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In this paper, the results of a study on the electron spin resonance (ESR) dosimetry to measure thermal neutron fluence in a
mixed radiation field (neutron and photons) are presented. The ESR responses of alanine dosemeters with different additives
are compared. In particular, the 10B-acid boric and the Gd-oxide were chosen to enhance the sensitivity of alanine dosemeters
to thermal neutrons. Irradiations were carried out inside the thermal column of the TAPIRO reactor of the ENEA center,
Casaccia Rome. The main results are a greater neutron sensitivity and a smaller lowest detectable fluence for the dosemeters
with gadolinium than for dosemeters of alanine with 10B, which is well known to be much more sensitive to thermal neutrons
than simple alanine.

INTRODUCTION

In the cancer treatment named neutron capture
therapy (NCT), the tumour cells are hit through a
binary process characterised by the delivery to
tumour cells of a compound carrying nuclei with an
high thermal neutron capture cross section, and by
the irradiation of the tumour volume with thermal
neutrons. Actually, in the radiotherapic treatments,
epithermal neutrons are used that thermalise at
depths of a few centimetres in tissue, maximising the
dose into the tumour volume. To optimise the pro-
cedure and to enhance the effects on the tumour
cells, an opportune quantity of the target nuclei
inside and in the neighbourhood of the tumour cells
and an adequate fluence of thermal neutrons to
tumour cells are needed. Thus, two variables need to
be controlled in NCT: the concentration of high
cross section nuclei in the tumour and the thermal
neutron fluence.

Moreover, a nucleus must have two fundamental
properties to be used for NCT: it must show a high
neutron capture cross section and the emitted par-
ticles after nuclear reaction must have high LET to
release all their energy in the neighbourhoods of the
cell target. The nuclei that usually are used in NCT
are 10B and Gd(1–3).

The 10B offers an high capture cross section to
thermal neutron (3838-barn). The reaction induced
by thermal neutron in the 10B is 10B(n,a)7Li. In
the detail, two parallel nuclear fission processes
occur after the absorption of a thermalised neutron.

The excited 11B nucleus splits producing two high
LET ions, 2

4He (alpha particles) and 3
7Li. The paths

of these two high-LET particles are of the order of
(4–9 mm). Further, a gamma photon (2.31 MeV
with probability of 94% and 2.79 MeV with prob-
ability 6%) is emitted(2).

The gadolinium is used because two of the seven
stable gadolinium isotopes have high neutron
capture cross section, 155Gd (75 000 barn) and 157Gd
(250 000 barn). The atomic fractions of 155Gd and
157Gd are 0.148 and 0.156, respectively; therefore,
the effective neutron capture cross section is
�50 000 barn. When a neutron is captured by the
gadolinium, a complex reaction is started. In this
reaction, complex inner shell transitions generate
prompt g-emission displacing an inner-core electron,
which involves the emission of an internal-
conversion electron emission, and finally the Auger
electron emission, together with soft X-ray and
photon emissions. In this case, the high LET par-
ticles are the Auger electron, which release their
energy in several nanometers(2).

Thermal neutron fluences are currently measured
with a technique using bare and cadmium-covered
gold foils(4).

Alanine electron spin resonance (ESR) dosimetry
is an accurate method for photon and charged par-
ticle beams, useful both in radiotherapy and in the
industrial application of ionising radiation. An ESR
dosimetry with alanine for thermal neutron beams is
not sensitive enough because of the low neutron
capture cross section of the nuclei in the alanine
molecule. Consequently, the interaction of thermal
neutrons with the nuclei is not much probable, and*Corresponding author: marrale@difter.unipa.it
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so the amount of energy deposited, and the number
of radicals produced in alanine are very small.

To improve the neutron interactions probability, a
nucleus with a high thermal neutron capture cross
section could be added into the alanine dosemeters
to act as a neutron capture centre. The compound
already investigated to improve the ESR dose-
meter sensitivity is the B(OH)3

(5–7). A few efforts have
been made to develop some alternative compounds
to measure fluence with ESR dosemeter without the
use of alanine(8). This and also other investigators
then take advantage of the 6Li content in natural or
enriched Li; 6Li has a high neutron capture cross
section. This method is used for thermoluminescence
as well as ESR- dosemeters used for neutron and
photon mixed field dosimetry at BNCT(9).

In this paper, a method to enhance the radical
yield and, consequently, the ESR signal amplitude
response of alanine to thermal neutrons by mixing
gadolinium oxide and boric acid with alanine is pre-
sented. The method is based on the fact that when a
mixture of alanine with 10B or Gd is irradiated with
thermal neutrons, the stable isotopes, 10B or Gd,
may experience a neutron capture reaction with an
high probability. The projectiles from the nuclear
reaction could impinge on the alanine molecules,
producing extra free radicals. The problem with this
method is that a number of different interactions
occur that cause creations of different radicals in
different amounts in alanine with the result of diffi-
culties in controlling the signal intensity.

MATERIALS AND METHODS

ESR dosimetry

An ESR alanine-based dosimetry is a well-
established method of gamma, electron and proton
dose measurement(10).

Solid-state pellets for an ESR dosimetry were
made using a blend of L-a-alanine (Fluka, Buchs,
Switzerland), gadolinium-oxide (Aldrich Chem.
Co.), boric acid (Aldrich Chem. Co.) in known pro-
portions by weight.

The pellets were realised following a procedure
previously optimised(11) by pressing a blend of 94%
of the appropriate active material [either B(OH)3–
alanine or Gd2O3–alanine or alanine alone], 5% of
polyethylene (Polysciences, MW ¼ 700) as binder
and 1% of magnesium stearate (Carlo Erba, Milano,
Italy) as lubricant. The pellets of alanine with
Gd2O3 addition were realised by pressing a blend
where the two constituent alanine and Gd2O3 were
present in equal proportion in weight (47%), analo-
gously for the pellets of alanine with B(OH)3.

Pellets of �4 mm in diameter and 2.5, 2.5 and
1.9 mm in thickness for alanine, B(OH)3–alanine
and Gd2O3–alanine, respectively, were obtained

with an effective Z/A ratio of 0.503, 0.503 and
0.417, respectively.

The ESR spectra were recorded at room tempera-
ture with a Bruker ECS 106 spectrometer operating
at 9.7 GHz. The peak-to-peak intensity of the
main line of the spectrum was chosen as the dose-
dependent quantity.

The following ESR recording parameters were
chosen to obtain the highest signal-to-noise ratio:
central field, 348.5 mT; sweep width, 20 mT, micro-
wave power, 4 mW; modulation amplitude, 1 mT;
time constant, 655 ms and sweep time, 42 s.

The alanine, B(OH)3–alanine and Gd2O3–
alanine dosemeters were calibrated using a 60Co
source (Alcyon II, General Electric, France) used for
radiotherapy treatments at the Radiotherapy
Department of the Oncology Hospital ‘M. Ascoli’
in Palermo. Dosemeters irradiations were performed
inside a Perspex phantom (30 � 30 � 30 cm3) at the
water equivalent depth of 5 cm; the field size was
15 � 15 cm2, and the source-to-dosemeter distance
was 80 cm; The dose rate at the effective dosemeter
location was evaluated with an overall uncertainty of
2% (95% confidence level) using the ENEA (Ente
per le Nuove tecnologie, l’Energia e l’Ambiente,
Italy) secondary standard ionisation chamber.

The absorbed dose in dosemeters with Gd2O3 is
different from dose in alanine or B(OH)3–alanine
because of the large differences in mass energy
absorption properties. However, the aim of the cali-
bration of the dosemeters to 60Co photons is to
correlate the ESR response of each blend with well-
established values of dose in water. The g-photon
calibration is used to obtain an estimate of the ESR
signal due to the g-component in the mixed field.

Thermal neutron irradiations

Thermal neutron irradiations have been performed
at the TAPIRO reactor, at the ENEA Casaccia
Center, near Rome. Cylindrical dosemeter holders
(22 mm diameter, 7 mm height) were made with
Teflon and utilised for irradiations. Four dosemeters
were placed, in suitable small cavities, inside the
holders, and irradiated inside the thermal column of
the TAPIRO nuclear reactor at thermal neutron
fluence in the range between �1012 and �5
1013 n cm22 measured through the activation gold
foils. Neutron flux in thermal column is mainly com-
posed of thermal neutrons (90% of the total). The
epithermal neutrons are the principal component of
the rest of the neutron flux (�9% of the total).

RESULTS AND DISCUSSION

Table 1 shows, for each value of used thermal
neutron fluences (from 2.4 � 1012 up to 3.92 �
1013 nth cm

22), the tissue neutron kerma calculated
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using the kerma factors(12), and the gamma dose
measured by ENEA laboratories. The ratio between
neutron kerma and gamma dose was �3.5 in each
irradiation.

The irradiated dosemeters of alanine and alanine
with boric acid show the well-known ESR spectrum
centred at about g ¼ 2. The dosemeters of Gd2O3–
alanine show also the ESR signal due to Gd2O3,
which is very wide (�270 mT) and centred in the
g ¼ 2 region field. The contribution of Gd2O3 signal
in the magnetic field range, wherein ESR spectrum
of alanine is present, is linear. To eliminate this
background signal, a linear baseline was subtracted
to each spectrum of Gd2O3–alanine. Figure 1 shows
the ESR spectrum of Gd2O3–alanine (a) before and
(b) after the baseline elimination. The peak-to-peak
amplitude for these dosemeters was measured after
this baseline elimination. The spectra of the three
blends exposed to gamma photons and to neutrons
are shown in Figure 2. The various spectra of the
blends exposed to different quality radiation are

similar. However, a detailed analysis of the radicals
that contribute to the ESR signal is behind the aim
of this work.

For each fluence and for each dosemeter type, the
measured total ESR signal H was due to both neu-
trons and gamma photons; for each irradiation con-
dition, at least three dosemeters were used. The
average value of H was evaluated; the corresponding
standard deviation was found to decrease from �10
to 2% with increasing fluence.

The gamma dose was converted to the corre-
sponding ESR signal intensity Hg using the 60Co
calibration function of ESR dosemeters. The differ-
ence of the total ESR signal and gamma ESR signal
(Hn ¼H 2 Hg) is the signal attributable to thermal
neutrons.

These experimental data of the alanine and
B(OH)3–alanine were analysed through a linear fit

Hn ¼ aþ b F ð1Þ

where F represents the fluence values provided by
the irradiation centre and b is the sensitivity of the
blend to neutrons.

In the experimental data of Gd2O3–alanine, a
slight saturation behaviour was observed; this beha-
viour can be due to an high radical concentration,
which involves saturation. Therefore, the data were

Table 1. Thermal neutron fluences used to irradiate the
dosemeters; for each fluence the tissue neutron kerma was
calculated using the appropriate kerma factor; the gamma

dose was measured through an ionisation chamber.

Fluence
(1012 nth cm

22)
Tissue neutron
kerma (Gy)

Gamma
dose (Gy)

2.65 0.740 0.205
3.92 1.09 0.325
21.2 5.92 1.64
39.2 10.9 3.25

Figure 1. ESR signal of a dosemeter of Gd2O3–alanine
exposed to the mixed field (neutron fluence 3.92 � 1013) (a)
with the ESR signal of gadolinium and (b) after the

subtraction of this signal.

Figure 2. Comparison of the ESR spectra of alanine,
B(OH)3–alanine and Gd2O3–alanine exposed to gamma
photons and to mixed field. Each spectrum is normalised

to its own maximum value.
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fitted with the following function, which takes into
account this saturation trend:

Hn ¼ c 1� e�ðFþdÞ=e
� �

ð2Þ

where c, d and e are the parameters of the non-
linear fitting procedure.

In Table 2, the values of the best-fit parameters
(+ one standard deviation) and the correlation coeffi-
cients are reported.

Figure 3 shows the ESR signal Hn as a function of
thermal neutron fluence for all blends with alanine. In
this figure, the best-fit curves are also shown. Both
Figure 3 and Table 2 show that after thermal neutron
irradiation, the ESR dosemeters with B(OH)3–
alanine compound showed ESR signals up to �12-
fold stronger in intensity when compared with the
dosemeters with alanine as the sole active component.
Moreover, it is evident that the addition of

gadolinium in alanine enhances very much the sensi-
tivity (about a factor 35 with respect to pure alanine)
of the pellets. The sensitivity of alanine dosemeters
with Gd2O3 is greater (about three times) than that
one of B(OH)3–alanine. These results indicate that,
even though the probability of neutron reactions in
Gd is about 13 times higher than in 10B, the sensi-
tivity ratio is about three. According to literature(2),
after the Gd neutron capture reaction, the Auger elec-
trons and the internal conversion electrons release
their energy within a few micrometers. Therefore,
these particles release their energy inside the dose-
meter, whereas the X and gamma photons release
most of their energy outside the dosemeter. Evidently,
even though the number of neutron captured is
greater with Gd addition than 10B addition, the
energy released in the dosemeter by Auger electrons
and internal conversion electrons for each Gd neutron
capture process is smaller than the energy released by

Table 2. Results of the fitting procedure for the three blends of samples. In the last column the LMF computed as discussed
in the main text is reported.

Blend Parameter Correlation
coefficient

LMF
(1010 nth cm

22)
a b

Alanine (6+3) � 1022 (3.88+0.04) � 10213 0.9976 615
B(OH)3–alanine (22+4)�1021 (49.1+0.9) � 10213 0.9968 46

c d e

Gd2O3–alanine (33+5) � 102 (5+5) � 1010 (20+3) � 1013 0.9984 5.8

Figure 3. Response curves of alanine, B(OH)3–alanine and Gd2O3–alanine as a function of the fluence. The fitting curves
adopted are explained in the main text.
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the alpha particles and lithium ion produced in the
10B neutron capture. However, the total energy
released by secondary particle produced in the Gd
neutron capture is greater than in the 10B neutron
capture; therefore, the number of free radicals is
greater with Gd and the sensitivity to neutron is
enhanced.

To verify the improvement related with the
addition of gadolinium, an estimation of the lowest
measurable fluence (LMF) was made. The LMF was
evaluated as the fluence value that produces in the
irradiated pellets an ESR signal equal to the mean
value of the background in unirradiated pellets plus
10 standard deviations(13). The background signal of
six unirradiated pellets for each dosemeter type was
measured in the magnetic field range where the ESR
signal of the free radicals produced after irradiation
is expected to appear (between 347.7 and 349.2 mT).
After a measurement of the background signal and
of its standard deviation, the LMF for the alanine
and the B(OH)3–alanine dosemeters can be
obtained through an inversion of equation (1); in
particular, LMF ¼ [(Hbg þ 10sbg) 2 a]/b, where
Hbg is the background signal and sbg is its standard
deviation. On the other hand, the LMF for the
Gd2O3–alanine dosemeters can be obtained through
an inversion of equation (2), in particular, LMF¼
2d2e�ln[12(Hbgþ10sbg)/c]. The values of the
LMF for all alanine blends are reported in the last
column of Table 2.The lowest detectable fluence is
much smaller in the dosemeters with the gadolinium
than in the dosemeters without gadolinium. The
B(OH)3–alanine shows a LMF value smaller than
simple alanine but, however, greater than that one of
Gd2O3–alanine. The addition of gadolinium there-
fore significantly enhances the sensitivity and
reduces very much the LMF. Both these effects are
due to the high neutron capture cross section and to
the high LET particles, produced in the nuclear
reactions induced by thermal neutrons, which release
the energy in the proximity of the Gd nuclei(2).

As final remarks, the addition of gadolinium in
alanine/ESR dosemeters described in this paper
improves significantly the dosimetric properties of
the alanine dosemeters because it increases the sensi-
tivity to the neutron beam and it reduces the lowest
detectable fluence. In particular from the compari-
son carried out in this work, it results evident that
the enhancements of sensitivity and the reduction of
the LMF with the addition of the gadolinium are
better than those observed with the addition of 10B-
acid boric. The results show that it is possible to
enhance the sensitivity to neutrons of ESR/alanine
dosimetry through the gadolinium addition and
suggest the applicability of ESR in mixed field of
gamma photons and neutrons for typical values of
fluence used in NCT.
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