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ESR instrument

• Basic components

- electromagnet

- microwave generator

- electronic processing unit



ESR measurement

• sample in cavity 
connected to 
microwave generator 
by wave guides, 
located between poles 
of magnet

• unpaired electrons 
generate magnetic 
moments



ESR measurement

• in external magnetic 
field: magnetic moment 
electron can assume 
two energy states, 
ground or excited

• Transfer of magnetic 
moment from lower to 
higher state by 
absorption of 
electromagnetic waves



ESR measurement

• absorbed microwave 
energy is directly 
proportional to number 
of paramagnetic centres 
(hence to the age of the 
sample)

• dose response curve

located between the pole shoes of the magnet. The para-
magnetic centers have permanent magnetic moments,
which are generated by the rotation (spin) of unpaired
electrons, specifically by their negative charge (the mag-
netic moments of paired electrons cancel each other). In
an external magnetic field, this magnetic moment can
assume two energy states: a ground state, when orien-
tated into the direction of the magnetic field, and an
excited state, when orientated into the opposite direction.
The transfer of the magnetic moment from the lower to
the higher energy level can be induced by absorption of
electromagnetic waves with a discrete frequency. The
amount of absorbed microwave energy is directly propor-
tional to the number of paramagnetic centers, and, in the
end, to the age of the sample. Because the physical dimen-
sions of the waveguide and the cavity are critically de-
pendent on the microwave frequency, the magnetic field is
varied linearly for an ESR measurement.
Note that the ESR measurements for dating do not

require the determination of the absolute numbers of par-
amagnetic centers, only relative concentrations (¼ESR
signal intensities) are needed for the establishment of the
dose response curve (see Fig. 16, below). Most modern
ESR spectrometers are stable enough that neither inter-
nal nor external standards are required.

Measurement of the dose value, De

To provide reliable results, the measured ESR signal
must have the following properties:

" The initial signal (at t ¼ 0) is either zero or can be
experimentally determined.

" The signal intensity grows proportionally to the dose
received.

" The signals must have a stability, which is at least one
order of magnitude higher than the age of the sample.

" The number of traps is constant. Recrystallization,
crystal growth or phase transitions must not have
occurred.

" The signals should not show anomalous fading.
" The signals are not influenced by sample preparation
(grinding, exposure to laboratory light, etc.).

Large systematic errors may arise should any of these
points not be fulfilled and the effects not be identified.
The term equivalent dose stems from the fact that

the laboratory procedures utilize monoenergetic b or g
sources, whereas the dose the sample has received in the
past is the sum of multienergetic a, b, g, and cosmic rays
(see below). Thus, the experimentally determined dose
value is the b or g equivalent of the naturally received
dose.
For the measurement of De, a powdered sample is irra-

diated in the laboratory to develop a calibration curve of
signal intensity versus applied dose for each sample. This
plot (dose response curve) is used to extrapolate to zero
ESR intensity, which yields the De value from the inter-
cept with the X-axis (Fig. 16). The dose response curve is
not linear (e.g. Grün, 1996), but most often described by a
single saturating function (e.g. Brumby, 1992).

De estimation on human material

When working on human teeth, it is of course not feasi-
ble to work on enamel powder. Grün (1995) suggested to
measure fragments instead. These fragments can be rein-
serted into the original tooth after measurement (see Fig.
17). For the extraction of a tooth enamel fragment, break-
age is preferred over cutting because the latter procedure
would lead to a loss of material caused by the cut with a
diamond blade (around 100 lm). The tooth enamel of
many archaeological teeth has developed cracks, at which
enamel pieces separate easily (see Fig. 17C). After reinser-
tion of the measured enamel piece, the teeth look virtually
undamaged (Fig. 17D). Some important specimens do not
show any natural breaks (e.g. Tabun C2), here it is not
possible to extract a sample for ESR measurement.

Fig. 16. Dose (De) determi-
nation using the additive dose
method: after measurement of
the natural intensity, the sam-
ple is irradiated in the labora-
tory. This leads to the produc-
tion of more paramagnetic cen-
ters (see Fig. 14). Consequently,
the signal intensity increases,
as determined from the en-
hanced ESR spectrum (see Fig.
15). The plot of ESR intensity
vs. laboratory dose is called the
dose response curve. The De

value results from fitting the
data points of the dose response
with an exponential function
and extrapolation to zero ESR
intensity.

TABLE 1. Dose rates for the U and Th decay chains and K
(Adamiec and Aitken, 1998)

_Da
_Db

_Dg (lGy/a)

1 ppm 238U þ 235U 2780 146 113
1 ppm 232Th 732 27 48
1% K 782 243
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ize atoms. Negatively charged electrons are removed from
the atoms in the valence band and transferred to the con-
duction band, positively charged holes remain near the
valence band. After a short time of diffusion, most elec-
trons will recombine with holes, returning the mineral
back to its original, electrically neutral state. All natural
minerals contain defect sites (e.g. lattice defects, intersti-
tial atoms etc.), at which electrons and holes can be
trapped. The traps are characterized by the activation

energy, which is the energy difference between the con-
duction band and the trap. The trapped electrons and
holes form paramagnetic centers, which can be detected
with an ESR spectrometer giving rise to a characteristic
ESR signal. Alternatively, ionizing radiation can also split
the bonds of molecules resulting in the formation of free
radicals (e.g. CO3

! ? CO2
! þ O), which behave like para-

magnetic centers. The latter scheme is the one commonly
observed in tooth enamel (Fig. 15).
When teeth are formed, the ESR signal is zero. Natural

radiation generates new free radicals, trapped electrons
and holes. The corresponding ESR signal intensity will
increase, until the sample is measured in the laboratory.
The signal of the sample is called natural intensity (see
Fig. 16), which is dependent on the number of traps, the
strength of the radioactivity (dose rate, _D) and time. The
product of dose rate and time is the dose, De, that the sam-
ple was exposed to in the past. An age, T, is derived from
the simple relationship:

De ¼
Z T

0
DðtÞdt ð1Þ

If the dose rate is constant, this equation is reduced to:
T ¼ De

_D
.

The determination of the De value is the actual ESR
part of the dating procedure. The dose rate is calculated
from the analysis of the radioactive elements (mainly Th,
U, and K) in the sample and its surroundings. The concen-
trations of the radioactive elements are converted into
dose rates by published tables (see Table 1, below). The
determination of the radioactivity that influences the
sample is rather complex and has to be carefully eval-
uated (see Fig. 20, below).

ESR measurement

ESR intensities are measured with off-the-shelf ESR
spectrometers (manufactured e.g. by Bruker, JEOL, Var-
ian etc.). An ESR spectrometer has three basic compo-
nents: a strong electromagnet, a microwave generator
(Gunn diode or klystron), and an electronic processing
unit. The sample is measured in a cavity, which is con-
nected to the microwave generator by waveguides and

Fig. 14. The basis for ESR dating: trapping of electrons and
holes. Ea ¼ activation energy or trap depth (from Grün, in
press).

Fig. 15. ESR spectra of tooth
enamel (from Grün, in press). The
spectrum is dominated by a CO2

!

radical (Callens et al., 1987). The
intensity of the ESR signal is often
measured from the top of the peak
to the base of the second dip, but
there are numerous other ways to
estimate the intensity of an ESR
spectrum (see Grün, 2002).
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