Possibilities for extension to new techniques deriving from current investigations

The RL reader is schematically presented in figure 1.
The sample turning system consists of an upper and a lower platter, 0.5 mm
apart, connected through a coaxial shaft to the central gear motor, with a
mechanism for changing the phase of the two platters, so that the sample irradiation may be ’switched’ on and off. The lower platter holds ten 137 Cs sources
(V.G. Khlopin Radium Institute St. Petersburg, Russia), which were chosen as
4
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Fig. 1. Scheme of the RL automated system: 1-heating plate, 2-source platter
holding 10 137 Cs sources, 3-sample platter for 10 samples, 4-inlet tube for samples, 5-automated filter wheel (4 positions), 6-IR absorbing filter= Schott KG3,
7-signal optical fiber cable, 8-bleaching optical fiber cable (1 to 5), 9-optical fiber
cable for optical excitation

RL excitation and irradiation sources (single activity of 5 MBq (05/20/2000)
and an active area of 8 mm). Apart from the half-life (30.2 y), β spectrum
(Eend = 513.97 keV (94.4%), Eend =892.22 keV (0.000588%), Eend =1175,63
(5.62%)) and conversion electrons (624 keV, 656 keV), the sources were chosen according to German radiation protection regulations. The disadvantage
of this radionuclide is the γ radiation at 662 keV, which has to be shielded. It
should be mentioned that the γ part from the sources does not influence the
RF signal of the samples adversely. Because of the mono-layer of the dosimeter grains with a thickness of ≈100..150 µm, the linear energy transfer (LET)
to the samples is too small to build up a measurable γ dose. A reproducible
mono-layer of the samples can be prepared using adhesive mylar foil strips
which are fixed on special sample plates. This also prevents the attenuation
of the transmitting β particle and electron beam.
The upper platter holds the sample plates. This double platter system is
turned together by the common, central shaft, but a second gear motor linking
an eccentric cam makes possible the relative movement of the two platters.
This arrangement allows the samples to be irradiated or to be shielded from
the sources. The movement from one position to another is quite precise and
the radiation geometry is not changed.
The luminescence from the excited sample is collected by a fiber optic cable
which is mounted to a filter wheel (sample end: no optics, filter wheel end:
5

f/2 optics). This computer-controlled filter wheel (Oriel) offers five filter positions. One position is reserved for a shutter for measurement of dark count
rate; the others can be chosen according to the particular task. For measuring the IR luminescence of feldspar, custom interference (Andover 200FC35)
or fluorescence (Andover HQ865/20M) filters, both centered at 865 nm, are
installed. A small bandwidth of about 10 to 15 nm FWHM is important,
because of an interfering peak at 700 nm typical for all feldspars, whose intensity increases with delivered dose; its gaussian shape overlaps the decreasing
IR-RF emission (20; 22). The automated filter wheel makes it possible to measure several different emission bands at once. For the detector, a Hamamatsu
GaAs:Cs photomultiplier (PMT) type R943-02 was chosen (23), and housed
in a thermoelectric cooler to minimize dark count rates. This PMT has a
spectral response range from 160 to 930 nm. The peak wavelength range from
300 to 800 nm shows a quantum effiency of 10%. At 865 nm, the quantum
efficiency is still about 5%. For the bleaching performance a one-to-five fiber
optic was connected to an Osram 250 W metal halide lamp (HTI series) with
a color temperature of 5600 K. Its spectrum is close to the solar radiation
conditions in middle Europe at the lower troposphere. The lamp seems to be
a good alternative to expensive solar light radiators, and the infrared part of
the emitted spectrum is absorbed by a Schott KG3 short pass filter with an
IR cut-off wavelength of 900 nm. Five of the ten samples are bleached at one
time with a radiative power input of Prad ≈ 100 mW cm−2 each.

Another measurement configuration employs an optical excitation unit for defect spectroscopy or for OSL measurements. This device consists simply of an
optical fiber cable illuminating the sample plate in measurement position; the
other end of the fiber can be connected to various light sources (automated,
pulsed, etc.). The major difficulty with this arrangement is the suppression of
undesired excitation light that might be transmitted to the detector. A forthcoming solution uses new narrowband fluorescence filters with nearly 100%
out-of-band blocking.

The thermoluminescence nichrome heater of the Daybreak 1100 system can
be used for pulse annealing or other thermal treatments of the samples. In
contradistinction to the apparatus presented by Poolton et al. (17), the radiofluorescence can not be measured at elevated temperatures.

A control program for complete automation of all devices and processes was
designed using the Keithley TestPoint software development kit.
6

2.3

Radiofluorescence measurement performance

The automated filter wheel and the UV-IR sensitive PMT make it possible to
investigate all common luminescent materials (24). Any desired number of dose
points may be read, until energy saturation of the dosimeters is reached (for
IR-RF commonly a few hundred points). The more dose points measured, the
higher the data density there is describing the dose characteristics. Modeling
of luminescence kinetics can be controlled by the precision of the parameter
estimation of the dose curve fit functions. The mathematical interpretation of
the RF dose curves of various materials can be found elsewhere (12; 16; 24). For
age estimation using the IR-RF of K-feldspar, a single-aliquot regenerativedose dating protocol (IRSAR) is applied (22). Before any RF measurement
is taken, the overall sensitivity of the system and the dark current of the
photomultiplier are measured; the latter is automatically substracted from
the mean value of the luminescence signal.
Cross-talk problems are negligible; neither the dose delivered to adjacent sample positions, nor any leakage if the sources are moved from beneath the samples are significant. The dose delivered to adjacent sample positions is considered in the source calibration (see section 3); if the sources are removed, the
dose rate is negligible. In a test on K-feldspar, there was no measurable dose.
Since the bleaching of only a single sample at one time is not required, the
spill-over of bleaching light is not a matter of particular interest.
In future work more attention should be paid to the optical excitation unit
when investigating defect structures of minerals and synthetic luminophors.

2.4

2.4.1

Sample description and preparation

Geological settings

K-feldspar sample GOS4 was taken from overbank deposits exposed in a gravel
pit near Gossau, Switzerland. The age of a peat layer just below the sampled
horizon has been dated by radiocarbon to ≈32 cal. ka (25) and to 34.7±4.0 ka
by U/Th (26). For the overbank deposits, several IR-OSL ages of about 29..30
ka have been determined using the multiple-aliquot additive-dose (MAA) technique on polymineral fine-grain and K-rich feldspars, respectively (27; 28).
K-feldspar grains extracted from sample HURL1 originate from a sandy layer
ascociated with sinter deposits along the river Lech, southern Germany. The
sediment is interpreted to be of last interglacial age (≈115..130 ka, according to
marine isotope stratigraphy (29) based on mollusc fauna (30) and palynology
(31). The sinter was dated by the U/Th method to 120.3±5.8 ka (31). For the
7

sandy layer, an IR-OSL age of 134.8±11.6 ka was determined using a MAA
approach described in section 2.1.

Sample KOE10A is a K-feldspar sample extracted from a fluvial deposit near
Bad Kösen/central Germany. It belongs to the Saalian complex, the most cold
period between the Eemian and the Holsteinian interglacial stage. According
geological information and luminescence data from central Germany, its age
range can be assumed to be between 150..220 ka.

Sample SHO was taken in an open lignite pit mine in Schöningen/northern
Germany close to the excavation site of the world oldest Paleolithic hunting
weapons (description see Thieme (32)). This K-feldspar sample is believed
to be older than 300 ka, but in this study it was chosen used for dosimetric
measurements only.

Samples K6, K7 and K9 are rock-forming K-feldspars from the Mineralogical and Petrographical Collection at the Freiberg University of Mining and
Technology. XDA analysis and other detailed mineralogical investigations were
carried-out by Dütsch (33).

2.4.2

Sample preparation

The Al2 O3 :C dosimeters (Landauer, USA) of the grain size of 90..106 µm were
annealed at 900◦ C for 15 minutes before being used for intercalibration with
a γ source of known dose rate.

The rock-forming K-feldspar samples K6, K7 and K9 and their preparation
are described by Dütsch (33). Sample GOS4, HURL1, KOE10A and SHO were
treated with hydrochloric acid and hydrogen peroxide to remove carbonates
and organic matter before separation of grains of potassium feldspar using
heavy liquids with a density of 2.58 g cm−3 . KOE10A and SHO underwent
additional feldspar flotation before density separation. Sediment dose rates
were calculated from specific activity estimation using γ spectrometry data
of the samples. The total dose rates (including the cosmic ray contribution)
of samples GOS4, HURL1 and KOE10A were 2364±166 µGy a−1 , 2349±189
µGy a−1 and 3340±300 µGy a−1 , respectively.
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3

3.1

Calibration of β sources

Physical aspects of β dosimetry for luminescence dating

The calibration of β sources in general and especially of those applied to luminescence dating has been a serious problem; different physical facts have to be
considered in order to yield results both precise and accurate. In luminescence
dating the accumulated dose De (,,palaeodose“) of a sample is estimated using
equation 1:

De =

Zt X

Ḋ (t) dt

0

=

Zt

[ Ḋα (t) + Ḋβ (t) + Ḋγ (t) + Ḋi (t) + Ḋk (t) ] dt,

(1)

0

P

where Ḋ(t) = Ḋα (t) + Ḋβ (t) + Ḋγ (t) + Ḋi (t) + Ḋk (t) is the natural dose rate
with its contributions from α, β, γ radiation in the surrounding of the sample
and internal and cosmic parts (see (15)). This natural dose rate is assumed to
be time-independent. With this simplification, the age t of the sample can be
determined by the quotient
De
t= P .
Ḋ

(2)

P

The dose rate Ḋ in natural environments is estimated by measuring the
radionuclides within both the sample and its environment. With those specific radionuclide constituents measured it is possible to calculate the dose
rate based on fundamental material parameters, such as density, effective Z,
stopping powers and energy attenuation parameters, self absorption effects,
water content of the sediment and so on. The palaeodose De estimation using
luminescence techniques is a completely different procedure and its accuracy
depends primarily on the accuracy of the dose rate calibration of the applied
laboratory β sources. This accuracy and precision depend on the observed
influence of intrinsic and extrinsic defects. Theoretically, this implies that the
calibration of the β sources has to be carried out for each individual quartz
or feldspar sample since the differing defect inventory might lead to a different luminescence-dose response. The luminescence intensity is proportional
to the absorbed dose, but for natural dosimeters the functional behaviour is
not well known, due to varying physical and chemical conditions during mineral formation (e.g. for quartz see (34)). Unlike the synthetic luminophors
9

applied to personal luminescence dosimetry, we have incomplete knowledge of
the energy dependence of the luminescence sensitivity for natural dosimeters
like feldspar and quartz. For this reason and because of other complex effects
which accompany the dose-generating energy transfer of β particles and electrons in matter (scattering processes, etc.), a precise luminescence calibration
of β sources needs a well known dosimeter material with high sensitivity and
(preferably) a known dependence of the luminescence sensitivity vs. radiation
energy, as well as a linear dependence of luminescence response vs. applied
dose. For the calibration of β sources used in the present instrument, the radiofluorescence characteristics of a calibration material should be suitable for
this specific dosimetric application. This is not a new idea, since in the early
70’s the calibration of β sources applied to luminescence dating using CaF2
probe dosimeters had already been described (35). The main problem using
CaF2 dosimeters is the effective Z of 16.6 , quite far from the effective Z of
quartz (≈10.0) and feldspar (≈10.6).
Even those general dosimetric problems combined with less known material
characteristics of natural dosimeters are known, the calibration of β sources
used in luminescence dating is commonly carried out applying TL or OSL protocols to natural quartz samples, which were intercalibrated against a known
γ source (e.g. described by Göksu et al. (36)). However, the radiofluorescence
qualities of quartz do not enable this mineral for the use as reference dosimeter
for RF source calibration. Therefore an attempt to use feldspar was undertaken, but a high scattering of the calibration data has been observed (37).

3.2

Radiofluorescence β dosimetry using Al2 O3 :C (TLD 500)

Following the results of an earlier study (24) on its radiofluorescence characteristics, the TL/OSL anion-defective dosimeter material Al2 O3 :C (TLD 500)
was especially chosen for the calibration of β sources installed in the RL instrument. Radiofluorescence dosimetry using the blue emission (415 nm) of
Al2 O3 :C (38) was described recently (39; 40). The luminescence sensitivity
is 50 times higher than that of LiF:Mg,Ti (TLD100) (38). The TL signal is
stable over a period of two years (41), and the stability of the blue RF signal
was also proven (39). This high luminescence sensitivity vs. radiation energy
is well known (42), as well as the TL, OSL and RF dose characteristics of
the dosimeter (39; 42; 43). Beside these characteristics, Al2 O3 :C shows only a
negligible fraction of defects which create shallow energy levels, an important
factor for radiofluorescence dosimetry. The RF signal is therefore not influenced by charge transitions into shallow traps or recombination centers and
depends only on transitions into stable centers. The bright blue radiofluorescence of Al2 O3 :C (about 25 times higher than the IR-RF emission of feldspar)
leads to good photon counting statistics. The energy dependent sensitivity of
10

the luminescence response of Al2 O3 :C was investigated (38; 42) and shows a
constant response from 0.2 MeV to 1.0 MeV. However, in the lower energy
region up to 0.2 MeV, the luminescence sensitivity of the material is characterised by a dependence on the energy over up to factor 3. With regard to
the mean β energy (≈520 keV) and the energies of the internal conversion
electrons (624 keV and 656 keV) of 137 Cs, a correction is not particularly necessary at this time, but should be examined in future studies for the sake
of completeness. Comparing the sensitivities of luminescence dosimetry and γ
spectrometry methods for the measurement of a dose rate (44), the highly sensitive material Al2 O3 :C seems to be the ideal choice for yielding high precision
and accuracy, also as regards equation 2. Furthermore, the effective Z=10.2 is
equal to that of quartz and feldspar.

3.3 Theory of β dosimetry

The dose Dm , delivered by collision interactions of monoenergetic electrons
with matter is expressed by equation 3,
Dm = Φ(E1 ) · (S/%)col
m (E1 )

(3)

where Φ(E1 ) is the fluence of the monoenergetic electrons and (S/%)col
m (E1 )
is the collision contribution of the mass stopping power at the energy E1 .
The commonly used irradiation sources used in luminescence dating (90 Sr/90 Y
and 137 Cs) emit β particles (and/or conversion electrons (IC)) with different
energies and therefore, the spectral fluence distribution must be considered as
written in equation 4.
Dm =

EZmax

Φ(E) · (S/%)col
m (E) · dE

(4)

0

If the mean mass stopping power (S̄/%)m (collision and bremsstrahlung) is
known, the dose Dm can be simplified as
Dm = Φ · (S̄/%)m

(5)

where Φ is the total particle fluence. If a probe substitutes for a sample (e.g.
feldspar substituted by Al2 O3 :C), and its mean mass stopping power (S̄/%)p
is different from that of the sample (S̄/%)m , the probe should modify neither
the number and energy nor the direction of the electrons which cross the
probe (Bragg-Gray conditions (45; 46; 47)). If this condition is fulfilled, the
dosimetry is independent of the fluence. Therefore, the relation between the
11

mass stopping powers of the probe and the substituted material can be used.
Taking this quotient into account, the dose given to the sample (Dm ) can be
calculated from the dose delivered to the probe (Dp ) using equation 6.
Dm =

3.4

(S̄/%)m
· Dp
(S̄/%)p

(6)

Practical notes

Mass stopping powers [MeV cm

2

g-1]

An intercalibration method using Al2 O3 requires the resulting dose rates to
be converted to the correlative feldspar values, following the theory reported
in section 3.3. One limitation is the energy distribution of the β spectrum.
Because it is not trivial to calculate the dose for the given spectrum, we use
the mass stopping power at the mean energy of the β spectrum. This should
not lead to serious problems because of the similarity of the mass stopping
powers for for Al2 O3 and feldspar, calculated using data from ICRU report
no.37 (48) (figure 2).

3,5
3,0
2,5
2,0

(a)
1,5

(b)
0

500
1000
1500
2000
Incident electron energy [keV]

Fig. 2. Total mass stopping powers calculated using data from ICRU report no.37
(48). (a) potassium feldspar K[AlSi3 O8 ] and (b) aluminium oxide Al2 O3

Since the β sources are calibrated against a defined γ source, the different mass
energy attenuation factors of the medium in which the γ source is calibrated
(standard medium is air) and Al2 O3 :C have also to be taken into account. For
ionising photons, the general idea is the same as for β particles and electrons,
and the γ dose delivered to Al2 O3 :C can be derived (49).
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Very important is the choice of a container material (’build-up’) due to the
concept of charged particle equilibrium (CPE) in the Al2 O3 :C dosimeters. To
fulfill this concept, Al2 O3 :C grains must ideally be irradiated in a 4π geometry
and packed in a container made of Al2 O3 . Practically, materials with a density
of ≈4 g cm−1 can be used (e.g. sintered corundum). The thickness of the
container material container must be larger than the maximum range of the
secondary charged particles.
The Al2 O3 :C samples were irradiated in a 60 Co γ field (as an air dose equivalent). The measurement inaccuracy of these irradiations is about 2 %. The
applied γ dose was 19.59 Gy in air. Note that the mass density (expressed by
sample thickness or grain size) of the material to be used as probe dosimeter (the mass density includes integral depth dose distribution) must also be
considered, in comparison to the material under calibration, since the mass
stopping powers are density normalised quantities. E.g. if the grain size for
feldspar coarse grain dating is about 150 µm (%=2.56 g cm−3 ), the grain size
for Al2 O3 :C (%=3.97 g cm−3 ) is subsequently 100 µm–which fits well to the
grain size of 90..106 µm used in the present work. A typical dose characteristic
of the blue RF of Al2 O3 :C at 3.00 eV (415 nm) is shown in figure 3, together
with an example of the calibration.

RF 415 nm intensity [a.u.]

35000
30000

gamma dose point
D=19.59 Gy (calibrated in air)

25000
20000
15000
10000
0

2

4

6

8

10

12

14

16

Irradiation time [h]

Fig. 3. Dose characteristic of the 415 nm peak of Al2 O3 :C. The data (open circles)
were fitted to an exponential function (grey line). The indicated intercalibration
point at 19.59 Gy illustrates the β calibration method after Erfurt et al. (39)

For these measurements, an 415 nm interference filter was placed in the filter
wheel. After measuring the RF at the γ dose point, the samples were bleached
in accordance with the bleaching behaviour of Al2 O3 :C (50). The dosimetric
13

luminescence sensitivity of Al2 O3 :C to UV-B light in the wavelenght region
280 nm to 320 nm described by Colyott et al. (51) has not to be taken into
account, because the bleaching lamp of our instrument does emit light below
below 320 nm only to a very small extend. Using the fit results applying the
exponential function
Φ(D) = Φ0 +

X

∆Φi · (1 + e−λi ·D )

(7)

i

to the regenerated 415 nm dose curves and applying all aforementioned aspects
of Al2 O3 :C radiofluorescence probe dosimetry, the dose rates for the 10 137 Cs
sources of the RL instrument are Ḋ1 =(4.86±0.15) Gy h−1 , Ḋ2 =(4.80±0.18)
Gy h−1 , Ḋ3 =(4.11±0.11) Gy h−1 , Ḋ4 =(4.07±0.11) Gy h−1 , Ḋ5 =(3.86±0.07)
Gy h−1 , Ḋ6 =(3.60±0.14) Gy h−1 , Ḋ7 =(3.74±0.09) Gy h−1 , Ḋ8 =(3.64±0.10)
Gy h−1 , Ḋ9 =(3.76±0.10) Gy h−1 and Ḋ10 =(4.61±0.13) Gy h−1 in terms of a
feldspar dose (error at 95% confidence level, date of calibration: 03/21/2002).
These results and the dosimetric considerations above should encourage others
to use this material also for TL and OSL calibrations as a standard dosimeter.
Dating results of all luminescence dating laboratories world-wide could then
be straightforward and comparable. A German standard calibration protocol
for β sources applied to luminescence dating following mentioned dosimetric
aspects is being prepared.

4

Infrared radiofluorescence (IR-RF) dating

In the pioneering IR-RF dating work by Trautmann and Trautmann et al.
(37; 11), the method was applied to different Quaternary sediment samples
and showed good agreement with independent ages (14 C) or other luminescence dating methods and geological settings. Since then, a large number of
Quaternary sediment samples has been succesfully dated. As an example, in
this paper we report on dating results of three samples from Quaternary sequences in Switzerland (GOS4) and Germany (HURL1, KOE10a) (see section
2.4 for a sample description). We discuss RF spectra of the samples, fit data
and valuate the physical liability of the dating results using IR-RF. Estimated
IR-RF ages and the comparison with independent and other luminescence ages
are presented in table 1.
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4.1

RF spectra

The natural spectra in figure 4 show the influence of the spread of defect
structures in natural grown minerals. The IR emission is the strongest of all
RF bands of K-feldspar. KOE10A shows the strongest IR intensity compared
to GOS4 and HURL1. Sample KOE10A underwent additional flotation to
extract the whole feldspar fraction before the K-feldspars and plagioclases were
separated by density. This may explain an enhanced enrichment of K-feldspars
in the sample KOE10A. As a consequence, the IR emission is stronger than
that of samples which were not treated by feldspar flotation. Furthermore, one
can see typical feldspar emissions (see Krbetschek et al. (52)) at 290 nm, 330
nm, 415 nm, 560 nm and 710 nm and their differing intensities.

Wavelength [nm]
1200

900

600

300

1,9

GOS4
HURL1
KOE10A

RF intensity normalised

1,8
1,7
1,6
1,5
1,4
1,3
1,2
1,1
1,0
1,2

1,6

2,0

2,4

2,8

3,2

3,6

4,0

4,4

Energy [eV]

Fig. 4. Natural RF spectra (normalised) of sample GOS4, HURL1 and KOE10A
with typical emission bands at 290 nm, 330 nm, 415 nm, 560 nm, 710 nm and
865 nm

The RF spectra are a good aid in recognising samples for which dating problems may occur. The complex structure of feldspar results in individually crystalline structures. Figure 5 shows the RF spectra of three bleached K-feldspar
samples investigated by Dütsch (33). The mineralogical composition can be
seen in the figure.
The most intensive IR-RF emission is shown in a 100% orthoclase sample
(K7). The K-Na mixtures (K6, K9) exhibit a much more complex spectral situation. This implies that not only the defect inventory but also the crystalline
15
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K9 (93.5% Microcline (Or 100 )
and 6.5% Albite (Or 3Ab 97)
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Fig. 5. Bleached RF spectra (normalised) of K-feldspar samples K7, K6 and
K9 (characterised by Dütsch (33)) and their non-uniformity of qualitative and
quantitative spectral RF behaviour

structure of K-feldspars does have an influence on their RF characteristics. As
mentioned in section 1, in recording the RF one measures a transient equilibrium of all charge transitions in the irradiated medium. If unstable energy
levels exist, this may affect the IR-RF dose record. With present day knowledge, one should especially turn attention to the red emission at 710 nm (1.74
eV) occuring in all alkali feldspars (53), because its unstable dosimetric RF
behaviour could be the reason for problems connected to IR-RF dating.

4.2

IR-RF palaeodose reconstruction

The dose reconstruction was carried out on five aliquots for each sediment
sample applying the IR-RF single-aliquot regenerative-dose (IRSAR) protocol
after Erfurt and Krbetschek (22):
• Measurement of the natural IR-RF signal (Dnat )
• Bleaching of the signal by a solar simulator
• Regeneration of the natural IR-RF signal (Dnat ) using the β sources (known
dose rate)
• Fitting to a stretched single-exponential decay function
• Calculation of the palaeodose (De )
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Figures 6, 7 and 8 show the regenerative IR-RF dose curve of an aliquot of
the samples GOS4, HURL1 and KOE10A. These curves are shown together
with palaeodose estimation from the IR-RF dose characteristics. Note that
the dose curves of samples GOS4 and KOE10A consist of 350 dose points and
that of HURL1 of 200 dose points.

550

GOS4

100
Bleached

75

500

450

Residue [a.u.]

IR-RF intensity [a.u.]

50
Natural

400

350

25
0
-25
-50
-75

300

-100
0

200

400

600

800

0

200

400

600

800

Dose [Gy]

Dose [Gy]

Fig. 6. Left: IR-RF dose characteristic of the 865 nm peak of sample GOS4. The
data (open circles) were fitted to a stretched single-exponential function (black
straight line). Right: Linear regression (straight black line) of the fit residues
(cross)

The IR-RF data were fitted to a stretched single-exponential function (equation 8)
Φ(D) = Φ0 − ∆Φ · (1 − e−λ·D )β

(8)

as recently described by Erfurt and Krbetschek (16; 22). Such a stretched
exponential function can describe a behavior which is often encountered in
disordered condensed-matter systems (54). The dispersion of charge carrier
transition or release rates and trap energies in multiple trapping-detrapping
mechanisms can be expressed by the factor β in equation 8. The factor β
can be understood as a material parameter of each analysed feldspar sample.
The linear regression of the fit residues in figures 6, 7 and 8 show very good
agreement with the fit data. This fit function does not have influence on the
model for the IR-RF kinetics, described by Trautmann (12). Palaeodoses are
calculated using equation 8 together with fit parameters of the IR-RF dose
curves.
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Fig. 7. Left: IR-RF dose characteristic of the 865 nm peak of sample HURL1. The
data (open circles) were fitted to a stretched single-exponential function (black
straight line). Right: Linear regression (straight black line) of the fit residues
(cross)

Regarding all the IR-RF dose curves one can see differences in the signal
dynamics and age dependency. The youngest sample (GOS4) shows the lowest
dynamics which implies that younger samples may be expected to have greater
scattering of palaeodose estimation results. Because this also depends on the
intensity of the IR-RF signal and therefore on the PMT counting statistics
this can, however, not be generalised.
Table 1
IR-RF ages, independent and other luminescence ages of the samples GOS4, HURL1
and KOE10A
Sample ID

IR-RF [ka]

14 C

[ka]

IR-OSL [ka]

U/Th [ka]

32.9±3.4

≈32.0 (25)

29.5±3.8 (27)

34.7±4.0 (26)

HURL1

125.9±12.2

-

134.8±11.6

120.3±5.8 (31)

KOE10A

164.4±15.6

-

-

-

GOS4

The age of sample GOS4 is reasonably well established by 14 C, U/Th, and IROSL dating (see table 1) (25; 26; 27; 28). HURL1 was taken from sediments of
expected last interglacial age that has been confirmed by U/Th dating (31).
In comparison to the cited ages of sample GOS4 (De =(77.94±5.94) Gy) and
HURL1 (De =(295.73±15.79) Gy), determined by 14 C, U/Th and the IR-OSL
method on feldspar, the estimated IR-RF ages show very good agreement. For
sample KOE10A age control is restricted to the correlation with the Saalian
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Fig. 8. Left: IR-RF dose characteristic of the 865 nm peak of sample KOE10A. The
data (open circles) were fitted to a stretched single-exponential function (black
straight line). Right: Linear regression (straight black line) of the fit residues
(crosses)

complex that is older than the last (Eemian) interglacial. The expected age
of this this sample is thus between 150..220 ka. The IR-RF age of sample
KOE10A (De =(547.91±16.15) Gy) does agree with this assumption. Furthermore, from a physical point of view the model of Trautmann (12) and its
verification as well as the indroduction of the stretched exponential decay
function by Erfurt and Krbetschek (16), leave no doubt about the validity of
the physical background and thus of the basic correctness of the data of older
samples without independent age control. The upper detection limit (dating
limit) is connected with insufficient IR-RF dose resolution, if the palaeodose
is close to the saturation level of IR-RF dose function. Trautmann et al. and
Erfurt and Krbetschek (11; 22) found a high thermal stability (up to 250◦ C)
of the IR-RF signal, therefore the general reliability of the IR-RF method for
the age determination of sediments of up to 250 ka may be concluded from this
physical behaviour and the mean IR-RF saturation dose. However, the saturation dose and the thermal behavior of the IR-RF of K-feldspar do have the
potential to increase the age upper limit. That requires further investigation,
in particular the analysis of all optical RF charge transitions, in order to use
RF signals connected to thermal instabilities or those connected to tunneling
effects which affect the transient equilibrium of the IR-RF method (16).
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4.3

VIS radiofluorescence of K-feldspar

As proposed by Erfurt and Krbetschek (16), the measurement of all optical
RF transitions may help to determine the influence of instabilities of charge
trapping during the IR-RF and also during the IR-OSL process. This is technically possible due to the automated filter wheel we have implemented, which
offers 4 positions for various optical filters. We separate all emissions using
very narrow-band interference filters (Andover FC-series, FWHM about 15
nm). Figure 9 shows an example of sample SHO.

2,6
2,4

normalised RF intensity

2,2
2,0
1,8
1,6
1,4
1,2
1,0
0,8

1 2

0,6
0

200

3
400

600

800 1000 1200 1400 1600
Dose [Gy]

Fig. 9. Sample SHO: RF dose characteristics of the 415 nm emission (black circles), 710 nm emission (black crosses) and the IR-RF at 865 nm (open gray circles)
used for dating

Beside the IR-RF, the red and blue emissions (710 nm and 415 nm) were
measured, also applying the IRSAR protocol (22). The figure 9 shows the
dose curves, and these records of each RF emission were normalised by the
natural signals of each individual emission. Therefore, one can determine the
stabilities of the different emission bands under study. Trautmann et al. (11)
explained the behaviour of the red RF emission at 710 nm and its instability
due to high probability of charge tunneling (→1 in figure 9). Regarding the
dose curves of this sample in figure 9, the palaeodose determined with the IRRF method is about 600 Gy (→3). The IRSAR protocol applied to the blue
emission results in a palaeodose of only 120 Gy (→2). In a straightforward
fashion, for the sample buried and naturally irradiated in the sediment, the
estimated equivalent dose of 120 Gy using the blue RF indicates an insta20

bility of the signal. It is obvious that the blue emission shows a stability less
than the IR-RF. Since the IR-OSL of K-feldspars uses this blue recombination
luminescence for the detection of IR-excited electrons, this behaviour affects
the IR-OSL palaeodose estimation and can be studied with such RF measurements. Also different saturation doses as well as different dynamic ranges of
the three RF emissions are observable. The IR-RF saturation dose of sample
SHO is about 1500 Gy and the dose curve follows the stretched exponential
equation 8. However, with decreasing IR-RF intensity the dynamic range also
decreases exponentially with given dose. In this sample, IR-RF dose curves
would be usable up to about 800 Gy.
Regarding the calibration of the β sources using the 415 nm RF emission of
Al2 O3 :C (section 2.2) applied to the instrument described in this paper, and
investigations on other luminophors by Erfurt and Krbetschek (24), the ability
of the instrument to measure radiofluorescence in the VIS was clearly shown.

5

Summary

We have presented a new automated radioluminescence reading system, whose
development was connected to a new solid state luminescence dating technique
for the determination of the last light exposure of Quaternary sediments. This
method uses an infrared radiofluoresence only appearing in potassium-rich
feldspars such as microcline and orthoclase. The upper age detection limit
of this IR-RF technique of 250 ka verifies its applicability to geochronometry tasks. Deriving from measurements of the IR-RF saturation dose of the
feldspar dosimeters and the dynamic range of the IR-RF dose curve, there
is potential to enhance the upper age detection limit, but more precise work
is necessary to confirm this conclusion. The instrument was designed following the main features of the IR-RF dating protocol and consequently of the
physical background of this new dating technique. For the calibration of the
laboratory 137 Cs β sources, implemented in the system, a method using the
blue RF emission at 415 nm of Al2 O3 :C was described and its application
resulted in a high calibration precision. The IR-RF dating, carried out on typical clastic sediment samples showed very good agreement with independent
ages (14 Cs, U/Th, IR-OSL). The spectral variability of the system allows the
measurement of RF emissions from 160 nm to 920 nm. We described the measurement of blue (415 nm) and red (710 nm) emissions in K-feldspar, and we
used those dose curve records to describe the dosimetric potential for investigating the luminescence behaviour of K-feldspars applied to luminescence
dating.
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Lech-Ufer östlich Hurlach (nördlich Landsberg/Lech), Eiszeitalter und
Gegenwart 39 (1989) 33–41.
H. Jerz, J. Mangelsdorf, Die interglazialen Kalksinterbildungen bei
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