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1. Introduction

1.1 Motivation and aim

In all kinds of radiation therapy it is of crucial importance to thoroughly determine the absorbed dose in
the tumour, in surrounding normal tissue and in risk organs. This is done using various types of
dosimeters, all with their advantages and disadvantages for different situations.
Measurements of the dose distribution in a volume in terms of absolute absorbed dose are needed, for
example to verify Monte Carlo calculations or clinical dose plans experimentally. To make such absolute
dose measurements possible, the dosimeter requires calibration towards a dosimeter with a calibration
factor that is traceable to a primary standard dosimetry laboratory. To not put the outcome of a radiation
treatment at risk, the uncertainty in the absorbed dose determination at points of interest must not be
higher than 5% (1 standard deviation) according to the ICRU (1976).
The aim of this report is to indicate a way of calibrating two types of L-α-alanine dosimeters, an
alanine/agarose gel and thin alanine films. The influence of some factors on the ESR signal from the
alanine dosimeters is investigated, and suggestions are made on how to take these factors into account.

1.2 Alanine as an ESR dosimeter material

L-α-alanine is a crystalline amino acid in which free radicals are formed at irradiation. These radiation
induced radicals can be detected by means of electron spin resonance (ESR) spectroscopy. An ESR
spectrum with five lines is then obtained and the signal is taken as the peak-to-peak amplitude of the
central line. This signal is proportional to the amount of radicals in the analysed sample. Since the radical
concentration is a function of the absorbed dose, the substance may serve as a dosimeter material
(Regulla, 1982). The radicals in alanine are unusually stable because of the crystalline form, and in pure
dry crystals the signal loss is only about 4% during the first year after irradiation (Sleptchonok, 2000).
The substance has a linear dose response from well below 1 Gy up to 104 Gy.
The ESR analysis does not destroy the signal. This allows for multiple read-outs of one sample. An
introduction on the ESR spectroscopy technique can be found in ESR textbooks (Weil, 1994).

1.3 Two ESR dosimetry systems; alanine/agarose gel and alanine films

The gel dosimeter treated in this work is a stiff agarose gel, heavily doped with alanine. The idea of an
alanine gel for dosimetry was first described by Wielopolski et al (1987) in the form of an agar based
gel, carefully composed to be as tissue equivalent as possible. We have used a simplified composition,
including only water, alanine and pure agarose, which is a more well defined substance than agar. In
addition, we have almost doubled the alanine concentration to increase the amount of alanine crystals
and thereby increase the sensitivity.
When the gel is irradiated samples are collected at positions of interest, and analysed with ESR
spectroscopy. The shape of the sample can be chosen as convenient for the situation. If a high spatial
resolution is needed in one dimension, the samples can be cut out as thin slices. The sample volume has a
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lower limit, given a required measurement precision, since the signal intensity depend on the amount of
crystalline alanine in the sample. For practical reasons, for example the texture of the gel, it is also
difficult to cut slices thinner than 1 mm. In volumes where a finer spatial resolution than this is needed,
thin alanine films can in stead be used. The films can be stacked to give a depth dose curve with a very
fine spatial resolution. The thin (132µm) alanine films used in this work are commercially available from
Gamma-Service Produktbestrahlung GmbH.

The alanine/agarose gel is intended for measurements in all kinds of radiation therapy. The more tissue
equivalent, agar based, version has been used by Ciesielski et al (1996) for recording the depth dose
curve from an accelerator beam for external radiation therapy. Our intention is primarily to use the gel
and the films as complementary dosimeter systems for measurements around brachytherapy sources.
The gel is used in order to get a three dimensional dosimeter where the dosimeter material also serves as
phantom material. The rapid decrease of absorbed dose with the distance from a brachy therapy source
raises a need for a high spatial resolution. The thin alanine films are utilised to get a high spatial resolution
in limited volumes, for example close to interfaces between different materials. The steep dose gradient
also requires a dosimeter material with a wide dose range and no spatial signal diffusion, requirements
that are fulfilled by both dosimetry systems.
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2. Method

2.1 Alanine/agarose gel

2.1.1 Gel preparation
The gel was prepared of alanine, distilled water and agarose, where the alanine concentration was  40%
and the agarose concentration was 1% by weight. The water was mixed with agarose and heated to
90°C, after which the alanine was added. The high alanine concentration supersaturated the mixture with
alanine, which recrystallised when the gel was cooled down. The crystals were then trapped in the gel
and no measurable radical diffusion was detected in the gel. The gelling temperature was 38 -  40°C.
The cooling took place in room temperature while the mixture was stirred with a magnetic stirrer to
ensure a homogeneous composition of the dosimeter gel. Just before gelling, the mixture can be cast into
a shape chosen as convenient for the situation.

2.1.2 Irradiation
For the calibration procedure described here, the gel was cast into the shape of six small cylinders, each
with a height of 27 mm and a diameter of 13 mm to fit in a phantom made of polymethyl methacrylate
(PMMA). The phantom also contains a holder for an ion-chamber which makes it possible to relate the
applied dose to a calibrated ion-chamber (NE 2505-3), traceable to a Primary Standard Dosimetry
Laboratory (PSDL).
Figure 1 shows a schematic drawing of the irradiation situation.

 

4 MV

ion-chamber

alanine/agarose gel cylinder

Figure 1
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The six gel cylinders were irradiated to six different absorbed doses from 5 to 100 Gy. The exact dose
values are given in table 2 in chapter 5.1.
The irradiation was made with a 4 MV linear accelerator (Varian Clinac 600). The source to surface
distance (SSD) was set to 100 cm and the irradiation field to 10 x 10 cm. The gel cylinder and the ion-
chamber were placed 5 cm below the surface. To compensate for the dose gradient, the gel was rotated
180° after half the irradiation time.
The ion-chamber is calibrated to read kerma in air, which can be converted to absorbed dose in the
surrounding medium (in this case PMMA) at the site of the chamber (see chapter 3). Assuming a
homogeneous beam, this value of the absorbed dose in PMMA should be valid also at the site of the
alanine gel. In order to obtain the absorbed dose in the alanine gel, a conversion was made according to
Eq. 7a in chapter 3.

2.1.3 Sample preparation
After irradiation, samples were cut from the gel cylinders. For the gel composition used in this work a
sample weight of ~0.16 g was used, which corresponds to a volume of ~0.14 cm3 (density: 1.17 g/
cm3).
Seven tablets were prepared from each gel cylinder as described below, where three were of roughly
the same height (average: 3.2 mm, standard deviation (SD): 0.3 mm), and four had a distribution in
height between 1.5 and 5.0 mm. The three uniform tablets were used for the calibration and for
determining the dose resolution in the experiment. All seven tablets, with varying heights, were used for
an empirical investigation of the relation between signal intensity and tablet height.

When a sample is analysed with ESR, the signal amplitude depends strongly on the geometry in the
spectrometer cavity. It is therefore necessary to settle a fixed size and shape for the samples, or if
possible to correct for the differences. A simple way of getting a reproducible geometry is to press the
gel samples to cylindrical tablets with a diameter of 4.5 mm using a hand tablet press.
Since the ESR signal is related to the alanine mass in the sample, the gel tablets were carefully weighed
with a balance of type AND HR200, and the signal value was divided by the sample weight.
In addition to a reproducible sample shape, the pressing of the gel into tablets also gives a strongly
reduced water concentration in the samples. This is urgent since the water molecules are dipoles and
would distort the ESR spectrum. An alternative way to deal with this problem is to hinder the rotation of
the water molecules by freezing the sample with liquid nitrogen. This technique has practical
disadvantages, such as sample movements due to boiling of the liquid nitrogen during analysis. When the
gel instead is pressed to tablets, enough water is pressed out to allow analysis in room temperature.
A disadvantage with this method is that it is difficulty of reaching a uniform sample mass, resulting in a
considerable spread in tablet height. The magnetic field in the resonance cavity varies over the cavity
volume, giving a change in the signal intensity even with a very small change in the position of the tablet.
Therefore the signal must be corrected, not only for sample weight but also for sample height, see
section 5.1.2.
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3.1.4 ESR analysis
The ESR spectrometer used for the analysis was a Bruker ER 200D-SRC operating at the X-band,
equipped with the ESP 1600 computer system, and the settings were:

Microwave power: 1 mW
Scan range: 300 G (30 mT)
Sweep time: 41.94 s
Time constant: 40.96 ms
Modulation amplitude: 7.25 G (725 µT)
Modulation frequency: 100 kHz

In order to correct for fluctuations in the spectrometer sensitivity, a reference sample was placed in the
resonance cavity together with the tablet sample as indicated in figure 2. The reference sample used was
a MgO:Mn2+ sample, where the manganese impurity gives an ESR-spectrum of six lines that do not
interfere with the alanine signal.

inner quartz glass tube

outer quartz glass tube

gel sample tablet

reference sample

resonance cavity

Figure 2

The outer quartz glass tube in Figure 2 was fixed in the cavity and the inner tube was movable, allowing
rotation of the sample. If the alanine crystals in the tablets are not completely randomly orientated, the
signal amplitude will vary with the tablet orientation in the magnetic field. This is due to the non-isotropic
nature of the alanine signal.
The orientation dependency was tested by rotating the inner quartz glass tube with a tablet sample
register the ESR signal every 45°. The ESR signal was found to be anisotropic, and therefore all tablets
in the experiments described above were analysed in four orientations, each separated by 90°. Every



9

spectrum consisted of 2 added scans, and the average of the four obtained signals was used for the dose
determination.

3.1.5 Signal evolution with time
Pressed gel tablet samples can not be regarded as completely dry and the remaining water might affect
the stability of the alanine radicals. Therefore, one tablet was analysed 26 times during a period of 133
days in order to measure the signal evolution over time. The tablet was stored in room temperature in a
relative humidity of 30-60%. To minimise the uncertainties the tablet was fixed in the resonance cavity,
but for practical reasons the cavity had to be removed from the wave guide of the spectrometer between
the readouts.

2.2 Alanine films

2.2.1 Materials
The alanine films used in this work were obtained from Gamma-Service Produktbestrahlung GmbH.
They consisted of a backing of polyethylene terephtalate (PET) plastic and a coating of 50% (wt.)
alanine and 50% (wt.) binder material (transpolyoctenamer rubber). The alanine/binder layer had a
thickness of 82 µm, while the backing thickness was 50 µm, giving a total film thickness of 132 µm. The
films had an active area of 35 x 4 mm, and a paper extension for easy handling and tagging.

2.2.2 Irradiation
Irradiation of the films was made following the same procedure as for the alanine/agarose gel. Four
stacks of six films each, were placed in a PMMA holder designed to fit into the PMMA slab phantom,
at the place of the gel cylinder in Figure 1, together with the ion-chamber. They were irradiated with the
same accelerator and settings as the gel cylinders to doses from 50 to 110 Gy. The exact doses are
given in table 3 in chapter 5.2.

2.2.3 ESR analysis
The films were analysed by means of ESR spectroscopy with a spectrometer of type Bruker EMS 104,
operating at the X-band. The readout was made  with the following settings:

Microwave power: 1.58 mW
Scan range: 15.8 G (1.58 mT)
Sweep time: 83.9 s
Time constant: 2621 ms
Modulation amplitude: 10 G (1.0 mT)
Modulation frequency: 100 kHz

The scan range included only the middle line of the alanine spectrum.

To ensure that the films had the same positions and orientations in the ESR cavity in all measurements,
each film was placed in a flatcell type glass tube from Gamma-Service Produktbestrahlung GmbH during
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readout. Hence, the films were read in only one direction. A resultant spectrum consisted of 10 added
scans.

The EMS 104 manual recommends that a calibration curve is recorded once, and that the spectrometer
always is “instrument calibrated” at certain time intervals specified in the manual. “Instrument calibration”
is a procedure where a stable internal reference sample, following the EMS 104 spectrometer, is read.
All subsequent measurements are normalised to the signal of the reference sample, and can ideally be
related to a calibration stored on file since short- and long term fluctuations should be accounted for.
However, this procedure was found to introduce large uncertainties in the determination of low absorbed
doses. A possible explanation is the mismatch in magnitude of the reference and the film signals. Hence,
it is not recommended to rely on the procedure of “instrument calibration” for measuring low doses.
Instead, it is recommended that films of unknown doses always should be evaluated together with the
calibration dosimeters.

2.2.4 Signal evolution with time
To check the signal stability for the alanine films, one film was analysed 28 times taking one scan each
time, and in addition five times taking 10 scans each, during a period of 48 days. For this experiment the
film was irradiated with a conventional x-ray source (60 kV, 40 mA) to an absorbed dose of about 1
kGy. The film was stored in room temperature at a humidity of 30-60%. For these measurements, the
sample signal was normalised to the signal from the internal reference sample in the EMS 104
spectrometer to correct for spectrometer instability. As mentioned in the previous section, this procedure
leads to an increased uncertainty in the findings.
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3. Dose conversions

3.1 Theory

The absorption of radiation energy in matter depends on the scattering and absorbing properties of the
material. These properties vary with the radiation energy. When the dosimeter material differs from the
material in which the dose is to be determined, a dose conversion must be performed from absorbed
dose in the dosimeter to absorbed dose in the surrounding material. In addition, a corresponding dose
conversion must be made at the calibration of the dosimeter if the calibration dosimeter is made of a
different material than the dosimeter that is being calibrated.

The gel and the films were calibrated towards an ion chamber with an air kerma calibration factor NK,air,
which was traceable to the Swedish secondary standard dosimetry laboratory. Since the two dosimeter
systems should be possible to use for radiation qualities other than the calibration quality, they must first
be calibrated to read the absorbed dose in the dosimeter material itself, i.e. a ND,dosim-factor is derived.
This ND,dosim is assumed to be independent of the radiation energy. In a second step, the measured dose
in the dosimeter material can be converted to the dose in the phantom material, for the present radiation
quality.
Since this report concentrates on calibrating the two alanine dosimetry systems, the dose conversion is
performed in detail for the first step, while the second step is only generally described.

3.1.1 First step; absorbed dose in the dosimeter material
The first conversion of the NK,air-factor to the ND,dosim-factor at the calibration quality, must be made via
a calibration factor giving the absorbed dose in the surrounding material, at the site of the chamber, in the
calibration situation. The surrounding medium was in this case PMMA and the calibration factor is
denoted ND,PMMA. The calculation of ND,PMMA is made according to the procedure presented in the
IAEA code of practice (IAEA, 1987).
For the conversion from dose in PMMA to dose in the dosimeter it is suitable to use Burlins cavity
theory (Burlin, 1966) since the diameters of both the gel cylinders and the film stacks were of the same
order of magnitude as the range of the secondary photons.
Generally, the absorbed dose in a cavity is related to the absorbed dose in the surrounding medium as:

)E(fDD mc ⋅= Eq. 1

where: Dc = absorbed dose in the cavity
Dm = absorbed dose in the medium
f(E) = conversion factor depending on the photon energy, the cavity size and the

composition of the cavity and the medium

According to Burlin the factor f(E) is given by:
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f (E) = d ⋅ s m
c + 1− d( ) µ en

ρ

 

 
  

 
 

m

c

Eq. 2

where: s m
c  = ratio between the mass stopping power of the cavity material and of 

the medium material, averaged over the energy spectrum
µ en / ρ( )m

c
 = ratio between the mass energy absorption coefficient of the cavity 

material and of the medium material, averaged over the energy spectrum

The factor d is a weighting factor depending on the size of the cavity and the range of the secondary
electrons:

d =
1 − e−βg( )

βg
Eq. 3

where: β  = effective attenuation coefficient for electrons in the cavity material
g = average path length in g/cm2 for the electrons crossing the cavity = 4(cavity
volume)/(cavity surface) (Burlin, 1969)

β  is obtained experimentally by observing how the absorbed dose in a medium from a β-emitting nuclide
decreases with increasing depth in the medium. The absorbed dose D in a medium irradiated with
electrons, is approximately related to the depth x in the medium as:

D(x) ∝ e−βx Eq. 4

Loevinger (Loevinger, 1956) introduced a formula for β  as a function of the maximum electron energy
Em given in MeV, of β-rays in air:

β =
16.0

Em − 0.036( )1 .40 cm 2 / g[ ] Eq. 5

Since there are no reliable formulas for β  in water or tissue in the literature, Eq. 5 is the best to use for all
substances with low atomic numbers.

3.1.2 Second step; absorbed dose in the medium in the experiment situation
When a dosimeter, calibrated as described above, is used for determining the absorbed dose in some
surrounding medium, at a radiation quality different from the calibration quality, a new conversion factor
as defined in Eq. 1 is needed. This new conversion factor, to convert absorbed dose in the dosimeter
material to absorbed dose in surrounding medium in the experiment situation, is denoted f2(E). The
conversion factor used in the first step is now denoted f1(E). Similarly, the surrounding medium in the
calibration situation is denoted m1, while medium in the experiment situation is denoted m2.
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The factor f2(E), like f1(E), depend on photon energy, cavity size and composition of the cavity and the
medium.
The dose conversion between dosimeter and medium material, as well as the total dose conversion
between m1 and m2, is now expressed as

D
1

f (E)
D

f (E)
f (E)

Dm
2

c
1

2
m2 1= = Eq. 6

Please note that since both f1(E) and f2(E) are energy dependent, the ratio between them depends on the
radiation quality of each step. This means that even though m1 might be equal to m2 (eg both can be
water), the ratio of dose conversion factors is most unlikely equal to unity, as long as the radiation quality
is different for the two irradiation situations.

3.2 Calculation of first step conversion factors

3.2.1 Photon and secondary electron spectra
All variables in Eq. 2 are energy dependent. To evaluate the dose conversion factor, the photon and
electron energy spectra at the site of the dosimeters in the accelerator beam, are therefore required.
A typical photon energy spectrum at the phantom surface, from a 4 MV linear accelerator, has been
calculated by Mohan et al. (1985) and is expressed as normalised fluence in Table 1.

Table 1

Photon energy
[MeV]

Normalised
Fluence

0 – 0.25 0.00E+00
0.25 – 0.50 4.25E+00
0.50 – 0.75 1.75E+01
0.75 – 1.00 1.35E+01
1.00 – 1.25 1.33E+01
1.25 – 1.50 1.38E+01
1.50 – 1.75 8.75E+00
1.75 – 2.00 6.50E+00
2.00 – 2.25 6.25E+00
2.25 – 2.50 4.25E+00
2.50 – 2.75 3.25E+00
2.75 – 3.00 1.75E+00
3.00 – 3.25 2.25E+00
3.25 – 3.50 2.25E+00
3.50 – 3.75 2.25E+00
3.75 – 4.00 2.50E-01

This spectrum was used as input spectrum when the photon and electron fluence at 5 cm depth in
PMMA was simulated. This simulation was done with the Monte Carlo code MCNP4B (Briesmeister,
1993). The resulting normalised photon and electron fluence spectra are shown in figure 3 and 4.
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3.2.2 Conversion factors for gel and films
From figure 4, the maximum electron energy is estimated to be around 2 MeV which makes β  = 6.22
cm2/g. The gel volume has a diameter of 13 mm and a length of 27 mm, which makes g = 1.23 g/cm2

since the gel has a density of 1.17 g/cm3.



15

A value of d is now obtained by inserting these values of β  and g into Eq. 3:dgel = 0.13
Eq. 2 can thereby be modified to

( )
gel

PMMA

en
gel

gel
PMMAgel d1sd)E(f 








ρ

µ
⋅−+⋅= Eq. 7a

The film stacks have the shape of a rectangular slab with the measures 35 mm, 4 mm and 0.792 mm,
and a mean density of 1.231 g/cm3. This implies that g = 0.160 g/cm2 and dfilm = 0.63 following the
discussion above.
Originally, Burlin defined g as the path length through the cavity in the direction of the incoming beam. If
g instead is taken as the thickness of the stack (0.792 mm) in the direction of the incoming photon beam,
following this definition, the values of g and d are g = 0.098 g/cm2 and dfilm = 0.75.
Eq. 2 applied for the alanine films is then:

( )
film

PMMA

en
film

film
PMMAfilm d1sd)E(f 








ρ

µ
⋅−+⋅= Eq. 7b

Alanine/agarose gel is a composed material that can not found in any tables, but according to Bragg´s
rule (Attix, 1986) the stopping power and the mass energy absorption coefficient can be calculated using
the formulas:

S
ρ

 
 
  

 
 

comp

= wZ1

S
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+ wZ2

S
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Z2

+ .... Eq. 8

and:
µen

ρ

 
 
  

 
 

comp

= wZ 1

µ en

ρ

 
 
  

 
 

Z1

+ wZ2

µ en

ρ

 
 
  

 
 

Z2

+ .... Eq. 9

In the case of stopping power for composed materials in solid or liquid state though, this is only true if all
the included substances are in solid or liquid form. Otherwise the density effect must be considered.
Except for carbon, alanine consists of hydrogen, oxygen and nitrogen whose stopping power values are
all given for the gaseous state when tabulated in ICRU 37 (ICRU, 1984). Hence, Eq. 7 is not sufficient,
but the stopping power values for alanine must be calculated for example according to Berger et al.
(1999).
By weighting over the energy spectrum of the secondary electrons and the photons respectively, the
following average stopping power values and energy absorption coefficients for the present situation
were obtained:

Weighted mass stopping power for PMMA: 2.65 MeV cm2/g
alanine gel: 2.70 MeV cm2/g
alanine films:2.68 MeV cm2/g

Weighted mass en. abs. coeff. for PMMA: 0.0266 cm2/g
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alanine gel: 0.0271 cm2/g
alanine films:0.0267 cm2/g

Together with Eq. 6a and b these values yield for fgel(E) and ffilm(E):

fgel(E) = 1.018 => Dgel = 1.018 · DPMMA Eq. 10a

The flat shape of the films enables two methods for estimating g. Hence, two values for ffilm(E) are
obtained; 1.0082 and 1.0091. Their rounded mean value is used as an estimate of ffilm(E):

ffilm(E) = 1.009 => Dfilm = 1.009 · DPMMA Eq. 10b
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4. Correction factors

The calibration determines the relation between ESR signal and absorbed dose in the dosimeter, for the
calibration situation. For the calibration to be valid at other situations, the signal must be corrected for
influences that differ from the calibration situation. Differences in the radiation quality and the surrounding
medium was discussed in section 3.1.2. In this section some other investigated influences on the ESR
signal are reported.

4.1 Alanine/agarose  gel

4.1.1 The influence of sample orientation
Figure 5 shows the signal variation as a function of tablet orientation during the readout. The sample was
turned 45° between every read-out.
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Figure 5

The signal varies between +5% and -5% from the average signal, with the orientation. To compensate
for this effect, all samples are read out in four directions and the mean value of the signals is used for the
radiation dose measurement. This procedure decreases the uncertainties associated with ESR
measurements.

4.1.2 Height correction
Figure 6 shows the signal per absorbed dose, divided by tablet mass, as a function of tablet height. By
means of the linear least square fit indicated in the diagram, the ESR signals can be normalised to one
standard height.
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It should be noted however, that this empirical correction is valid only for the sample positioning in the
resonance cavity, as well as the type of sample, used in this experiment. The correction should be re-
determined when the readout conditions are changed. The flat slope and the relatively large spread in the
function also implies that this correction is unnecessary for small differences in sample height.

0,00

0,01
0,02

0,03
0,04

0,05

0,06
0,07

0,08
0,09

0,10

0 1 2 3 4 5 6

Sample height [mm]

S
ig

n
al

 [
(G

y*
g

)-1
]

Figure 6

4.1.3 Radical stability
In Figure 7 the relative signal of a gel tablet, normalised to a reference sample placed in the cavity
together with the tablet, is given as a function of time after irradiation. The tablet and the reference
sample were fixed in the cavity throughout the experiment. The spread in the values is large because the
resonance cavity had to be removed from the magnetic field between readouts. Still, we can see that the
signal is reduced by 3-4% in a month and by 7-8% in three months.
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4.2 Alanine films

4.2.1 Radical stability
Figure 8 shows the signal as a function of elapsed time after irradiation. Panel a) shows the short-time
signal stability over the first 70 hours, and panel b) shows the signal stability during 48 days. It can
clearly be seen that the signal decreases about 5% during the first 30 minutes, but after the first hour the
signal is stabilised and the signal fading is only 1-2% during the first two months after irradiation. For
practical reasons, the flatcell with the film had to be removed from the spectrometer cavity between
measurements, which caused a spread in the long term measurements in panel b).
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5. Calibration curves and functions
The calibration curves and functions that are described below, are specific for the present application,
and can not be used as a general calibration of the system. The calibration must always be performed for
each specific experiment and the calibration samples should be read at every occasion of analysis since
the ESR spectrometer sensitivity changes from day to day. The calibration dosimeters should also belong
to the exact same dosimetry system as the experiment dosimeters.

5.1 Alanine/agarose gel
A calibration curve for the alanine/agarose gel was obtained as described in section 2.1. The dose
response and the dose resolutions are presented in Table 2 and Figure 9. Three samples for each dose
are used for the calculation of mean value and standard deviation.

Table 2

Absorbed dose
[Gy]

Mean signal per reference
signal and weight

Standard deviation
of mean sign. [g -1]

Dose resolution
[Gy]

5.1 1.77 0.06 0.4
10.2 2.89 0.12 0.9
30.5 8.19 0.03 0.2
50.8 13.30 0.14 1.0
71.1 18.83 0.52 3.9
101.6 27.47 0.37 2.8

The linear least square fit in Figure 9, i.e. the calibration function, is described by the expression in Eq.
10. This function was also used for estimating the dose resolution.

y = 0.2655x + 0.1620 Eq. 11

The zero dose signal is not exactly zero due to a small background signal from the reference sample and
a random noise. When using the calibration function, relevant correction factors for external influences
must be applied, as described earlier.
The dose resolution is defined as the interval between the doses corresponding to (mean signal + 1 SD)
and (mean signal - 1 SD) on the linear function fitted to the measured points in Figure 9.

Table 2 and Figure 9 shows that the dose response for alanine gel pressed to tablets, is linear and that
the dose resolution is about 5% of the absorbed dose. This can be further improved by increasing the
number of scans in the readout.
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Figure 9

5.2 Alanine films
Signal as a function of absorbed dose in the alanine films is given in Table 3, as the mean signal of the six
films irradiated to the same absorbed dose, together with their standard deviation. The dose resolution
given in Table 3 is estimated in the same way as for the gel tablet samples.
The mean signals are plotted as a function of absorbed dose in Figure 10, and the SD is marked with
vertical error bars. The straight line in Figure 10 is a least square fit given in Eq. 12.

y = 0.0139x + 0.0344 Eq. 12

Table 3

Absorbed dose
[Gy]

Mean signal per reference
signal and weight [g -1]

Standard error of
mean sign. [g -1]

Dose resolution
[Gy]

48.9 0.72 0.01 1.7
68.5 0.97 0.02 2.5
88.1 1.25 0.02 3.0
107.6 1.53 0.01 1.7
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Figure 10 and Table 3 shows that the dose response for alanine film is linear and that the dose resolution
is about 3% of the absorbed dose.
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6. Summary

This report presents a calibration procedure for two ESR/alanine dosimeter systems; an alanine/agarose
gel and thin alanine films. The resulting calibration functions for the present situation are presented
together with some theoretically and experimentally determined corrections.

The samples were irradiated in a 4 MV x-ray beam from a linear accelerator (Varian Clinac 600) with a
traceable ion-chamber (NE 2505-3), used as a dose monitor. The analyses of the gel samples were
made with the ESR spectrometer Bruker ER 200D-SRC operating at the X-band, equipped with the
ESP 1600 computer system. The films were analysed with an ESR spectrometer of type Bruker EMS
104, which is a table spectrometer dedicated for dosimetry measurements.

In order to achieve a reproducible geometry in the resonance cavity of the spectrometer, the gel was
pressed to tablets with a manual tabletop pellet press and placed in a cylindrical quartz glass tube.
Pressing the gel to tablets also makes the water concentration sufficiently reduced to allow analysis at
room temperature. The dipole nature of the water molecules would otherwise distort the spectrum.
The manufactured films were placed in a flatcell type tube made of quartz glass. This enabled a
reproducible orientation of the film in the cavity.

To correct for fluctuations in the spectrometer sensitivity, a reference sample can be read out
simultaneously with the gel tablet. A manganese sample is a suitable reference since its signal does not
interfere with the alanine signal. In this work a MgO:Mn2+ sample was used.
In the case of alanin films it was not possible to put a reference sample in the cavity together with the
film, but the EMS 104 spectrometer is equipped with an internal reference giving a strong signal. The
procedure of normalising the alanine signal to the reference signal, to correct for sensitivity fluctuations, is
not recommended for low dose measurements. The calibration films should always be evaluated together
with the films of unknown absorbed doses. This is due to the mismatch between the alanine signal and
the reference signal.

When pressing the gel to tablets it is difficult to achieve the same height for all tablets. Tablets of different
heights would experience different magnetic field values in the cavity because of a non-uniform magnetic
field. The relation between sample height and signal strength was investigated, and a height correction
was estimated.
The signal was also found to vary between +5% and -5% around the average signal, depending on the
orientation of the tablet. The samples should therefore be read in at least four directions and the average
signal should be used.

The monitoring ion-chamber was calibrated to give the kerma in air. From this, the absorbed dose in the
surrounding medium (here PMMA) can be estimated. To further obtain the absorbed dose in the
dosimeter, a conversion factor is required. This conversion factor was estimated for the current photon
beam. With this conversion factor, absorbed doses in the dosimeters were calculated and used for the
reported calibration functions.
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If the calibration samples are not irradiated at the same time as the samples that are to be calibrated it is
important to know how the signals of the calibration samples changes with time. Therefore,
measurements of the radical stability was made. The gel tablets lose 3-4% of their signal in one month
and 7-8% in three months. The films lose 5% of their signal during the first 30 minutes after irradiation,
but in the following two months the fading is only 1-2%.
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