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Abstract

The work of L.M.R.I. according to the research agreement contract is constituted of three parts which all
contributed to the same objective: the better understanding of the phenomenon of production and disappearing of
free radicals in the alanine dosimeter. The first part is the contribution to the accuracy of the measurements
parameters and their optimisation. Many parameters such as the power level and the modulation amplitude must
be chosen carefully. This part describes how we have defined the limits of the parameter values giving the best
arrangement between the four objectives: the better signal-to-noise ratio with the highest amplitude of the central
line, and the better reproducibility with a resolution as good as possible. The second part is our contribution to
increase the understanding on how external parameters influence the chemical reactions in alanine. Two
experimental studies of combined effects have been realised in the laboratory. A multi-parametric approach
(experimental design) has shown the complexity of the problem. The chosen methodology permits to give the
first global quantitative view of the fading. However the obtained results, that suggested a physico-chemical
recombination reaction of the free radicals created during the irradiation, are not sufficient. The last part is a
study of the kinetic aspect of the mechanism. The aim of this study is to indicate the number of transient species
leading to this radical and their kinetics of reaction. We follow the evolution of the ESR/alanine spectrum shape
and correlate the response estimated from the central peak height to the absorbed dose. From these hypothesis we
modelize the kinetics of free radical densities and check their fitting with experiment.

1. INTRODUCTION

The idea to use alanine for dosimetry for evaluation of dose originated in the sixties [1],
but its development for applied metrology in industrial applications: food irradiation, radiation
processing for polymers has been successful for high doses (1-100 kGy). Since several years,
with the increasing quality of ESR spectrometers, the measurements of absorbed doses in
water for radiotherapy treatments or blood sterilisation (1-100 Gy) seems to be accessible to
alanine dosimetry [2, 3]. The non-destructive measurement, and some other advantages have
given to this method many attraction for use as routine dosimetry method for the quality
control of the radiation processing with a sufficient level of guarantee. But it is hoped that this
method is also a good transfer dosimetry system reliable and traceable to a primary standard
for international comparisons with an accurate level for the mastery of the uncertainties under
a quality assurance system. Some laboratories, have realised important progress in this
domain. Nevertheless, the most important difficulty for using ESR/alanine as a measurement
control system for comparisons is to characterise, to evaluate and to quantify the influence of
physic and chemical factors on the evolution of the ESR signal of an alanine dosimeter over a
sufficient time period.

2. CONTRIBUTION TO ACCURACY OF MEASUREMENT PARAMETERS

In ESR/alanine dosimetry, the absorbed dose of an alanine sample is determined
through its absorption spectrum. The recording of an ESR spectrum requires selection of the
values of several parameters of the spectrometer. First we have to choose the interval of the
magnetic field intensity in which the spectrum will be recorded. We have stated the sweep
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width, the intensity of the magnetic field at the middle of the spectrum and the intensity of the
magnetic field at the beginning of the spectrum. The microwave attenuation, the gain, the
amplitude modulation, the phase modulation, the time constant, the sweep rate, the resolution
in X and the number of scans have also to be set. The number of parameters show that the
problem is complex and that a monoparametric study would not probably give satisfactory
results. The choice of the parameters is strongly linked with the qualities of the spectrum that
we attempt to obtain. We have chosen to select the value of the measurement parameters in
order to get a sufficient reproducibility in the spectrum to be sure that we can get from it a
valid measure (representative of the number of radicals) and if we observe a variation between
two spectra, this deviation is significant. This subject has been approached by different ways.
First, a bibliographic study was carried out in order to compare the different choices in the
setting of parameters and the reasons given by the authors. Then, several experimental designs
were realised without taking into account the values found in the literature.

We have selected some articles dealing with ESR dosimetry in which the given
information about the experimental conditions was sufficient to allow us to perform the
experiments in our laboratory. The materials used by the authors of these articles are listed in
Table I [4-10]. The analyses will state three categories according to the dose range of work:
less than 100 Gy [5, 6, 8], around 100 Gy [4-7, 10] and in the kilogray range [4, 9, 10]. The
measurement parameters of these laboratories are presented in Table II. A safe rule of choice
is to make sure that the time needed to scan through the ESR spectrum is ten times greater
than the length of the time constant [11, 12] for precise dosimetry to record an ESR spectrum
as undistorted as possible. Therefore, the time constant should be about 1/40 of the scanning
time of the central peak. The value of this parameter is linked to the sweep rate. The receiver
gain will depend on the dose delivered to the sample. It must be high enough to get a good
signal-to-noise ratio, but not too high to saturate the signal [11]. Signal averaging involves
repeatedly acquiring the spectrum and adding them together. The signal increase is
proportional to the number of scans (N), whereas the noise increase is proportional to >/N. The
signal-to-noise ratio is then proportional to YN [11]. The microwave power of our

TABLE I. MATERIALS USED BY DIFFERENT LABORATORIES

Laboratory Spectrometer Dosimeter

Ris0
(Miller 1996) [4]

ISS
(Bartolotta 1993) [5]

AERIAL
(Kuntz 1996) [6]

NIST
(Nichiporov 1995) [7]

NPL
(Sharpe 1996) [8]

GSF
(Wieser 1989) [9]

JAERJ
(Kojimal986)[10]

BrukerEMS104

Bruker ESP300
TE102 cavity

Bruker ESC106
9105 TMH280 cavity

Bruker ESP300E and ECS 106
TMH cavity

Bruker ESP300

Varian E-9

JEOL FE3X

pellet: 85% L-cc-alanine, 15% paraffin wax

pellet: 80% of polycrystalline L-alanine,
20% paraffin

pellet: L-a-alanme, binding (3%),
lubricating agent (2%)

pellet: 90% L-oc-alanine, polyethylene

pellet: 90% L-oc-alanine, 10% paraffin wax

pellet: 80% of polycrystalline L-alanine,
20% paraffin

film: polymer-alanine — 33.3/66.7 by wt %
polymer/ethylene-propylene
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TABLE II. INSTRUMENT PARAMETERS CHOSEN BY DIFFERENT LABORATORIES TO RECORD THE EPR SPECTRUM OF IRRADIATED ALANINE

Laboratory

Riso
(Miller 1996) [4]

ISS
(Bartolotta 1993) [5]
AERIAL
(Kuntz 1996) [6]

NIST
(Nichiporov 1995) [7]

NPL
(Sharpe 1996) [8]

GSF
(Wieser 1989) [9]

JAERI
(Kojima 1986) [10]\

Microwave
power
(mW)

1.25
1.25

1

8

10

6

1

4

Modulation
(ml)

0.2
0.2

1

1

1

0.6

0.1

1

Sweep width
(mT)

to
 t

o

2

8

20

2.5

20

Sweep time
(s)

10
20

21

41

20

84

240

Sweep rate
(s/mT)

5
10

24

10.5

5

1

33.6

0.08

Time constant
(ms)

20
320

328

655

163

640

30

Number of
sweeps

4
10

1

5

1

3

1

1

Range of dose

kGy
100 Gy

0.5-100 Gy

3.6-120 Gy

10-300 Gy

below 10 Gy

1 kGy-50 kGy

100Gy-30kGy

Reasons of these choices

no information

best signal to noise ratio even though a
line distortion can be produced
no information

no information

maximum signal to noise ration
consistent with the preservation of the
major features of the alanine spectra
no information

reproducibility of the peak to
peak amplitude despite
modulation broadening and
power saturation



spectrometer can vary between 200 mW and 0.2 mW. The amplitude of the observed ESR
signal is proportional to the polarisation of the paramagnetic species. The system is called
saturated when the transitions rates towards the high and the low levels are equal. There is no
more energy transfer between the microwave and the spin system. When saturation is reached,
the area under the absorption curve is no more a valid measure of the spin concentration. For a
given power, it depends on the sweep rate, the amplitude modulation and the frequency [13].
Saturation occurs when the intensity of the signal according to the microwave power is no
more linear [14]. In the case of alanine, the saturating power values found in the literature are
between 0.3 mW and 10 mW. According to Wieser [14], if the modulation amplitude is high,
the satellite lines are not visible and saturation only occurs around 10 mW. If the modulation
amplitude is lower than the line width (0.5 mT), then saturation occurs at about 0.3 mW.
Saturation curves have been obtained by Wielpolski [15] for both transitions using the height
of the signal over the base line instead of the peak to peak amplitude. With a modulation
amplitude of 0.05 mT, the central peak saturates at about 5 mW, the satellite at about 17 mW.

According to Weil [13], the optimum setting of the modulation amplitude depends on how
much sensitivity can be sacrificed for faithful reproduction of the line shape or vice versa. A
reasonable compromise between these two objectives is achieved by reducing the modulation
amplitude by a factor of 4-5 from the value that makes the signal amplitude a maximum.
When the modulation amplitude is low enough, one can observe the central peak of the
alanine spectrum as well as the satellites lines. Arber [16] have studied the spectrum of
irradiated alanine in X band according to the microwave power and the frequency. The central
peak is accompanied on either side by a pair of satellite lines each separated from the main
peak by ca 0.5 mT. These lines have been attributed by Van Laere [17] to secondary species
despite the fact that they have never been observed. A stable radical would dominate at low
microwave power (~1 mW) whereas at high microwave (~100 mW), the spectral
characteristics of the stable radical are saturated and new ones can be detected. Rakvin [18]
considers several hypothesis. One is the existence of two forms of stable radical. The second
is that there are two radicals with different rotation speeds of the methyl group. This
phenomenon may also be explained by the existence of a stable radical and a transient species.
Arber [16] attribute these satellite lines to spin-flips. Spin-flips are forbidden transitions
involving a simultaneous change in the electron spin quantum number and the proton spin
quantum number of the methyl protons of the neighbouring molecules.

For our experimental part, we have worked with pure L-a-alanine powder (grain size
between 150 and 180 urn) supplied by Merck, inserted in suprasil tubes. Our spectrometer is
the X band EMX model of Bruker, with a TMH 4108 cavity. The value of the magnetic field
intensity at the middle of the spectrum is set by the content of the cavity: the sample, the tube
and the temperature controller. This value is close to 0.3485 T without the temperature
controller, and 0.3410 T with it. The sweep width is 15 mT in order to record the total
spectrum. We have recorded spectra (see Fig. 1) at three different doses: 5 kGy, 100 Gy, 5 Gy
with the measurement parameters listed in Table II. Comparing these spectra, we notice that
they have not all the same shape. Time constant filters out noise by slowing down the
response time of the spectrometer. As the time constant is increased, the noise level will drop.
If the chosen time constant is too long for the rate at which the magnetic field is scanned, the
signal can be distorted or even filtered. To obtain the highest ESR signal amplitude, we have
recorded ESR spectra at attenuation varying between 16 and 24 dB (microwave power
between 0.79 and 5.02 mW) and the modulation amplitude between 0.05 and 0.6 mT. The
significant effects on the signal amplitude are, in order, due to the modulation amplitude, the

58



SGy
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346 350 352 354 356

Magnetic field intensity (mT)

5kGy

340 342 344 346 348 356 358

Magnetic field intensity (mT)

360

sweep width: 18.3 mT
Conversion time : 327.68 ms
Time constant: 655.36 ms
Resolution in X: 2048
Number of sweeps : 1
Microwave power: 1.008 mW
Modulation amplitude : 1 mT
Gain: 3.99X105

sweep width : 20 mT
Conversion time : 20.48 ms
Time constant: 163.84 ms
Resolution in X : 1024
Number of sweeps: 3
Microwave power: 6.362 mW
Modulation amplitude : 0.6 mT
Gain : 3.99X105

sweep width : 2 mT
Conversion time : 20.48 ms
Time constant: 328.68 ms
Resolution in X : 1024
Number of sweeps : 5
Microwave power: 8.009 mW
Modulation amplitude : 1 mT
Gain: 3.99X105

sweep width : 2.5 mT
Conversion time : 81.92 ms
Time constant: 655,36 ms
Resolution in X : 1024
Number of sweeps : 1
Microwave power: 1.008 mW
Modulation amplitude : 0.1 mT
Gain:104

sweep width: 2 mT
Conversion time : 10.24 ms
Time constant: 20.48 ms
Resolution in X: 1024
Number of sweeps: 1
Microwave power." 1.269 mW
Modulation amplitude : 0.2 mT
Gain : 10'

100 Gy sweep width : 18.3 mT
Conversion time : 327.68 ms
Time constant: 655.36 ms
Resolution in X: 2048
Number of sweeps : 1
Microwave power: 1.008 mW
Modulation amplitude : lmT
Gain: 3.99x10*

sweep width: 8 mT
Conversion time : 20.48 ms
Time constant: 655.36 ms
Resolution in X: 2048
Number of sweeps : 1
Microwave power : 10.08 mW
Modulation amplitude : 1 mT
Gain : 3.99xlO<

sweep width : 2 mT
Conversion time : 20.48 ms
Time constant: 327.68 ms
Resolution in X : 1024
Number of sweeps : 5
Microwave power : 8.009 mW
Modulation amplitude : 1 mT
Gain: 3.99x10'

sweep width : 2 mT
Conversion time : 20.48 ms
Time constant: 327.68 ms
Resolution in X : 1024
Number of sweeps : 10
Microwave power: 1.269 mW
Modulation amplitude : 0.2 mT

340 342 344 346 348 352 354 356 358 360 Gain: 3.99x1 o'

Magnetic field intensity (mT)

FIG. 1. Spectra recorded with the measurement parameters listed in Table II



attenuation, their coupling, and modulation square effect. The mathematical model explains
99.5% of the observed variability in the signal amplitude. An increase of the modulation
amplitude has a stronger positive effect on the amplitude for low attenuation than for high
one. An increase of attenuation has a stronger negative effect on amplitude for a high
modulation amplitude than for a low one. Another experimental design has been realised with
two factors: attenuation and sweep time. Attenuation was set between 12 and 22 dB, sweep
time between 10.49 and 335.54 s. The significant effects on the signal amplitude are, in order,
due to the sweep time, then the attenuation, then their coupling and finally the squared of the
attenuation. The increase of sweep time has a greater positive effect on the amplitude when
attenuation is low. If sweep time is low, a decrease of attenuation has only a slight effect on
the value of the amplitude. The obtained model explains 99.8% of the observed variability in
the amplitude. Our objective is not only to have the highest amplitude but also to obtain an
undistorted and unsaturated spectrum. The increase in the modulation amplitude has for
consequence an increase of the amplitude of the ESR signal and a broadening of the lines. For
a 0.3 mT modulation, the increase of the line width compared to the width at 0.05 mT is
greater than 3.5%, independent of the value of the power (between 0.796 and 5.024 mW). For
a 0.2 mT modulation, it is less than 3%. The modulation amplitude should be 0.25 mT in
order to limit the lines broadening. To determine the saturating power, the curve representing
the ESR signal amplitude vs. the square root of the microwave power has been drawn for a
modulation amplitude of 0.25 mT. Saturation occurs when the amplitude is no more linear.
The saturating power for an amplitude modulation of 0.25 mT is 1.26 mW. The influence of
sweep rate on the value of the saturating power has been studied for sweep rates varying
between 5.12 x 10~3 and 0.163 s/channel. To record several spectra for a sample (because of
the anisotropic response when the sample is rotated), the maximum duration of the recording
of a spectrum has been limited to 335.54 s. No influence of the sweep rate on the value of the
saturating microwave power has been observed. The choice of sweep time and time constant
will depend slightly on the number of spectra necessary to ensure a good repeatability and
reproducibility of measurement despite the problem of anisotropic response of the sample.

The choice of the measurement parameters depends on the objectives one wants to
achieve and on the dose received by the sample. As we measure the response to the dose on
the central peak, the sweep width is 2 mT. As we are working in the kilogray range, the signal
to noise ratio is high. Consequently, recording several scans is pointless. But as shown before,
in the gray range, signal averaging is very useful. We found that recording the alanine spectra
at a microwave power of 1.260 mW and an amplitude modulation of 0.25 mT enables to get
an undistorted and an unsaturated signal.

3. DEVELOPMENT OF OUR EXPERIMENTAL DESIGNS

We have chosen to use the method of experimental design for two reasons. The
experimental factors are numerous and their natures are very different. They have probably
combined effects. This methodology enables us to choose the most important controlled
parameters as factors. We can observe simultaneously their influence on the response and
quantify it on a large domain and limit the number of experimentation. The physical/chemical
nature of the dosimeter, the relative humidity rates before and after irradiation, the dose rate
and the dose are the chosen factors. The storage duration after irradiation is not exactly a
controlled factor but it is integrated the same way as in the array of measurements since we
study the evolution of the dosimeter signal with time. We have chosen to work on three types
of alanine probes: pure alanine, the blend not compacted and compacted in a pellet. Pure
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alanine will be our reference and the pellet the object of our study, the comparison being used
to highlight some possible phenomena of diffusion. This controlled factor is discontinuous, so
no interpolation is allowed between the different states of alanine. The influence of the
relative humidity before and after irradiation has been studied for many years [1, 19], water is
probably the main cause of the recombination of free radicals. In order to understand the
influence of water on the stability of the free radicals of alanine, that is to say the role of water
in the mechanism of recombination, we have chosen to control four humidity levels before
and after irradiation: 0, 20, 40, 60%, temperature being maintained by air conditioning to
room temperature (about 20°C) [20]. The balance is obtained for a contact of five weeks at
least. The storage after irradiation is systematic all along the experience. These two factors are
continuous, so that the results could be interpolated among 0 and 60% relative humidity. The
influence of the dose rate on the signal evolution has been studied [21]. Nevertheless, we wish
to control it in order to test its influence mainly during the first days. We have used two dose
rates: 4 kGy/h and 300 Gy/h. This parameter is continuous so interpolation is allowed. The
importance of dose on the signal amplitude is obvious. We have chosen to work on doses
between 100 Gy and 10 kGy. This factor is continuous and we wish to be able to interpolate
the best as possible within the chosen area. We have followed more particularly two areas of
time: the first ten days and the period between the tenth and the fortieth day. Different arrays
of experience have been elaborated so. One physical state and one dose rate are attributed to
each array. We have realised in each case three series of arrays of experiences, from 1 to 3
days, from 4 to 10 days and form 17 to 39 days. Details on the factors are listed in Table III.
The results have been exploited by the use of a dedicated software. A purely mathematical
approach of the results enables to distinguish the influence of each factor and to quantify it.
For the handling with alanine powder, we have attributed a tube to each experience with mass
of about 50 mg. The tube is positioned in a reproducible manner in the ESR cavity with the
greatest care. The adjustment of the spectrometer is mainly subjected to the measurement of
the lowest dose. We have realised the spectra recording in the following conditions: 4 scans of
41 seconds on 2048 channels, a field sweep width of 100 Gauss, a field modulation amplitude
of 1 Gauss, a time constant of 328 ms with a power of 10 mW.

TABLE m. CONTROLLED FACTORS

Factor Nature of factors Area of control Suggested values

Dose continuous

Dose rate continuous

Humidity before irradiation continuous

Humidity after irradiation continuous

Alanine forms discontinuous

Time after irradiation continuous

1 Gy -50 kGy

200 Gy/h-4 kGy/h

0-60%

0-60%

0-40 days

100, 300, 500, 1000, 5000,
10000 Gy

200 Gy/h and 4 kGy/h

0,20, 40, 60%

0, 20, 40, 60%

pure alanine,
LMRI mixture, pellet

1,2,3-4,7,10,
17,28,39
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The analysis is done in two stages: the first gives a general view of the measurements,
while the second gives a more precise view highlighting the evolution noticed during the first
days of the experience. The first finding showed the overwhelming influence of the dose
factor; it was expected and was not the major researched result of our study. The chosen
values for the dose rate have implied variation in dose for an easy management of irradiation
duration. Nevertheless, it should be specified that the structure of the array of experiences is a
function of the influence attributed to the controlled factors. The importance of this factor do
not give us an optimum exploitation of the array of experience and so we have only done
graphical exploitation. To observe the effects of the other controlled factors, we have used two
types of graphic of the results for our analysis. First we have drawn surfaces of the results
according to time and humidity before or after irradiation, while other factors were fixed (Figs
2a, 2b and 2c). Then we have exploited the iso-signal curves according to humidity with a
constant delay after irradiation (Figs 2d, 2e and 2f). The first solution offers a total view of the
signal evolution with time, the second permits a detailed day-to-day analysis; this is possible
due to a more precise visualisation of the height values.

A quick study of the surfaces of the signal evolution for doses from 1 to 10 kGy shows
two essential things. The behaviour of alanine is the same however its form is: pure or pellets.
Under some conditions, the amplitude of the signal is clearly more important since the first
days of measurements, then it decreases proportionally to humidity after irradiation,
independent of the storage conditions before irradiation. The humidity before irradiation
seems to result in a variation in the dosimeter response, characterised by a hump of amplitude
for a storage after irradiation at low humidity rate and by an increase ending in stage for a
storage at 60%. This finding is true for doses from 1 to 10 kGy. His importance is about 5%
for the doses from 5 and 10 kGy and reaches 15% and 10% respectively for alanine and
pellets at 1 kGy. The moisture after irradiation takes part in the hump phenomenon before the
first day of measurement. But its main action, already observed [21], revealed itself with time
according to its importance. If the moisture after irradiation is set to 60%, one observes a
decrease of the amplitude of about 5% for doses of 5 and 10 kGy, of 20% for doses of 1 kGy,
almost independent of the storage conditions before irradiation. The previous findings show
the influence of the dose on the signal evolution. An increase of the dose leads to two main
changes on the signal evolution, it cancels progressively the total phenomenon of increase for
relative humidity of 0% after irradiation, and favours the decrease of the amplitude for storage
conditions of 60% after irradiation. By studying the surfaces of the results for doses from 1 to
10 kGy, one observes both the importance of time that reveals the effects of the other factors
and the weak influence of the controlled factor time strictly speaking. The decrease of the
signal is a combined phenomenon, but the main contribution comes from relative humidity
after irradiation. However, the study of these surfaces for doses of 100, 300 and 500 Gy shows
the lack of amplitude variation against the moisture levels. The signal decreases by 5% with
time. The interpretation of this finding is complex, because if the doses are lower than before,
the dose rate is also much lower. It is impossible to come to a conclusion about the influence
of these factors in this case. The evolution is inversely proportional to the relative humidity
after irradiation. This confirms the role of water on the recombination reactions of the alanine
free radical. The total increase of the amplitudes established for a 0% relative humidity
suggests the creation with time of these same free radicals. The mechanism of formation can
be explained by the presence of other free radicals coming from alanine [22], although these
are not already identified. These radicals would progressively change into the "classical" free
radicals. The increase of the amplitude with humidity after irradiation, for high conditions of
humidity before irradiation, can be explained the same way if we suppose that a certain type

62



of free radical reacts quickly in the presence of water. The hump of amplitude probably comes
from a balance in water inside the dosimeter before irradiation.

For the analysis of the results with the help of iso-signal curves, we have fully used the
possibilities of the arrays of experiences that quantify the influence of controlled factors on
the three areas of measurements. The study of the results of the different arrays shows that the
influence of the moisture before irradiation is limited to the first days, and later the
influencing factor is moisture after irradiation. One observes also since the first day a change
of amplitude according to the storage conditions before irradiation. Finally, an area of
perturbation of measurements between the second and the fourth day is observed for all the
experimental conditions used: a decrease of about 2% of the signal, and it being the only area
having a so remarkable dispersion of the results. The amplitude of the signal during the first
days is function of the storage conditions before and after irradiation. Whatever the physical
state of the probe is, the evolution of the signal during the first three days can be summed up
by an increase of the signal for relative humidity after irradiation of 0%, and by a decrease of
signal proportional to the relative humidity since 20 to 30%. These two effects lead to a
regrouping of the response amplitudes. In the case of pure alanine, one clearly observes since
the fourth day the influence of the humidity after irradiation. It is also the case for the pellets,
but in a more progressive manner between the fourth and the tenth day. The evolution of the
curves between the tenth and the fortieth day highlights a certain stability for the storage
conditions before irradiation of 30% r.h., and the more important decrease of the signal in the
presence of a high relative humidity. It is noticeable on the curves coming from the last
experiences array that a rapid humidity change is harmful for the signal stability. The analysis
of the iso-signal curves confirms the observed trends with the response surface, and they also
give some new information. The most important perturbations observed between the second
and the third day need some confirmation by other measurements, but this observation is
noted in an article [22]. The difference between the amplitudes, since the first day, among 0
and 60% r.h. before irradiation is confirmed, but the existence of a hump in the amplitude for
storage before irradiation at 20 to 30% r.h. is not visible before the 17th day. Its existence in
the first days must be confirmed. A study on the importance of the parameters with the help of
the three matrices of experimentation show that pure alanine is more rapidly sensitive to
relative humidity after irradiation than the pellets This observation is explained by the
difference between the diffusion speed of water molecules with the compactness of the
material.

4. KINETICS APPROACH

In ESR/alanine dosimetry, many researchers make a general assumption that the ESR
signal is only due to a stable free radical. But in fact, the mechanism of radical formation in a
powder is not well determined. The first step of this understanding is in the definition of the
organisation of the crystal at the beginning. L-a-alanine form has the formula
CH3CH(NH3)+CO2" (it is a zwitterion). After irradiation, the stable species observed by ESR is
a radical anion formed by deamination. Its formula is (CE^'CHCCh". It is trapped in the
crystal lattice. A complete description of the radical reactions is based on the knowledge of
the crystal structure and on the mechanisms observed in single crystals [23-25] or by spin
trapping studies [26-27]. The mechanisms are similar in the two cases, and we can suppose in
the first approach that in alanine powder, we have a large number of micro-crystals, so the
reaction should not be different. But we must take into account that the specific area is very
large and that the reaction at the surface and the influence of the neighbouring crystals for
hydrogen bonds may modify the kinetics or the basic scheme.
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F/G. 2. Response surfaces and iso-signal functions for various humidity values and time after irradiation

2a : Response surface -powder, 1 kGy, 4 kGy/h, humidity for storage after irradiation 0%; 2d: Iso-signal curves -pellet, 10 kGy, 4 kGy/h, day 1
2b : Response surface -powder, 1 kGy, 4 kGy/h, humidity for storage after irradiation 60% 2e : Iso-signal curves -pellet, 1 kGy, 200 Gy/h, day4
2c : Response surface - powder, 10 kGy, 4 kGy/h, humidity for storage after irradiation 60% 2f: Iso-signal curves - pellet, 100 Gy, 200 Gy/h, day 1



The first consistent description of the different steps of the reaction mechanism has been
proposed by Minegishi et al [28] and more precisely developed by Shields et al [29]. The last
two reactions of the mechanism should be intermolecular and/or intramolecular. They can
exist at higher temperature than 77 K, but are poorly understood. Some authors [22, 23]
describe the stable free radical in the single crystal as a planar species which can present three
kinds of hydrogen bonds (two in the same plane and the third out of it) with neighbouring
amino-protons. Those bonds are not equivalent for the radical formation process. It is well
known that an electron is ejected by ionising radiation and is trapped by molecules to form the
radical anion. The anion is trapped as a protonated radical, and protonation takes place across
the hydrogen bridge. This proton located out of the plane is selectively transferred to the
anion. The authors mention that three hydrogen exchange reactions may occur at room
temperature.

We have worked with L-a-alanine powder (Merck) that is sieved without crushing to a
granulometry between 150 and 180 um. The sample mass was about 100 mg and it was
directly irradiated in a quartz "Suprasil" tube. The environmental conditions were ambient
temperature and the relative humidity close to 0%. The powder was stored in a desiccator then
transferred in the tube sealed with paraffin. A Philips X rays tube type MCN 321 was used. It
delivers X photons with an average energy of 200 keV after filtration with 3 mm of
aluminium. The experimental conditions of irradiations were 300 kV and 30 mA. The
experiment was carried out, consisting of successive and cumulative irradiation steps, each
irradiation being immediately followed by the ESR measurement. The irradiation times were
first 5-minute steps followed by 12 steps of 10 minutes each. The dose rate was about 32.2
Gy/min, the total dose was around 4100 Gy. The small signal created by the quartz was not
significant for the measurements of the alanine signal. After irradiation, the sample remains in
the cavity of the spectrometer at room temperature and is measured at regular time steps, the
measurements were performed during 8 days. The parameters used for the measurements
were: frequency around 9.8 GHz, microwave power 1.3 mW, modulation amplitude 2.5 G, for
a sweep width of 160 or 20 G.

In Fig. 3, we observe a curve close to a sigmoid. At the beginning, the measured signal
of the free radical shows a weak slope and then increases linearly, and at the end a decrease of
sensitivity. Figure 4 presents the evolution of the signal after irradiation. During the 8 days, it
increases slowly but clearly more than 2%. The curve is characterised by a continuous
increase with two different slopes and a stabilisation at the end. Many experimental points are
affected by the thermal sensitivity of our ESR spectrometer diodes. These artefacts have been
identified and these points (open circles) have been suppressed before using the data for
modelisation.

For the analysis of these curves, assumptions can be made regarding the species which
are involved and on the mechanism of reactions. The corresponding kinetic equations and
curves can then be compared to experimental data. We consider that the observed increase in
the signal after irradiation is probably due to several species not seen in our experiment and
which would be transient species. We propose :

A (+ hv) -» -> B -» R
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A is the alanine molecule, and B is a transient species. This species has not been seen by ESR
measurements at room temperature in our experiments. R is the radical measured by ESR. It is
often called secondary radical. The last reaction continues after irradiation.
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FIG. 3. ESR signal vs. elapsed time during successive irradiations
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FIG. 4. Signal vs. time after irradiation (4100 Gy, 192 h). Solid points are data that were
used for calculations

To analyse data in view of kinetics, regarding the two last reactions, a first order
reaction is proposed as follows:

- d[B]/[B] = k. dt which gives by integration : In [(Imax-I)/Imax)] = -k . t
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where, k is the apparent rate constant, I is the value of the ESR signal at time t of the
secondary radical R corresponding to the disappearance of the transient species B, and Imax is
the maximum value of I.

We found a straight line and considered that it is true up to 120 hours. So, only these
experimental points are used for the modelling. Regarding that conclusion, we have evaluated,
after irradiation, the apparent rate constant by considering Ro, number of radicals existing at
the end of irradiation, as initial condition. So we propose the equation :

R = DRb . ( l—e"k t) + Ro

represents the increase of the signal corresponding to the disappearance of the transient
species, (DRb + Ro) represents the limit value of the signal, and Ro may be considered as the
initial value of the background immediately after irradiation. Figure 5 shows an accurate
fitting and gives a value of the rate constant of about 2 x 10~2 h"1. These results suggest three
conclusions. First, as it was shown [23-25] for a single crystal, a transient species also exists
in powder. Because the signal increases after irradiation, at least one intermediate species and
one reaction are likely. In the first approximation, the reaction mechanism can be considered
identical to that in the single crystal. The transformation in a final stable radical takes place
during and after irradiation. This mechanism is relatively slow and clearly observable at room
temperature. Two other works suggest a mechanism of the formation of the final free radical.
The study which has been performed by Sinclair and Hanna [30] at low temperature and on a
single crystal of L-alanine suggests that the primary radiation effect is the ejection of an
oxygen electron. This fact is characterised by an unpaired electron localised on the carboxyl
group. This is confirmed by the work of Gottschall and Tolbert [31] on metal chelates of
alanine. Sinclair and Hanna mentioned several steps for the radical reaction: the ejection of an
electron leading to the formation of a positive ion and a negative ion. This negative ion is
transformed into unstable free radical which gives, by direct deamination, the final stable
radical. They suggested that the mechanism of decarboxylation of the positive ion is possible
at low temperature creating an ethyl ammonium radical. Zagorski [32] suggested that the
intermediate species, that he observed by absorption of light, is due to one or several
precursors of the more stable ESR -detected species before deamination and decarboxylation.
This intermediate species has been studied by pulsed radiolysis [33]. He measured the kinetics

4 0 6 0 8 0

T i m e ( h o u r s )

1 0 0 1 2 0

FIG 5. Signal vs. time after irradiation (4100 Gy, 120 h): Comparison with fitted values
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of formation and the decay of this intermediate species in a mono-crystal of L-oc-alanine.
Those approaches tend towards the same scheme: a simplification of the mechanism in two
steps and at least one transient species. The first reaction having a very high rate constant, the
correspondent species is only observable at low temperature. Pilbrow et al [34] put in
evidence that, in irradiated alanine powder, two different free radicals might exist. But the
irradiation conditions are not well defined. Makino et al [27] have studied irradiation of
alanine in aqueous phases. They mentioned two parent radicals. The first radical
(CH(CH3)COO") is formed by deamination reaction caused by the attack of aqueous electron,
the second (CH2CH(NH3+)COO") by hydrogen abstraction reaction from the methyl group.
For this last one, the observed spectrum is presented as the overlap of two forms: zwitterion
and anion with a low interchange. We assume that kinetics are generally faster in aqueous
than in solid phase and that the previously described reactions are probably similar in powder
form with slower kinetics. Several researchers have studied the evolution of the ESR signal
after irradiation [22, 35, 36]. They used in each case their own alanine pellets, thus making a
meaningful comparison between these works difficult. These studies mention the influence of
some parameters, such as temperature and humidity, without detailed information. From
results presented in references [22, 36], we can suppose that apparent curves are the result of
the competition between the increase due to the last reaction of formation of the observed
radical and its disappearing by recombination or destruction in presence of water. In a
previous work [37], we have shown, using an experimental design, that, depending on the
experimental conditions used, results may be altogether very different and consistent.

5. CONCLUSION AND FUTURE DEVELOPMENTS

We have worked in three directions: the improvement of the signal (accuracy,
repeatability, reproducibility), the understanding of the influence of the various external
parameters by experimental design studies, and direct kinetics study and theoretical approach
of the reaction mechanism.

The use of experimental designs is very satisfactory. Even though it is not easy to
develop and to realise, the results give a general overview of the phenomenon with few
experimentation. This method has permitted in several months to verify numerous results and
to confirm the existence of some unexplained phenomenon. For example, a multiparametric
approach has shown us favourable conditions for observing clearly an increase of the signal
amplitude and then to prepare the kinetic study. The most marked evolution corresponds to
the storage conditions after irradiation near 0% r.h. The presence of some other free radicals is
a probability not negligible for this observation. We note an important effect of relative
humidity before irradiation, which seems to condition the response since the first day of
measurement, probably as the function of the equilibrium between the water and the alanine.
We can suppose that the radiolysis of water and all the radicals created during the irradiation
modify the chemical reactions significantly.

This work recommends first better specifications for the production and use of the
alanine dosimeters, particularly for environmental conditions during all the life of the
dosimeters till their ESR measurements. These conditions must be controllable and/or
measurable for an accurate application of correction coefficients in the ESR normalisation of
the signal. A second improved experimental design is in progress with some modifications,
such as storage temperature as a controlled factor. Those hoped future results will permit us to
give a better description of the kinetic evolution of the signal and its model.
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