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 1. Introduction

In brachy therapy treatment, as well as in treatment with external beams, it is of crucial importance
to thoroughly determine the absorbed dose in the tumour, in surrounding normal tissue and in risk
organs.
Several kinds of gel dosimeters have been, or are about to be, developed in order to get a three
dimensional dosimeter, which would be very useful, especially in the context of brachy therapy.
The need for high spatial resolution is raised by the fact that the absorbed dose decreases very fast
with the distance from a brachy therapy source. The steep dose gradient also requires a dosimeter
material with a wide dose range and no signal diffusion.

Examples of gel types in use for dose measurements around brachy therapy sources are
Fe(II)/Fe(III) gel and polymer gels such as BANANA and BANG. These systems are analysed
with magnetic resonance imaging (MRI) which gives a detailed picture with very high resolution
(~0.5  mm) without the need to cut out samples and thereby destroy the geometry of the gel. One
of the drawbacks for MRI-gels is that inhomogeneities in the magnetic field make it difficult to
calibrate the gel in absolute values of absorbed dose.
The Fe(II)/Fe(III) gel (Olsson, 1989) is the most well known of the gel dosimeters mentioned. The
working principle is that it contains Fe(II)-ions that are oxidised to Fe(III)-ions when irradiated.
The differences in paramagnetic properties between the ions can then be used to make an MRI-
image of the dose distribution. The dose response is linear up to 40 Gy.
The problem with this dosimeter type is the rapid diffusion of the Fe-ions which makes it necessary
to image the gel immediately after irradiation to maintain the high resolution (Balcom, 1995).
In 1993 Maryanski et al. (Maryanski, 1993) reported a tissue-equivalent gel based on agarose,
acrylamide and N,N´-methylene-bis-acrylamide (bis) in a de-aerated aqueous solution. The gel is
called BANANA and works as a dosimeter due to the radiation induced polymerisation of the
monomers acrylamide and bis. Later on, the agarose was replaced by gelatin because of its lower
background signal. It is also more transparent which makes it easy to optically see the dose
distribution since the polymerised gel volume changes to a white colour. This new gel is called
BANG, and when further improved by substituting the acrylamide with acrylic acid it got the name
BANG-2 (Maryanski, 1994 and Maryanski, 1996).
The BANG-2 gel can measure doses down to 0.1 Gy which is much below the limit for both
alanine gel and Fe(II/III) gel, but the dose response is only linear up to 6 Gy. Another drawback is
the difficulties in preparing the gel. The preparation has to be made absolutely oxygen free since
oxygen inhibits the polymerisation, and the gel must be stored in glass containers since most
plastics are oxygen permeable. This puts great requirements on the preparation equipment, or the
gel has to be bought, already cast in a predetermined shape. The glass container might also give
some dosimetric effects since it has a higher atomic number than the gel itself.

We have instead used a stiff agarose gel, heavily doped with alanine. The gel is heated and over
saturated with alanine which recrystallizes when the gel is cooled down.
When crystalline alanine is irradiated, radicals are formed which can be detected by means of
electron spin resonance (ESR) spectroscopy. A signal proportional to the amount of radicals is
then obtained. Since the amount of radicals is proportional to the absorbed dose, the substance
may serve as a dosimeter material. The radicals in alanine are unusually stable because of the
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crystalline form, and in pure dry crystals the signal remains almost unchanged for several years
(Regulla, 1982).
When the alanine is added to an agarose gel, the crystals are trapped in the gel which prevents
signal diffusion. After irradiation, samples can be cut out at positions of interest. For the gel
composition used in this work a sample weight of ~0.16 g is needed, which corresponds to a
volume of ~0.12 cm3 (density: 1.28 g/ cm3). The shape of the sample can be chosen as convenient
for the situation.
The ESR analysis does not destroy the signal and thereby repeated read-outs of one sample are
allowed.
Alanine has a linear dose response from well below 1 Gy up to 104 Gy. The sensitivity when used
in a gel allows doses down to ~3 Gy, as will be shown later on in this report.

To make absolute dose measurements possible, as well as relative, the alanine/agarose gel requires
calibration.
Absolute dose measurements are for example needed to verify Monte Carlo calculations
experimentally. Dose planning systems used today do not take into account scattering effects at
interfaces between materials of different atomic numbers, or scattering effects in a larger volume
due to inserted shielding material. To verify that these simplifications do not set the outcome of
the treatment at risk, and if possible to correct for the introduced errors, experimental
measurements in such critical situations are needed.
The aim of this report is to indicate a way of calibrating the alanine/agarose gel, and to examine
the radical stability in the obtained calibration samples.
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2. Method

The gel consisted of alanine, distilled water and agarose, where the alanine amounted to 40% and
the agarose amounted to 1% by weight. The water was mixed with agarose and heated to 90°C,
after which the alanine was added. The mixture was cooled down in room temperature while
stirred with a magnetic stirrer to ensure a homogeneous material.  Just before the mixture gelled
(gelling temperature: 38 - 40°C), it was cast into the shape of six small cylinders 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

Figure 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.
The ion-chamber is calibrated to give the absorbed dose in water at the site of the chamber. The
measured value was recalculated according to Eq. 9 in chapter 2, in order to obtain the absorbed
dose in alanine gel at the site of the chamber. Assuming that the beam is homogeneous, this
calculated value should be valid also for the actual site of the alanine gel. The dose gradient makes
it necessary to rotate the gel 180° after half the irradiation time.
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The six gel cylinders were irradiated to six different absorbed doses; 5, 10, 30, 50, 70 and 100 Gy.
More exact values of the doses are given in Table 2 and 3, chapter 5.

The ESR spectrometer used was a Bruker ER 200D-SRC operating at the X-band, equipped with
the ESP 1600 computer system.
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. Two possibilities are presented in this report; to pack the
gel in small glass tubes and to press the gel to tablets with a hand tablet press. The procedures for
the two alternatives are described in the following.

Glass tube samples
The irradiated gel was packed in small tubes made of quartz glass, with a length of 20 mm and an
inner diameter of 2 mm. The tubes were grinded to be as uniform as possible. Three glass tubes
were prepared for every gel cylinder, and the gel content was carefully weighted. The packed glass
tubes will from now on be referred to as tube samples.

The tube samples were analysed by means of ESR spectroscopy at a temperature of 77 K with the
following settings:

Microwave frequency: 9.63 GHz (X-band)
Microwave power: 1 mW
Centre magnetic field: 3424 G (342.4 mT)
Scan range: 300 G (30 mT)
Modulation amplitude: 7.25 G (728 µT)
Modulation frequency: 100 kHz

An introduction on the ESR spectroscopy technique can be found in ESR textbooks (Weil, 1994).
The low temperature is necessary since the samples still contain some water. The water molecules
are dipoles and will distort the ESR spectrum if their rotation is not hindered, for example by
freezing.

The tube sample was placed in a glass tube, sealed in the bottom, which in turn was put in a dewar
filled with liquid nitrogen. The dewar was shaped to fit the spectrometer cavity.
Between every tube sample analysis, an analysis of a reference sample containing 13C was made to
correct for spectrometer fluctuations over time. The tube sample signal was related to the
reference signal to make it possible to compare measurements made at different occasions.
To check the radical stability the analysis was made 6 times during a period of 85 days. The
samples were stored in room temperature at a humidity of 30-60%.

Tablet samples
Instead of packing the irradiated gel in glass tubes, it can be pressed to cylindrical tablets with a
diameter of 4.5 mm. This is an easy way of getting a reproducible geometry, and since all water is
pressed out, there is no need to freeze the samples. One can also presume an even better radical
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stability than for the humid glass tube samples. The absence of water in the samples was verified
by checking the shape of the ESR lines and compare it to the spectrum from pure, dry alanine
crystals.
The drawback of this method is that it is difficult to control the weight of the sample, which gives
a considerable spread in tablet height. Therefore the signal must be corrected, not only for sample
weight but also for sample height. The S/N-ratio is also lower when the sample is analysed in
room temperature than in the temperature of liquid nitrogen, because of the Maxwell-Boltzmann
distribution.
Seven tablets were prepared from each gel cylinder, where three were of roughly the same height
(average 2.6 mm, SD: 0.2 mm), and four had a distribution in height between 1.5 and 5.0 mm.
The tablets were analysed by ESR. In this case, since the read-out was made at room temperature,
there was no need for a dewar. This gave the possibility of placing a reference sample in the cavity
simultaneously with the tablet sample. 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.

The settings used for the tablet samples were:

Microwave frequency: 9.71 GHz (X-band)
Microwave power: 1 mW
Centre magnetic field: 3456 G (345.6 mT)
Scan range: 300 G (30 mT)
Modulation amplitude: 7.25 G (728 µT)
Modulation frequency: 100 kHz

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 turning a tablet sample 45° at a time and register the
ESR spectrum for each direction.
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3. Theory

To simplify the inter-comparison of results from different experiments, the absorbed doses are
often converted to absorbed dose in water. Most ion-chambers are calibrated with an ND-factor
that gives absorbed dose in water at the site of the chamber when the condition of charged particle
equilibrium is fulfilled. The alanine/agarose gel differs somewhat from water regarding density and
mass absorption coefficient, and this makes it necessary to convert the obtained absorbed dose in
water to absorbed dose in gel.
The alanine gel was surrounded by PMMA (considered as water) during the irradiation. Since the
diameter of the irradiated gel volume was of the same order of magnitude as the range of the
secondary photons it is necessary to use Burlins cavity theory (Burlin, 1966) for the conversion
from dose in water to dose in gel. According to Burlin the absorbed dose in the cavity is related to
the absorbed dose in the surrounding medium as:

Dc = Dm ⋅f (E) Eq. 1

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

the cavity and the medium

The factor f(E) is given by:

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 for the electrons crossing the cavity =

= 4(cavity volume)/(cavity surface) (Burlin, 1969) where the lengths are in
g/cm2
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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
even for these and other substances with low atomic numbers.
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4. Calculations

The maximum electron energy is in this case c:a 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 = 2.24 g/cm2 since the gel
has a density of 1.28 g/cm3.
A value of d is now obtained by inserting these values of β and g into Eq. 3:

d = 0.07

Eq. 2 can thereby be modified to:

f (E) = 0.07⋅s water
gel + 0.93 ⋅ µ en

ρ
 
 
  

 
 

water

gel

Eq. 6

To calculate the average mass stopping power ratio and the average mass energy absorption
coefficient ratio between gel and water, the energy spectrum of the secondary electrons and of the
photons are needed. A typical photon energy spectrum from a 4 MV linear accelerator has been
calculated by Ahnesjö (Ahnesjö, 1989) and is expressed as normalised energy fluence in Table 1.
Table 1 also gives the average energy of secondary electrons produced by Compton scattering.
Only Compton scattering is taken into account since other interaction types represent less than 1U
for the energies of interest.

Table 1

Photon energy
[MeV]

Normalised
energy fluence

Normalised
fluence

Average energy of
secondary electrons [MeV]

0.20 1.11E-04 7.84E-04 0.043
0.30 3.09E-03 1.46E-02 0.081
0.40 1.08E-02 3.82E-02 0.124
0.50 1.88E-02 5.31E-02 0.171
0.60 2.49E-02 5.87E-02 0.221
0.70 2.93E-02 5.92E-02 0.286
0.80 5.16E-02 9.12E-02 0.327
1.00 8.64E-02 1.22E-01 0.440
1.25 1.01E-01 1.14E-01 0.595
1.50 1.53E-01 1.44E-01 0.742
2.00 1.93E-01 1.36E-01 1.061
2.50 1.62E-01 9.16E-02 1.369
3.00 1.46E-01 6.88E-02 1.731
4.00 2.01 E-02 7.10E-03 2.428

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

ρ
 
 
  

 
 

comp

= wZ1
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ρ
 
 
  

 
 

Z1

+ wZ 2

µen

ρ
 
 
  

 
 

Z 2

+ .... Eq. 8

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 Seltzer and Berger (Seltzer, 1982 and Seltzer, 1984).
By weighting over the energy spectrum of the secondary electrons and the photons respectively,
the following effective stopping power values and energy absorption coefficients for the present
situation were obtained:

Mass stopping power for water: 2,191 MeV cm2/g
Weighted mass stopping power for alanine gel: 2,165 MeV cm2/g
Mass energy abs. coeff. for water: 0,0272 cm2/g
Weighted mass energy abs. coeff. for alanine gel: 0,0268 cm2/g

Together with Eq. 6 these figures give a value of the conversion factor f(E) to be used in the
present experiment:

f(E) = 0.985 => Dgel = 0.985 · Dwater Eq. 9
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5. Results

5.1 Glass tube samples

Dose response and dose resolution
The result is given in Table 2 as the mean signal of the three samples irradiated to the same
absorbed dose. The standard deviation is calculated from the three measured signals for the same
dose. The mean signals and the standard deviations (SD) are plotted as a function of absorbed
dose in Figure 2.
The dose resolution given in Table 2 is calculated as the interval between the doses corresponding
to (mean signal + 1 SD) and (mean signal - 1 SD) respectively on the linear function fitted to the
measured points. The linear fitting is calculated as a least square fitting and the resulting
expression is given in Eq. 10.

y = 0.313x Eq. 10

Table 2

Absorbed dose
[Gy]

Mean signal per reference
signal and weight

Standard deviation
of mean sign. [g-1]

Dose resolution
[Gy]

4.92 1.68 0.093 0.60
9.85 3.16 0.072 0.46

29.62 9.31 0.390 2.51
49.4 15.48 0.418 2.69

69.25 21.49 0.788 5.07
99.03 31.12 1.456 9.38
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The plotting in Figure 2 shows that the dose response for alanine gel in the form of tube samples,
is linear and that the dose resolution is about 10% of the absorbed dose.

Radical stability
In Figure 3 the average signal divided by absorbed dose, weight and reference signal is given for
each occasion of analysis. It can clearly be seen that the radicals are very stable in spite of the
moist surroundings. Signal fading can be neglected at least during the first month after irradiation.
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Figure 3
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5.2  Tablet samples

Sample orientation
Figure 4 shows the signal variation with tablet orientation during the read-out. The sample was
turned 45° between every read-out.
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Figure 4

The signal varies between +5% and -5% from the average signal, with the orientation. To
compensate for this, the sample should be read out in at least four directions and the spectra be
summed up.

Height correction
Figure 5 shows the signal per absorbed dose, corrected for weight, as a function of sample height.
The linear least square fit indicated in the diagram is described by the expression:

y = 0.0023x + 0.0299 Eq. 11

By means of this expression, all signals were normalised to a height of 3 mm.
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Dose response and dose resolution
Like for the tube samples, the dose response and the dose resolutions are presented in Table 3 and
Figure 6. All seven samples for each dose are used for the calculation of average value and
standard deviation.
The linear least square fit in Figure 5, used for the calculation of the dose resolution is described
by the expression in Eq. 12.

y = 0.0337x Eq. 12

Table 3

Absorbed dose
[Gy]

Mean signal per reference
signal and weight

Standard deviation
of mean sign. [g-1]

Dose resolution
[Gy]

4.98 0,18 0,011 0,64
9.94 0,33 0,013 0,75

29.81 1,03 0,048 2,89
49.68 1,74 0,128 7,69
69.60 2,41 0,101 6,08
99.42 3,19 0,178 10,71
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The plotting in Figure 6 shows that the dose response for alanine gel packed to tablets, is linear
and that the dose resolution is about 10% of the absorbed dose.
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5. Summary

This report presents two ways of calibrating an alanine/agarose gel, and the result, in the form of
calibration curves, when applied to the system in Linköping. The irradiations were made in a 4
MV x-ray beam from a linear accelerator (Varian Clinac 600) with an ion-chamber (NE 2505-3) as
a dose monitor. The analyses were made with the ESR spectrometer Bruker ER 200D-SRC
operating at the X-band, equipped with the ESP 1600 computer system.
In the first procedure, the gel sample is packed in small glass tubes in order to achieve a
reproducible geometry, whereas in the other procedure the gel is pressed to tablets with a table
tabletting press.
The tube samples must be frozen when analysed. There is still some water left, which will distort
the spectrum because of the dipole nature of the water molecules. The low temperature gives an
increased signal but makes it difficult to simultaneously read out a reference sample. The reference
sample must be read out before and after every tube sample. It also makes it difficult to control the
orientation of the sample.
The tablet samples, on the other hand, are dry enough to be analysed in room temperature without
any problem. When the dewar for cooling the sample is not needed, there is room for a reference
sample to be read out simultaneously with the tablet. A manganese sample is suitable as a
reference since it gives a signal that does not interfere with the alanine signal. In this work a
MgO:Mn2+-sample was used.
It is very difficult to achieve the same height for all tablets. Different heights cause different shapes
of the magnetic field in the cavity, and therefore a correction is needed. For this reason the relation
between sample height and signal strength was investigated.
It was also investigated how the signal depends on the orientation of the tablet and the signal was
found to vary between +5% and -5% around the average signal. This makes it necessary to turn
the samples during read-out.
The monitoring ion-chamber was calibrated to give the absorbed dose in water. To obtain the
absorbed dose in alanine gel a conversion factor is required. The conversion factor was calculated
for the photon beam used. The obtained factor was utilised to calculate the given absorbed doses,
used for the reported calibration curves.
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