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A B S T R A C T   

Autzen et al. (2018) observed a decrease in quartz luminescence at very high doses (several MGy) and hypothesised that this decrease was linked to a reduction in the 
trapped hole population as a result of their silt-sized grains (5̴0 μm diameter) retaining excess electrons during irradiation. In this paper, we expand on simulations of 
Autzen et al. (2017) [1] to cover both natural and laboratory irradiations and for the first time couple the output of a radiation transport model (Geant4) directly to a 
luminescence production model (Bailey, 2001) [2] to predict the effects of charge imbalance on luminescence dosimetry measurements. We also investigate the 
difference in ionisation rate (i.e number of electron-hole pairs generated per unit dose) for different irradiations geometries and types and the implications that this 
may have on dose estimation using luminescence dosimetry.   

1. Introduction 

Luminescence dating requires a reliable comparison between the 
luminescence response to a natural dose absorbed from a mixed beta and 
gamma radiation field (for dating using sand grains) and a laboratory 
dose absorbed from a different, less scattered, electron or photon spec-
trum. This comparison also applies to the calibration of a laboratory 
radiation source when using a luminescence phosphor, e.g. using sen-
sitised quartz to calibrate the dose rate of a beta source against a 
standardised gamma source [3–6]. For calibration of a beta source, this 
can be summarised as 

Dγχγ = Ḋβtχβ  

where Dγ is the dose absorbed from the gamma source, χγ is the lumi-
nescence efficiency/sensitivity to gamma radiation, Ḋβ is the beta source 
dose rate, χβ is the luminescence efficiency/sensitivity to beta radiation, 
and t is the beta irradiation time required to match the luminescence 
produced by the gamma irradiation. The luminescence efficiency/ 
sensitivity is defined here as the number of photons generated per unit 
dose by different types of irradiation. For most energies used in lumi-
nescence dating, electrons and photons deposit energy through similar 
mechanisms and thus the gamma luminescence efficiency, χγ, is usually 
assumed to be indistinguishable from the beta luminescence efficiency, 
χβ [5]. This may be broadly true, but for low energy photons, such as 
X-rays, there is a strong dependence of luminescence efficiency on 
photon energy below 80 keV [7,8]. As such, it would be appropriate to 

rewrite χi as χi(E) to denote this energy dependency. 
During irradiation, charge is able to move through the conduction or 

valence band and either become trapped to form metastable states (in 
electron or hole traps) or recombine either at hole traps or through 
direct band-to-band transitions (although the latter are thought to be 
rare). In many luminescent materials (in this case quartz), the presence 
of multiple electron and hole traps complicates the modelling of these 
systems (e.g., Refs. [2,9–14]). In these models, the trapping process is a 
competition between the multiple trapping and recombination routes 
available to both electrons and holes. Generally, trapped charge pop-
ulations tend to follow saturating exponential functions governed by the 
rate of supply of electrons (a function of both the ionisation rate and the 
effects of competition), the trapping cross-section and the number of 
available sites of the specific trap. Some traps may be thermally unstable 
(shallow traps), and so spontaneously empty at room temperature; they 
will continue to compete for charge with the dosimetric trap of interest 
(for ease we will refer to this as the main trap), even at high total doses. 
As long as these shallow traps do not significantly change the number of 
electrons available to the main trap or the probability of recombination 
with a luminescence centre (L-centre), the luminescence efficiency re-
mains unaffected by shallow trap behaviour. But if this is not the case, or 
if competition with other deeper traps changes as they fill, then the 
luminescence efficiency will depend both on the rate at which charge is 
placed in these traps i.e. on the dose rate, and on the total dose, so that 
χi(E, Ḋ). 

Luminescence efficiency can thus be thought of as depending on 
several factors: 
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• Ionisation rate – the number of electron-hole pairs generated per unit 
absorbed dose  

• Trapping probability – the probability of an electron being trapped in 
the trap of interest  

• Luminescent recombination probability – the probability of an electron 
recombining with an L-centre 

The trapping and luminescent recombination probability will be a 
function of dose, because of both the decrease in available trapping sites 
with increasing dose (decreasing trapping probability) and the increase 
in non-luminescence centres (K-centres) with increasing dose. The latter 
can influence the luminescent recombination probability by changing 
the ratio of L-to K-centres, changing the number of photons per 
recombination. It is also possible to change both probabilities by 
creating more defects as a result of irradiation, although this is not 
currently considered in the modelling of luminescence from natural 
minerals. The net ionisation rate, electron-hole pairs generated per unit 
dose per unit volume, is generally considered to be independent of dose, 
dose rate, and spectrum for electrons and photons (see for instance Refs. 
[2,9,10]. It is also generally assumed that the principle of charge 
neutrality (see Ref. [2] is true for all grain sizes and radiation types (i.e. 
any charge entering a grain is exactly balanced by charge leaving) and 
luminescence quenching by ionisation is not considered. 

Autzen et al. [15] have shown, using Geant4 [16] previously that 50 
μm diameter spherical grains of quartz will absorb an excess of electrons 
when irradiated with the electron spectrum resulting from a uniform 
distribution of 40K in a quartz-like matrix (as happens in nature), as well 
as when irradiated with 90Sr/90Y beta sources or electron beams under 
laboratory conditions. However, they did not examine the response to 
the beta and gamma emissions from the 238U and 232Th series, nor did 
they attempt to couple their charge deposition results to a luminescence 
model. Baly et al. [17] performed MCNP simulations and combined 
them with luminescence production models to show that the hole pop-
ulation would decrease as a result of excess electrons during irradiation, 
as hypothesised in Autzen et al. [15]. 

If there is indeed a tendency for grains to absorb an excess of elec-
trons or holes as a result of irradiation this may have serious implica-
tions for the use of luminescence dosimetry as a reliable method for 
establishing a prior dose since the excess charge may prevent the mea-
surement of dose. Furthermore, if there is a difference between the 
ionisation rate in nature and the ionisation rate used to measure the dose 
in the laboratory, there may no longer be a simple relationship between 
natural and laboratory dose response curves and dose measurements 
may be severely affected. 

In this paper, we explore these phenomena further using Geant4 to 
model the irradiation of spherical quartz grains of different sizes in 
nature and in the laboratory, to obtain ionisation rates and predict the 
degree of charge imbalance during irradiation. The output from Geant4 
is then fed into current quartz luminescence models (e.g Refs. [2,9–14]) 
to predict the impact that changes in ionisation rates, and the removal of 
the assumption of charge neutrality, will have on dose measurements 
using quartz luminescence. 

2. Geant4 modelling 

2.1. Setup and geometries 

We modelled irradiations in both natural and laboratory geometries 
using Geant4 running on a virtual machine [18]. The Geant4 toolkit has 
previously been applied to study the beta and gamma dose rates in 
luminescence and EPR dating (e.g Refs. [19–21]). Guérin and Mercier 
[19] modelled the gamma dose rate in infinitely thick sediment spheres 
for in situ gamma spectrometry. We used a production cut of 40 eV in 
order to approach the average energy required to generate a free charge 
of approximately four times the band gap. This cut of 40 eV means that 
Geant4 will not generate electrons below this threshold and the energy 

will be considered deposited without further ionisation. 
Laboratory simulations were carried out for both the 90Sr/90Y source 

in a Risø TL/OSL reader, irradiating quartz grains mounted on stainless 
steel discs (see Ref. [1]) and a137Cs gamma source with the planar 
irradiation cell used by Hansen et al. [4]; these geometries are shown in 
Fig. 1a, b, and 1c. 90Sr/90Y sources are commonly used in TL/OSL 
readers to give laboratory doses to grains of quartz or feldspar mounted 
on stainless steel discs. The calibration quartz provided by both Risø and 
Freiberg Instruments is irradiated using a137Cs gamma source to give the 
calibration dose, here we have used the planar irradiation cell used at 
Risø as detailed by Hansen et al. [4]. 

For the simulations of the irradiator mounted on the OSL reader we 
used 100 spherical quartz grains of varying diameters placed in a 10x10 
grid with centre-to-centre distance equal to the grain diameter, the 
grains are placed on a 0.3 mm thick stainless-steel disc. We also simu-
lated 10 mm diameter and 1 mm thick slices of quartz (density: 2.65 g 
cm− 3) and feldspar (density: 2.56 g cm− 3). For irradiations using a point 
137Cs or 60Co source we used a 1 mm thick sample cavity (10 × 10 cm 
with a 1 cm glass border around the cavity); this contained ten 100 μm 
thick, 10 mm diameter slices of quartz (density: 1.72 g cm− 3). The wall 
in front and behind the cavity was 2 mm of glass (density: 2.3 g cm− 3). 
At the irradiation distance of 2 m, the photon beam was assumed parallel 
and the surroundings were assumed not to contribute any scattered 
photons (scatter-free geometry). 

For the natural irradiations, we followed the algorithms of Guérin 
et al. (2012; see their SI for details) and thus employed a small, radio-
active sediment volume with reflective boundaries to optimise the un-
certainties and run time while fulfilling the requirement for the infinite 
matrix assumption [22] to hold. Here we used 125 spherical quartz 
grains arranged in a 5 × 5 × 5 grid with a separation of 0.1 mm between 
the grains such that the centre-to-centre distance is equal to (d + 100 
μm) where d is the diameter of the grain in μm (Fig. 1d). For both natural 
simulations and simulations in the OSL reader, we simulated spherical 
grains ranging from 5 to 2000 μm in diameter. 

The infinite matrix electron spectra used for the natural irradiations 
are taken from Guérin et al. [20] and infinite matrix photon spectra for 
natural irradiations are from Guérin and Mercier [19]; these were 
derived for 238U and 232Th (with all progeny in secular equilibrium), and 
40K individually, distributed uniformly in a matrix made up of SiO2 
(density: 1.78 g cm− 3). 

In all simulations, we record the energy deposited in the dosimeter 
(grain or slice), the number of electrons entering and leaving the 
dosimeter and the number of ionisation events for each dosimeter. This 
allows us to calculate the dose deposited, any excess charge accumulated 
in the dosimeter as well as the number of electron-hole pairs generated 
for the deposited dose. We define the rate of production of excess charge 
as 

(Electrons leaving grain) − (Electrons entering grain)
Number of generated electron − hole pairs

(1) 

When more electrons enter the grain than leave the grain, the excess 
charge is negative, reflecting that, at the end of the irradiation, the grain 
is left with a net negative charge, i.e. more electrons than holes. If the 
excess charge is positive, the grain is left with more holes than electrons. 
The number of electron-hole pairs is calculated by tracking the number 
of ionisation events within the detector. We assume that irrespective of 
their initial energy, all electrons will eventually thermalise and reach the 
bottom of the conduction band from which they can become trapped, 
meaning that we can relate this number to our luminescence signal. 
Some electrons will have sufficient energy to escape the grain, and these 
can be corrected for using the excess charge. 

2.2. Results 

2.2.1. Natural irradiations 
Fig. 2a and b presents the results of Geant4 simulations of 
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irradiations of spherical quartz grains by natural infinite matrix beta 
irradiations (Geometry: Fig. 1d). Fig. 2a shows the ionisation rate, i.e. 
the number of electron-hole pairs generated per unit dose per unit vol-
ume, as a function of grain size for either 238U,232Th or 40K. The ion-
isation rate initially decreases with increasing grain size but become 
constant above ~500 μm, the form of this grain size dependence is 
similar for the three spectra and the three spectra give similar ionisation 
rates to within 0.4%. The ionisation rate at 500 μm is only ~1% lower 
than the maximum ionisation rate (30 μm diameter), indicating that the 
luminescence response from beta irradiations in nature can be consid-
ered independent of the radionuclide concentrations. 

Fig. 2b shows the total amount of excess charge (relative to the total 
ionization) as a function of grain size, for electron irradiations in an 
infinite matrix containing either 238U,232Th or 40K. The smallest grains 
retain the largest relative excess of electrons, although the relative 
amount depends on the spectrum; irradiation of 5 μm grains with the K- 
derived electron spectrum results in a smaller excess of electrons (~6%) 
compared with that from U and Th (~11%). As the grain size increases, 
the degree of excess charge decreases to ~2.5%, although the grain size 
at which this is achieved depends on the spectrum and the minimum 
excess charge is not identical for the 3 spectra, at least up to 2 mm grain 
size. 

For photon irradiations in nature (Fig. 3a), modelling suggests that 
there is a much bigger difference in the ionisation rates from the 
different radionuclides, Fig. 3a, with 40K resulting in an ionisation rate 
which is an average of 20% and 14% lower than that from either 238U or 

232Th respectively. 
Photon irradiations generally appear to be charge neutral, Fig. 3b. 

Below 10 μm the grains remain charge neutral, however above 10 μm 
grains appear to receive a small excess of electrons. This is consistent for 
all three decay chains, however, the photon spectrum derived from 40K 
generates relatively more excess electrons in the grains than that from 
either the 238U or 232Th decay chains. The reason for this may be found 
in the ionisation rates for the natural photon irradiations (Fig. 3a), 
where we can see that the photon spectrum from 40K also has a lower 
ionisation rate than that from either 238U or 232Th, by an average of 20% 
and 14% respectively. Comparing Fig. 3b with Fig. 2b it appears the 
irradiation with charge neutral particles such as photons will generally 
result in a charge neutral grain as well. 

2.2.2. Laboratory irradiations 
Irradiations of quartz grains on a stainless steel disc using a90Sr/90Y 

source (Geometry: Fig. 1a) show similar ionisation rates (Fig. 4a) to 
those of the natural beta irradiations (Fig. 2a) and of 40K photon spec-
trum (Fig. 3a) across all grain sizes, but significantly different from the 
natural photon irradiations from the 238U and 232Th decay chains. Re-
sults of simulations of irradiations of 1000 μm thick quartz and feldspar 
slices (circle and triangle, respectively) are also shown; we also observe 
that the ionisation rate for the feldspar slice is 2.6% lower than that of 
the quartz slice, despite almost identical mass absorption and attenua-
tion coefficients [23]; this is only slightly smaller than the difference in 
average density between the two materials (3.4%), meaning that the 

Fig. 1. a) Irradiation geometry for 90Sr/90Y beta source (taken from Ref. [1], b) side view of the irradiation cell used for 137Cs and 60Co gamma source irradiations 
with quartz slices, c) front view of the irradiation cell used for 137Cs and 60Co gamma source irradiations with quartz slices, and d) natural irradiations with reflection 
boundary for beta and gamma irradiations. 
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values here can be density corrected to represent external irradiation of 
feldspars. This may be one factor influencing the observations of Hansen 
et al. [5]; that feldspar had a 15% lower apparent dose rate than quartz 
when used for calibrations. 

Across all grain sizes we observe that these laboratory beta irradia-
tions lead to a relative excess of electrons (Fig. 4b), although the form of 
this relationship is different from that from the natural electron spectra 
irradiations (Fig. 2b), in that the range of values is smaller, and some 
variation is present even at larger grain sizes. We do observe two outliers 
at 10 and 40 μm, however this is likely an artefact from the simulations. 
Despite the difference in the material composition and density, the de-
gree of charge imbalance for the quartz and feldspar slices is indistin-
guishable and lies on the curve extrapolated from the smaller grain sizes. 

When grains are exposed to the 137Cs gamma source (Geometry: 
Fig. 1b and c), simulations predict a 5% higher ionisation rate using 
a137Cs source (Fig. 5a, black squares) compared to that using the 
90Sr/90Y beta source in the OSL reader (Fig. 4a); the implication of these 
calculations is that the sensitivity-corrected luminescence yield from a 
given beta dose may not be the same as from the same dose absorbed 
from 662 keV photons; this difference in ionisation rate may need to be 
taken into account when a beta source is calibrated against a gamma 
source. The same irradiation geometry was simulated using 60Co (E =

1.2 MeV), resulting in a 4% lower ionisation rate (Fig. 5a, red circles) 
than that of the 137Cs source bringing it more in line with that of the 
90Sr/90Y beta source (Fig. 4a). The reason for this discrepancy in ion-
isation rates may be that the electron stopping power at 662 keV is 4% 
higher than at 1.2 MeV - Autzen et al. ([32]) has shown a 4% difference 
between dose rates using quartz materials with the same nominal dose 
irradiated by 60Co and 137Cs sources to calibrate 90Sr/90Y beta source 
dose rates; however, further investigations should be undertaken. 

Both 137Cs and 60Co irradiations results in relative excess charge 
consistent with zero for all quartz slices (Fig. 5b, black squares and red 
circles respectively). Unsurprisingly, given the long penetration distance 
of the 662 keV 137Cs photons compared with the sample size, we do not 
observe any change through the slice. 

Geant4 modelling predicts that grains irradiated with electrons and 
photons tend to retain an excess of electrons; the only exceptions to this 
are irradiations with a137Cs or 60Co point source in a scatter–free ge-
ometry, or when small grain sizes (<10 μm) are irradiated with natural 
photon spectra. Modelling also predicts that the ionisation rate may vary 
with grain size (by ~1%) and with the irradiation spectrum (by up to 
20%). These two predictions are inconsistent with the hypotheses/as-
sumptions presented in the Introduction, namely that grains remain 

Fig. 2. a) Ionisation rates as a function of grain size, resulting from electron 
irradiations by natural radionuclides in secular equilibrium, distributed uni-
formly in an infinite matrix (see Fig. 1d). b) Relative excess charge for the same 
electron irradiations as a function of grain size as in (a). The sign of the excess 
charge indicates the sign of the charge accumulated. For a log plot see Sup-
plementary Material. 

Fig. 3. a) Ionisation rates as a function of grain size for photon irradiations by 
natural radionuclides in secular equilibrium, distributed uniformly in an 
infinite matrix (see Fig. 1d). b) Relative excess charge as a function of grain size 
for the same photon irradiations as in (a). The sign of the excess charge in-
dicates the sign of the charge accumulated. For a log plot see Supplemen-
tary Material. 
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charge neutral and that the ionisation rate can be assumed to be inde-
pendent of the irradiation type. However, this does not tell us what ef-
fects, if any, this may have on our ability to measure dose. In the 
following sections we will explore the impact of these predictions on 
luminescence production and on the SAR protocol used in dose 
measurement. 

3. Luminescence production models 

Autzen et al. [15] previously showed that irradiation with a 
low-energy electron beam (predicted to result in an excess of electrons) 
resulted in a reduction in optically stimulated luminescence (OSL) 
output at saturation and in response to a small test dose; there we 
hypothesised that this was due to a reduction in the hole population but 
did not present any quantitative support for this hypothesis. Here the 
luminescence production model of Bailey [2,9,10] is used to model the 
trap population and luminescence behaviour with and without charge 
imbalance. For this purpose, we use the following equations (based on 
[2,9,10]): 

dni

dt
= nc(Ni − ni)Ai − niPσie−

Eth
i

kB T − nisie−
Ei

kB T (2)  

dhj

dt
= nv

(
Hj − mj

)
Aj − hjsje−

Ej
kBT − nchjBj (3)  

dnc

dt
= ce⋅M⋅Ḋ −

∑i

i=1

dni

dt
−

∑j

j=1
nchjBj (4)  

dnv

dt
= ch⋅M⋅Ḋ −

∑j

j=1

dhj

dt
(5)  

where ni and hj are respectively the instantaneous electron and hole 
concentrations (cm− 3) in traps i and j; Ni and Hj are the respective 
population concentrations (cm− 3) of the electron and hole traps i and j; 
and nc and nv are concentrations of the conduction and valence band. Ai,j 

are the transition probabilities for trapping from a delocalized band to a 
trap (cm3 s− 1); Bj is the transition probability for recombination from the 
conduction band (cm3 s− 1) for trap j, σi is the photoionisation cross- 
section (cm2), Ei,j is the trap depth from nearest band edge (eV), si is 
the frequency factor (s− 1), Eth

i is the thermal energy required to raise 
electrons from the ground state to excited levels within the trap from 
which optical excitation takes the charge to the conduction band [24]. 
Finally, P is the photon flux (photons s− 1 cm− 2), kB is the Boltzmann 
constant, T is the absolute temperature (K), Ḋ is the dose rate and M is 
the ionisation rate (Gy− 1 cm− 3). 

Fig. 4. a) Ionisation rates as a function of grain size, in an OSL reader with 
a90Sr/90Y source and grains mounted on a 0.3 mm thick stainless steel disc (see 
Fig. 1a). b) Relative excess charge for the same beta irradiations as in (a) as a 
function of grain size. The sign of the excess charge indicates the sign of the 
charge accumulated. 

Fig. 5. Ionisation rates for quartz slices irradiated by a137Cs gamma source 
(black squares) or 60Co gamma source (red circles) using the holder shown in 
Fig. 1b and c b) Relative excess charge for the same irradiations as in (a). The 
sign of the excess charge indicates the sign of the charge accumulated. 
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Equations (2) and (3) remain unmodified from Bailey [2,9,10]; but in 
Equations (4) and (5) we introduce the dimensionless constants ce and 
ch, to allow the number of electrons produced per unit volume per unit 
dose (ce⋅M) to vary independently of the number of holes produced per 
unit volume per unit dose (ch⋅M). If an irradiation is charge neutral, 
these factors are 1 and Equations (4) and (5) are identical to those of 
Bailey [2,9,10]. The two constants, ce and ch, can be varied indepen-
dently to allow for asymmetric filling of the conduction and valence 
bands. 

It should be noted that when applying the equations of Bailey [2,9, 
10]; we observed a deviation from charge neutrality before modifica-
tions were introduced, resulting in the hole concentration growing un-
hindered. This is due to dh

dt being negative when holes are removed due to 
recombination which results in the trapped hole concentration 
decreasing. However, in Equation (5), this leads to the number of holes 
in the valence band growing by the number of holes removed by 
recombination. In fact, using Equations (2)–(5) we were unable to 
reproduce the data presented in Bailey [2]. But by modifying Equation 
(5) to match that of Pagonis et al. [13,14] this problem was solved and 
Equation (6) now removes the recombined holes: 

dnv

dt
= ch⋅M⋅Ḋ −

∑j

j=1

dhj

dt
−

∑j

j=1
nchjBj (6) 

In the following sections we will use Equations (2)–(4) and (6) along 
with the parameters values given in Bailey [10] to model the effect of 
charge imbalance and differences in ionisation rates on luminescence 
production and to examine the implications for the use of the Single 
Aliquot Regenerative dose (SAR) protocol [25] for the measurement of 
dose, by using the deSolve package in R [26]. 

To parameterise modelled trap-filling and dose-response data, we 
used a saturating exponential of the form 

A⋅

⎛

⎜
⎝1 − e−

D
D0

⎞

⎟
⎠ (7)  

where A is a scaling factor, D is the dose and D0 describes the curvature 
of the function. 

4. Effects on luminescence 

4.1. Effects on luminescence - Ionisation rates 

While we can now make quantitative statements about the ionisation 
rate resulting from various irradiations, for the purpose of luminescence 
modelling we have chosen to use an ionisation rate of 2.5 ⋅1010 Gy− 1 

cm− 3 as stated in Bailey [2,9,10] although a second ionsation rate of 
2.5 ⋅1014 Gy− 1 cm− 3 is also given. These ionisation rates are either 200 
times less than those presented in Table 1 or 200 times greater, 
depending on the scaling factor used in Bailey [10]. Bailey [10] men-
tions that an ionisation rate of 2.5 ⋅1010 Gy− 1 cm− 3 is recommended for 
simulation speed however, “to obtain the original, and more physically 
meaningful, values each value of Ni should be multiplied by 104; each value of 
Ai and Bi should be divided by 104. The ionisation rate should also be 
multiplied by 104”. In order to remain consistent with the model of Bailey 
[10]; we would need to scale each of the parameters to fit the ionisation 
rates from the previous section, however, as these factors results from 
fitting the model to data using the ionisation rate chosen by Bailey [10]; 
we have chosen to simply investigate what happens when the ionisation 
rates change between nature and laboratory. 

Fig. 6 shows the effect of changing the ionisation rate on the filling of 
the OSL fast component trap, this was denoted as i = 3 in Bailey [10]. As 
the ionisation rate increases, the D0 of the trap becomes smaller as there 
is now more charge available for trapping per unit dose. 

In the previous section, we observed a significant difference in ion-
isation rates between natural and laboratory irradiations, and even 
when comparing natural gamma spectra (see Figs. 2b, 3b and 4b and 
5b). 

To test the implications of this, we first simulated the irradiation of a 
new grain (i.e. no trapped charge) so that it absorbed a dose of 50 kGy at 
a dose rate of 1 Gy/ka at 293 K, as described by Bailey [10]; and then a 
bleach at 293 K for 6.000 s. From here, we ran ten cycles of 10 Gy fol-
lowed by 6.000 s of optical bleaching, before giving a final burial dose of 
5 Gy; all doses were given with an ionisation rate, M, of 2.5 ⋅1010 Gy− 1 

cm− 3. Doses were then measured using a SAR protocol (260 ◦C preheat 
for 10 s, OSL at 125 ◦C for 40 s, 5 Gy test dose, 220 ◦C cutheat, OSL at 
125 ◦C for 40 s, hot bleach at 280 ◦C for 100 s) with a fraction of the 
ionisation rate, M, given in column 1 of Table 1 (all other parameters 
were kept the same as for the natural irradiation). All irradiations were 
simulated as charge neutral, i.e ce and ch equal to 1. To calculate the fast 
component of the OSL signal, we used the first 0.4 s as signal and the 

Table 1 
Effect of changes in ionisation rate during the laboratory irradiations on the measured natural dose, recycling and 
recuperation. The ionisation rates have been normalised to M = 2.5 ۰ 1010 Gy− 1 cm− 3. 
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next 0.4 s as background (so-called early background subtraction, [27]. 
When the laboratory ionisation rate is reduced, compared to the 

natural ionisation rate, i.e fractional ionisation rate below 1, we see an 
increase in the apparent natural dose measured using SAR but we 
observe no effect on recycling or recuperation (Table 1, light shaded 
cells). Conversely, when the laboratory ionisation rate is increased 
compared to the natural, i.e. fractional ionisation rate above 1, the 
apparent natural dose becomes lower (Table 1, dark shaded cells). 
Recycling is not affected because all regenerative doses are given with 
the same ionisation rate. The only effect the change in ionisation rate has 
is on the relationship between the OSL signal from the natural trapped 
charge (Ln) and that from the subsequent test dose (Tn), resulting in the 
equivalent dose changing. For instance, Table 1 and Figs. 4a and 5a, 
imply that when calibrating the 90Sr/90Y beta source using calibration 
quartz irradiated with a137Cs gamma source, the luminescence response 
to the gamma dose will be 5% higher than that to the beta doses used to 
perform the SAR protocol, resulting in a 6% underestimate of the beta 
source dose rate and thus of any subsequent dose measurements per-
formed using that calibration. 

The assumption that χβ = χγ, then does not appear to be valid given 
the simulation results presented here. One solution would be to cross- 
calibrate beta source and gamma source using a dosimeter which does 
not rely on the ionisation rate but rather reflects the absorbed dose 
directly (e.g GAFchromic film), Alternatively, one could use a60Co 
source, for which the ionization rate (Fig. 5b) is apparently indistin-
guishable from that for the beta source (Fig. 4b), but may no longer 
match the response of the natural irradiation. 

For materials irradiated in nature, the situation is more complex 
because although the photon spectra derived from K and the Th, and U 
decay chains result in different ionisation rates, the ionisation rates from 
the electron spectra are indistinguishable from that of the 90Sr/90Y beta 
source. In this case it may be necessary to consider each contribution to 
the dose rate to the grain and establish an average ionisation rate for the 
dose to be measured. These effects will depend both on the dose to be 
measured as well as the shape of the dose-response curve; the simulation 
data in Table 1 considered a small dose far from saturation, for which the 
dose-response curve was still linear. 

4.2. Effects on luminescence - Charge imbalance 

In this section we test the influence of charge imbalance on lumi-
nescence production and the routine measurements made in 

luminescence dating. Previously, Autzen et al. [15] hypothesised that an 
excess of electrons during irradiation would lead to a decrease in the 
hole population and that the luminescence production should follow this 
trend once all electron traps were saturated. Using Equations (2)–(4) and 
(6), we are now able to model both the trapped electron and hole pop-
ulations for various amounts and signs of excess charge. Fig. 7 shows the 
evolution of the trapped electron population in the OSL fast component 
trap as well as the hole population in the luminescence centre and in the 
sum of the non-luminescence centres. 

Fig. 7a shows that there is essentially no change to the filling rate of 
the OSL fast component trap as the degree of excess electrons increases. 
In contrast, the hole populations (Fig. 7b) are greatly affected by the 
introduction of excess electrons, this is similar to recent observations by 
Baly et al. [17]. In the case of charge neutrality (black line), the pop-
ulations increase until all electron traps are filled, after which any 
further hole trapping reaches a steady state with recombination. When 
there is an excess of electrons, the hole population changes in two sig-
nificant ways: (i) the maximum number of possible trapped holes de-
creases with increasing excess electrons and (ii) once all electron traps 
are saturated, the hole populations begin to decrease linearly.  

(i) The maximum number of trapped holes decreases with increasing 
relative amounts of excess electrons (red and blue lines) because 

Fig. 6. Fractional filling of the main OSL trap (i = 3) from Ref. [10] using 
different ionisation rates. As the ionisation rate increases, the trap reaches 
saturation at a lower dose. 

Fig. 7. a) Filling of the OSL fast component trap (Bailey’s i = 3) under various 
degrees of excess electrons, b) filling of the luminescence centres (solid lines; 
Bailey’s i = 9) and the sum of all non-luminescence centres (dashed lines; 
Bailey’s i = 10–12) for various degrees of excess electrons. 
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the excess electrons fill electron traps without there being cor-
responding holes trapped in hole traps.  

(ii) As the electron traps fill, the excess electrons are no longer 
trapped in electron traps, and can only recombine with trapped 
holes, so reducing the hole populations. This affects the lumi-
nescence centres to a greater extent than the non-luminescence 
centres because the probability of recombination from the con-
duction band to the luminescence centres is greater than to the 
non-luminescence centres (as a result of the greater concentration 
of the luminescence centres and larger recombination cross- 
section [2,9,10]). As the amount of excess electrons increase, 
the holes are progressively depleted, until eventually all holes are 
wiped out by smaller and smaller accumulated doses. 

Fig. 8 shows the predicted fast-component luminescence response 
from different doses since formation of the grain. For charge neutrality 
(black line), the fast component luminescence follows a saturating 
exponential, however, this saturates much later than the trap itself 
(Figs. 7a and 8). This is due to the presence of a deep, thermally 
disconnected electron trap, resulting in an unbleachable reservoir of 
holes, increasing the probability of luminescent recombination at higher 
doses [2,9,10]. When the degree of excess electrons is increased to 1%, 
the fast component luminescence starts to deviate from a saturating 
exponential around 20 kGy and slowly decreases with increasing dose, 
this trend is further amplified when the degrees of excess electrons is 
increased to 2%, where we observe that the crystal becomes insensitive 
after 40 kGy. The absolute values of these doses are, of course, very 
dependent on the trap parameters chosen. 

4.2.1. Dose measurements 
We have shown that a difference in ionisation rate between natural 

and laboratory irradiations influences the accuracy of the SAR protocol 
for small doses depending on the ratio of the natural and laboratory 
ionisation rates. To test the influence of charge imbalance on dose 
measurements and especially the SAR protocol, we simulated a 
geological dose (since mineral formation) up to 50 kGy with 0%, 1%, 
and 2% excess electrons during irradiations followed by a 6.000 s bleach 
at 20 ◦C before 10 cycles of 300 Gy with the same degree of excess 
electrons and a 6.000 s bleach at 20 ◦C [2,9,10]. Finally, we allowed this 
quartz to acquire a burial dose of 20 Gy with the same degree of charge 
imbalance as all previous irradiations. 

Laboratory irradiations were chosen to have 2% excess electrons, see 
Fig. 4b, and two tests were performed using the 20 Gy natural 

irradiations as a starting condition: dose measurement (Fig. 9a, top) and 
dose recovery (Fig. 9a, bottom, and Fig. 9b). For the dose measurement 
no further treatment was performed before starting the SAR protocol. 
For a dose recovery test, the sample was twice bleached for 100 s at 
room temperature, with each bleach separated by a 10.000 s pause 
before giving 20 Gy dose with a dose rate of 0.1 Gy/s. For laboratory 
measurements we simulated a preheat at 260 C for 10 s, OSL at 125 C, a 
15 Gy test dose with 220 C cutheat and hot bleach at 280 C for 100 s. 

The top plot shows the impact of charge imbalance on the ability to 
measure an accurate dose using the fast component of the OSL signal, 
and the SAR protocol outlined above with various relative amounts of 
excess electrons, as a function of the geological formation dose. For a 
charge neutral natural irradiation, the burial dose will be overestimated 
by ~3% regardless of previous dose. This discrepancy between 
measured and actual dose is due to the laboratory irradiations having a 
relative excess of electrons of 2%, where the natural irradiations were 
charge neutral. This discrepancy is not reflected in the dose recovery 
shown in the bottom half of Fig. 9a which is unsurprising given that the 

Fig. 8. Fast component OSL as a function of total dose since mineral formation. 
The luminescence response starts to decrease at high doses in the presence of 
excess electrons. 

Fig. 9. a) Top: Measured burial dose using a SAR protocol as a function of prior 
geological dose, dashed line shows the known burial dose. Bottom: Dose re-
covery as a function of prior geological dose. b) Dose recovery as a function of 
measured burial dose. 
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dose recovery test is performed using only the laboratory irradiation 
conditions, where the dose to be measured has also been given a 2% 
excess of electrons. As the degree of excess electrons increases, the 
measured burial dose starts to decrease before it eventually becomes 
impossible to measure any dose due to the crystal having lost all sensi-
tivity. Beyond 40 kGy and 20 kGy burial dose estimation was not 
possible anymore due to lack of sensitivity for 1 and 2% excess electrons, 
respectively. As long as the grain remains sensitive, the dose recovery 
ratios fall within ±10% of unity and we would therefore not expect to 
discard the dose measurements, beyond 40 kGy and 20 kGy it was no 
longer possible to measure a dose recovery due to lack of sensitivity for 1 
and 2% excess electrons, respectively. Fig. 9b shows the relationship 
between dose recovery and measured burial dose, this further shows 
that there is no clear relationship between the deviation of the measured 
dose from the ‘true’ natural dose and a failed dose recovery; this is true 
until the measured dose deviates by more than 20% from the given dose. 

We have hypothesised that excess electrons will continue to be 
trapped or recombined as long as there are available sites, either empty 
electron traps or populated hole traps. We also assumed that ionising 
radiation can continue to build up free charges in the crystal without 
restriction. These assumptions may not reflect physical reality at high 
excess charge. There is experimental evidence that an insulator during 
irradiation in a Scanning Electron Microscope (SEM) will stop charging 
when it reaches the accelerating potential of the beam [28,29]; in nature 
this would require a surface potential of several MV. Then the effective 
dose rate would be reduced by any electric potential on individual grains 
and the relative rate of electrons entering but not leaving the grain (i.e. 
rate of build up of excess electrons) would increase. This is because the 
average energy of the incoming spectrum is reduced as it is slowed down 
by interaction with the electric field generated by the excess charge held 
within the grain. 

The permanence of any excess charge is very relevant to its impact on 
luminescence dating. Charge may leak from the grains during irradia-
tion or in storage (e.g Refs. [30,31] because of the presence of free 
electrons in the conduction band, thus making the insulator start to 
behave as a conductor Such a process has not been considered in existing 
luminescence theory nor in any of the luminescence models used here. 
We also note that Thermally Stimulated Exo-electron Emission (TSEE) 
and Optically Stimulated Exo-electrons (OSE) are not considered in 
these models; rather the grains are treated as closed systems where 
ionising radiation only serves to create electron-hole pairs. Although it 
seems to us inevitable that charging of grains does occur and that at least 
some of this excess charge must be trapped, we recognise that the 
resulting net charge on individual grains will perturb the internal elec-
tric field, and so presumably reduce the trap depths. This would tend to 
reduce the stability of any trapped charge. 

5. Conclusion 

Geant4 simulations show the presence of excess charge during irra-
diation with either electron or photons, both in nature (i.e. with activity 
uniformly distributed in infinite matrices) and in laboratory geometries. 
The only exception to this is during laboratory irradiation with gamma- 
rays, with the sample presented in a holder designed to ensure secondary 
electron equilibrium across the sample volume. Combining the results of 
Geant4 simulations with luminescence modelling has shown, for the first 
time, that charge imbalance (in this case excess negative charge) in-
fluences both luminescence production and the accuracy with which a 
dose can be measured using luminescence. These systematic errors 
depend on both the size and dose history of the grains, and in our sim-
ulations are of the order of a few %. For a large cumulative dose, such as 
can be absorbed by e.g. a granite formed early in the earth’s history, it is 
predicted that the quartz grains become completely insensitive (do not 
emit luminescence when irradiated) because all trapped holes have 
recombined, leaving only trapped electrons. 

Previous modelling of luminescence behaviour (assuming charge 

neutrality [2,9,10]); assumed an ionisation rate of 2.5 ⋅1010 Gy− 1 cm− 3. 
Our Geant4 modelling provides the first numerical predictions of ion-
isation rates for quartz in natural and laboratory irradiations, and shows 
that these vary significantly, and are dependent on irradiation geometry 
and electron/photon energy. If experimentally verified, these differ-
ences are likely to have significant implications for the accuracy of 
luminescence dosimetry. 

Finally, modelling has shown that the usual checks included in the 
SAR protocol (recycling and dose recovery) are insensitive to errors 
arising from excess charge, and to differences between natural and 
laboratory ionisation rates. This is unsurprising, because it has long been 
acknowledged that the only test of whether SAR measures a natural dose 
accurately is by comparison with a known age material. 
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