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The ESR spectrometry, based on alanine dosimeters, is a standard tool for dosimetry of different type ionizing radiations.
The calibrated dosimeters and ESR readers operate rather reliably in the dose range up to 200 kGy. In this study, the ESR spec-
trometry of stable free radicals in alanine, induced by penetrative X- and y-rays as well as neutron and stopped proton irradiations
covering the dose range from a few Gy to a few MGy, has been performed in order to create the generalized calibration function for
the wide range dosimetry. The simulations based on the cumulative generation of ESR active stable radicals R1,R2 and R3 enabled
us to derive the generalized calibration model ascribed to the irradiation fluence from 10" to 2 x 10' particle/cm? normalized

using 1 MeV neutron equivalent.
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1. Introduction

Alanine (CH,CH(NH,)COOH), an amino acid, is one
of the most standardized organic materials for fabrica-
tion of the irradiation dose sensors [ﬂ], as it enables to
cover a rather wide range of measured doses with high
accuracy using commercial dose readers [E] that op-
erate as calibrated and specialized ESR spectrometers.
The alanine dosimeters are very attractive in biomedi-
cal applications due to similarity of alanine features to
human body tissues. Alanine sensors operate reliably
when an electron spin resonance (ESR) signal is pro-
portional to an irradiation dose. By applying the micro-
wave (MW) radiation and varying the magnetic field
the unpaired electron transitions occur when the en-
ergy difference between spin states equals the micro-
wave quantum energy. Measurements of the absorbed
MW energy yield the ESR spectrum. The peak-to-peak
amplitudes of the most intensive peaks determine the
amount of radicals formed by irradiation. Then the ra-
diation dose is evaluated by using the reference dosim-

eters calibrated for the specified irradiations and in-
volving alternative techniques. The characteristic ESR
spectrum of irradiated alanine has a rather invariable
structure [B-7] caused by the existence of a set of radia-
tion formed free radicals R1-R3 that show a long time
stability after irradiation. The combined examination of
the electron nuclear double resonance (ENDOR) and
ESR spectra [] elucidated the structure of free R1-
R3 radicals and location of the unpaired bond electron
within a radiation transformed alanine molecule. It
had been discriminated that the prevailing free radicals
R1 and R2 are structures with localisation of the un-
paired electron at carbon atoms C(2) and C(1), respec-
tively, within the molecule CH,C(2)H(NH,)C(1)OOH,
while the third free stable radical R3 is a set of three
conformations of radical species with the localization
of the unpaired electron at either N or O or C(2) at-
oms within an alanine molecule. Formation of these
three (R1-R3) stable radicals through evolution of
radiation induced transforms of alanine had been
modelled using the density functional theory (DFT)
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and rather well understood []. Nevertheless,
the spectral compositions (X- and y-rays, high energy
electrons, neutrons, protons) and wide range of doses,
when using different radiation sources, complicate
the alanine based dosimetry. At the initial stages of
development of the alanine based dosimetry, a consid-
erable non-linearity of ESR responses of alanine sen-
sors was found [E] in the range of large collected doses,
while a phenomenological expression [E, ﬂ] for the ala-
nine ESR signal vs dose dependence had been derived
for electrons [E, ﬁ] and neutrons [ﬂ]. The alanine do-
simeters, in addition to applications in medical diag-
nostics and therapy, are also promising in the moni-
toring of radiation doses during high energy physics
experiments at accelerator [E, @], nuclear reactor as
well as nuclear waste storage environments. Therefore,
the search for a generalized functional linkage between
ESR signals and irradiation fluences/doses including
various types of irradiations is important.

In this study, the ESR spectrometry of the stable free
radicals in commercial alanine dosimeters, induced
by penetrative X- and y-rays as well as neutron and
stopped proton irradiations covering the dose range
from a few Gy to a few MGy, has been performed in
order to create the generalized calibration function for
the wide range dosimetry. The simulations based on
the cumulative generation of ESR active stable radicals
R1, R2 and R3 enabled us to derive the generalized cal-
ibration model ascribed to the irradiation fluence from
10" to 2 x 10'¢ particle/cm* normalized using a 1 MeV
neutron equivalent.

2. Samples and measurement regimes

In this work, commercial alanine tablet type dosim-
eters with 4.80 £ 0.1 mm diameter and 3.00 + 0.3 mm
height were investigated. The mass of these dosimeters
was 66 + 0.5 mg and the mass ratio of alanine to binder
was 0.96/0.04. This set of samples was irradiated by X-
rays in the dose range of 5-10 kGy using a 6 MeV linear
accelerator Varian Clinac 600 C/D. Several dosimeters
were irradiated using 355 keV energy y-rays produced
by a VariSource 200 instrument, in the range of 10, 20
and 100 Gy doses. A few alanine tablets of the same
type were irradiated by spallator 23 MeV neutrons at
the Louvain-la-Neuve Cyclotron irradiation facilities,
where the range of 2 x 10" and 2 x 10'* cm™ of fluences
was covered. Additionally, a few alanine tablets were
irradiated by 8 MeV protons at the Helsinki University
Accelerator Laboratory facilities by collecting fluences
of 6 x 10" and 7 x 10" cm ™ Thereby, the performed ir-
radiations cover a wide range of doses and types of ra-
diations (60 and 6 MeV X-ray, 355 keV y-rays, 23 MeV
spallator neutrons, 8 MeV protons). The additional

two sets of alanine samples irradiated by X-rays cover-
ing the dose ranges of 0.5-10.5 Gy and 3 Gy - 1 MGy
were included into ESR spectra measurements to make
a reference function within the dose vs signal intensity
dependence.

The ESR measurements have been performed by
using a Bruker Elexsys E580 X-band spectrometer
and a Bruker Alanine Dosimeter Reader operating in
the 8-10 GHz microwave frequency range. The Bruker
intensity etalon sample has always been exploited in
measurements using an Elexsys E580 spectrometer
to account for the changes of spectrometer sensitivity
drift. To control the position of the ESR tube within
a resonator chamber, the position of an ESR tube has
been precisely calibrated by using a teflon “finger”
which fixed the same tube insertion depth. This teflon
finger was taken out after the ESR tube with the sam-
ple was fixed within the resonator chamber. The reso-
nance microwave frequency and relevant MW power
(varied in the range of 0.2-2.4 mW) is initially defined
when the Elexsys E580 spectrometer was employed.
There, several MW power levels have been tried to find
the optimal MW power for the sample under investiga-
tion and to avoid signal distortions. Ranges of satura-
tion of the ESR signal are determined by examination
of the ESR signal changes dependent on the applied
MW power. A set of calibrated dosimeter inserts was
exploited in measurements using the Alanine Dosim-
eter Reader. These Reader inserts contain additional
internal reference samples to control the relevant ala-
nine ESR signal intensity range and to exclude possi-
ble variations of the measurement regime. The routine
dosimetry measurements are based on peak-to-peak
ESR signal intensity measurements []. Nevertheless,
the peak-to-peak and double integral ESR spectrum
analysis techniques [] have been applied in the range
of the largest doses to determine the relation between
the ESR signal and the concentration of free radicals.

All the irradiations and measurements were carried
out at room temperature.

3. Results and discussion

The typical changes of the recorded ESR spectra, at-
tributed to the linear ESR response range and to
that within the saturated branch of the ESR signal vs
the fluence/dose characteristic, are illustrated in Fig. E]
for neutron (a) and 8 MeV proton (b) irradiated ala-
nine dosimeters.

These spectra, especially for neutron irradiated
sensors, contain a structure inherent for high energy
photon and electron irradiated alanine. These spectra,
recorded in dosimeters irradiated with low and moder-
ate fluences, can be well approximated by composing
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Fig. 1. ESR spectra recorded in the alanine dosimeters
irradiated by 23 MeV neutrons (a) and by 8 MeV pro-
tons (b). Irradiation fluences, recalculated to the 1 MeV
neutron equivalent impacts, are denoted within the fig-
ure legends. (c) is the comparison of the simulated (solid
line) and experimental (dot line) ESR spectra attributed
to different radicals (R1, R2, R3 are solid grey lines) for
alanine irradiated with X-rays at a dose of 50 kGy. Here,
the spectra are arbitrarily shifted along an ordinate axis,
to avoid overlap.

the constituents of the spectra ascribed to R1, R2 and
R3 free radicals, with these simulated components tak-
en from Ref. [E]. A spectral sum of the known radicals
R1, R2 and R3 has been simulated by using the Spin
Hamiltonian parameters taken from Ref. [E]. The same

spectra changes were observed for X-ray irradiated
samples. The comparison of simulated (solid line) and
experimental (dot line) ESR spectra attributed to dif-
ferent radicals (R1, R2, R3 are solid grey lines) for ala-
nine irradiated with X-rays at a dose of 50 kGy is illus-
trated in Fig. E](c). Simulations illustrated in Fig. E](c)
were performed similarly to those taken from Ref. [E].
The ratio of peak amplitudes, assumed in Ref. [E] and
ascribed to the radicals R1:R2:R3 = 0.6:0.3:0.1, repro-
duces well the composite ESR spectrum. For the 8 MeV
proton irradiated sensors, the spectral peaks appear
to be a little broadened, so these ESR resonances lose
a tiny structure, resolvable for X-ray and neutron ir-
radiated sensors.

To set a generalized ESR signal vs the fluence de-
pendence, the values of 23 MeV neutron fluence were
recalculated assuming the radiation impacts equivalent
to that of 1 MeV neutrons and using the values of rela-
tive efficiencies reported in Ref. []. There, the 8 MeV
proton fluences were also recalculated to the 1 MeV
neutron equivalent impact. The X- and y-ray fluenc-
es were evaluated using the calibrated dose values of
the test dosimeters supplied to the Bruker Alanine Do-
simeter Reader and assuming an average energy of pho-
tons characteristic of the X-ray tube spectrum, used for
irradiations. The tablet sensor geometrical parameters
were also exploited in the calculations of the cumulat-
ed X- and y-ray fluence. The generalized over different
types of irradiations characteristic of the ESR signal,
recorded in the same alanine sensors, as a function of
fluence is illustrated in Fig. B Additionally, the top scale
denotes the values of irradiation doses.

The generalized distribution of the experimental
ESR signals dependent on irradiation fluence appears
as a rather contiguous spread of ESR signal values, ir-
respective of irradiation type in the range of fluences
from 10" to 10* particle/cm* This collocation of ESR
signal values exhibits a near-linear relation between
the ESR response and fluence. However, the ESR signal
dependence on the irradiation fluence starts to saturate
when fluence values exceed that of 10** particle/cm?
Moreover, the values of the ESR signal for proton ir-
radiated alanine have been obtained to be significantly
less than those recorded in X-ray irradiated sensors for
the range of saturated characteristic. The contiguous
distribution of ESR signals dependent on irradiation
fluence implies the possibility to model the generalized
function which approximates the alanine dosimeter re-
sponse irrespective of irradiation type.

Such a model has been created based on equal
possibilities to form the free radicals of each type.
However, it was assumed that radicals are stable
and that a transformed alanine molecule cannot be
further involved in the interaction with radiation.
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Fig. 2. The ESR central peak-to-peak signal
recorded in the alanine dosimeters irradiated
with different type particles (the respective ir-
radiation type symbols are denoted in the leg-
end) as a function of irradiation fluence. For
hadron irradiations, the fluence values recal-
culated assuming the radiation impact equiva-
lent to that of 1 MeV neutrons were employed
for this plot. Simulated ESR signal depend-
ences as functions of fluence/dose for penetra-
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Then, the number A of alanine molecules interact-
ing with increasing irradiation fluence @ should be
reducing as

A=A, exp(-K®), (1)

where A = m/p . is the initial number of alanine
molecules of the mass 4. within the non-irradiated
sensor of the mass m. The coefficient K determines an
effective cross-section for introduction of a free ala-
nine radical ascribed to a single particle fluence im-
pinging upon the dosimeter. This cross-section value
is estimated by fitting of the experimental data using
the simulation model. There the penetrative radiation
is assumed relative to a thickness d dosimeter. The in-
teraction (between the impinging particle and alanine
molecule) probability can be attributed to the relative
absorption coefficient a /a__  (with the probability
being proportional to this ratio) ascribed to an active
atom (C, N or O) within an alanine molecule-free
radical and normalized to the initial number of mol-
ecules A . The structure of each radical (R1-R3) and
the number of atoms of different type (C, N or O) with-
in the free radical is kept in mind when & /A . is
estimated. The relative values of | ascribed to ‘the pro-
cesses of photo-ionisation and Compton scattering for
X-ray irradiated alanine sensors have been estimated
using the data of measurements of the mass and linear
attenuation taken from Refs. []. Also, it has been
assumed that the radical R, according to [E] is the com-
position of three conformations of radical species with
the localization of the unpaired electron at different
atoms. The backbone function for the generalized ap-
proximation model has been initially fitted to the X-
ray irradiated alanine sensors, as the largest quantity of

tive (solid curve) and stopped (dotted curve)
radiation are also presented.

samples in this study have been X-ray irradiated ones.
The extracted number M(®_) of ESR active centres,
related to the tested irradiation fluence ®,, can then
be evaluated by the integration of the accumulated flu-
ence as

M(®,)= Z . SM'[A(d))dd)
0@ alanine

_i DRi 4 SM (1—eKor) @
i=l AO Galanine ° K .

Here, M is the number of spins which determines
the threshold sensitivity of ESR spectrometer, - in our
case, it has been estimated to be M= 10" for reliable
detection of the M(®,) characteristic in the sensors
of the area S.

The simulated generalized approximation func-
tion has been described by Eq. (2), which fitted satis-
factorily the experimental data attributed to X- as well
as y-ray and neutron irradiated alanine dosimeters,
and it is shown by a solid curve in Fig. @ The fitting
parameters of K= 10 cm’and 2 ¢ /ar, - =5 % 10°
have been obtained. It can be deduced from Fig. ﬁ that
the generalized function represented by Eq. (2) ap-
proximates well the alanine dosimeter response over
a wide range of fluences (from 10 to 2 x 10' parti-
cle/cm?) of X- as well as y-ray and neutron irradi-
ated alanine material. These types of radiation are
penetrative for the examined 3 mm thick alanine
dosimeters. The discrepancy for the data obtained on
8 MeV proton irradiated dosimeters can be explained
by the projectile length of these protons being signifi-
cantly shorter than the dosimeter thickness d. Really,
the stopping range for 8 MeV protons was simulated
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using the TRIM platform [@], and it was found (Fig. E)
to be ~d/3. This means that the parameter of the effec-
tive cross-section should be modified by the factor of
about 3, to recover the function for the penetrative ir-
radiation. The modified generalized approximation
function applicable to the case of stopped protons is
shown in Fig. @ by a dot curve. This curve again fits
well the generalized ESR response, only with different
(relative to a solid curve) saturation value. Thereby,
a rather universal and simple generalized approxima-
tion model has been created to fit the alanine dosim-
eter response (at least those types of dosimeters ex-
ploited in our study) dependent on irradiation fluence.
This model could be useful for prediction of irradiation
source features (through the parameter of fluence) and
of the effect of irradiation dose on organic tissues.
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Fig. 3. Simulated projectile range for 8 MeV protons into
a 3 mm thick alanine sensor.

4. Summary

The ESR spectrometry of free radicals in alanine, in-
duced by penetrative X- and y-rays as well as neutron
and stopped proton irradiations covering a dose range
from a few Gy to a few MGy, has been performed.
The simulations based on the cumulative generation
of ESR active stable radicals R1, R2 and R3 enabled us
to derive the generalized calibration model ascribed to
the irradiation fluence from 10% to 2 x 10'¢ particle/
cm? and normalized to a 1 MeV neutron equivalent.
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Santrauka

Aukstyjy energijy fizikos eksperimentinés jrangos
ir daleliy greitintuvy aplinkos stebésenai, branduoliniy
reaktoriy aplinkos bei branduolinio kuro atlieky moni-
toringui, medicininéje diagnostikoje ir terapijoje labai
svarbu registruoti jonizuojanciyjy spinduliuociy sukaup-
ta fonine dozg, siekiant uztikrinti toje aplinkoje veikian-
Cios elektroninés jrangos funkcionaluma, numatyti jos
degradacijos trukme ir jvertinti personalo radiacine sau-
ga. Minétiems taikymams butinas apsvitos dozeés jverti-
nimas ir apsvitos dozés sgsajos su $altiniy spinduliuociy

integriniu srautu - apsvitos jtékiu, sukuriamu jvairaus
tipo spinduliuociy. Siame darbe buvo istirtos elektrony
sukiniy rezonansy (ESR) spektro smailiy alanine am-
plitudés priklausomybés nuo apsvitos dozés (placiame,
0,5 Gy - 1 MGy intervale) paveikus jvairiomis spindu-
liuotémis (60 ir 6 MeV Rentgeno, 355 keV gama, 23 MeV
spalatoriaus neutronais, 8 MeV protonais). Si doziné ESR
signaly alanine priklausomybé buvo susieta su jtékiy ska-
le, kalibruota 1 MeV energijos neutrony ekvivalentinéms
pazeidoms. Sukurti fenomenologiniai modeliai kalibraci-
niy jtékiy ir doziy sasajos funkcijoms aproksimuoti.



