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EPR of borax-alanine mixtures irradiated with thermal neutrons
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Electron Paramagnetic Resonance (EPR) of neutron irradiated crystallite mixtures of alanine and borax is reported. These experimen
aimed at establishing an EPR dosimetry technique for thermal neutrons based on the resonance signal enhancement of alanine due
boron content in the mixtures via a neutron capture reaction. Signal response as a function of boron content and crystallite size of the mix
is presented.
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Se reporta la Resonancia Paranttgra Electonica (EPR) de mezclas de alanina y borax irradiadas con neutrones. El objetivo de esto
experimentos es establecer uéartica de dosimdtx EPR para neutronesrtnicos basada en el incremento de idadele alanina debido al
contenido de boro en las mezclda una reacéin de captura neuinica. Se presenta la respuesta de feaseomo funadn del contenido de

boro y del taméo de los cristalitos de las mezclas.

Descriptores: Resonancia paramagfica; radicales libres; dosim&trde neutrones.

PACS: 76.30.Rn; 87.53.Pb

1. Introduction thermal neutrons in irradiated alanine produces a low num-
] . ~ ber of radicals, and consequently the EPR signal of the ala-
The alanine EPR dosimetry system feray, and electronir-  pine samples is exceedingly weak, hampering the use of the
radiation, provide a reliable procedure for measuring the abmethod as a thermal neutron dosimetry technique. To over-
sorbed dose. This well established procedure is based on thigme this apparent difficulty, a billard-ball approach to en-

generation of the stable free radical; —CH —COOH N hance the EPR response of alanine to thermal neutron irradi-
crystalline alanine by irradiation. Upon irradiation, the rad- gtion has been proposed [2].

ical concentration increases in the dosimeters and the iden- Thjs approach consists of mixing crystallites of a boron

tification and concentration measurements are performed byompound with alanine crystallites. In this way, when the

Electron Paramagnetic Resonance (EPR) spectroscopy [1].mixture is irradiated, thé® B isotopes of the compound may
In spite of the success of the technique, the method hagyperience a neutron capture reaction yielding stripped down

not been applied to thermal neutron dosimetric measuretry. helium nuclei ¢—particles),y—rays, and Li nuclei,

ments. This is due to the fact that the energy deposition, of

|

‘He+7 Li+2.79Mev (6%)
B +ngy — [1B] — @
1He+7 Li + 0.48Mev + v(2.31Mev) (94%)

In this billard-ball approach, the cue-ball is the thermal
neutron, and they, v , and “Li are the products of the
“opening break”. These products can, in turn, strip off otheNow, whenever we wish to evaluate these different irradia-
molecules, thus multiplying the number of projectiles. Sub-tion contributions in a mixed radiation field, we put forward
sequently these products can, in turn, strike an alanine cryshe following procedure. Together with the intended neutron
tallite, thus producing extra free radicals. Consequently th&losimeter we can place two alanine dosimeters. Both with
alanine EPR signal increases, hence the possibility of havintie same alanine content as the former dosimeter, but both
an EPR thermal neutron dosimeter. without the boron compound, so they will be practically in-
The usefulness of having an EPR thermal rleutronsensitive to thermal'neutrons. In addition, one of the dpsime—
dosimeter resides in the “mixed radiation field” area. Aters of the latter pair should be shielded to electron irradia-
dosimeter, such as the one we are proposing, will respond sﬁ
multaneously to thermal neutrons, electrons and gamma rayg].
In other words, in a “mixed field”, its EPR signal intensity When the proposed triplet of dosimeters is placed in the
will be the sum of the effects of the mentioned irradiation. mixed radiation field, each will individually record the sig-

ion, so its response will be exclusively due to gammas (in
ost cases a minor shield will prove sufficient).
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nals for which they were originally designed. The first will
record thermal neutrons, plus electrons, plus gammas; theasLE I. Characteristics of the sieves, grains and standard devia-
second, electrons and gammas, and the third gammas onljons.

By a simple subtraction of the signal readings and a fur- y.s standard numberSieve size(mm) Grain size (mm)r(mm)
ther individual calibration, the separate radiation contribu-

. . . No.50 0.297 1.122 0.36

tions can be obtained. We must stress that the proposed entire

procedure will use only a single detection technique, that is, No.60 0.250 0.553 0.09

EPR, and a single substance, alanine. But the implemen- No.80 0.190 0.409 0.08

tation of this proposal requires an alanine operational neutron No.250 0.062 0.236 0.06

dosimeter. No,325 0.044 0.120 0.03
With the aim of developing the neutron dosimeter, there  poceiver pan - 0.092 0.05

is the need to perform systematic EPR measurements on neg=
tron irradiated samples of alanine and boron crystallite mix- 1
tures. To perform this systematic analysis we must conside%' :

that the number of extra free radicals depends on two factorgy, .qer to keep the complexity of the experiment low, crys-
the first one is the weight proportion between the two miXturetallites of the same size were mixed together. For this pur-
components. To be precise, a mixture rich in boron crystalbOSe borax and alanine (Di—alanine, Merck 99%) pow-

: . 58 ¢ el
lites will produce, when irradiated, abundanty, and’Li  yorq \ere sieved separately throughout five different testing

prOJecu'Ies, but it will h_ave arelatively low number ‘_3f alae . sieves. Characteristics of the sieves used are given in Table I.
crystallite targets to hit, and consequently there will be a I|m-AII sieves meet ASTM Ell standards

ited quantity of extra radicals produced. The second factor to

ider is the si f tallites in the alanine-b To assign a size to the crystallites retained on the sieves
consider IS the size of crystallites in the alanine-boron Comégd in the receiver pan, we consider that crystallite size is

pound mixture. Here, as a consequence of the short ranges 9 propriately evaluated by estimating a mean diameter *

a—particlgs, and Li in S.O“d matter, most of their deposited described as the arithmetic average of the lengthehd the
energy will be trapped in the bulk of the boron Compound'Width “w" of the crystallites [3]. The latter two defined as

Therefore many of the produced projectiles will not €MeT9&%he maximum and minimum dimensions of each individual
from the surface of the crystallite to reach an alanine targetcrystallite In precise terms

The exceptions are the 0.48 Mgwrays, most of which will
escape out of the samples without even impinging on any ala- s =3(+w)/2n
nine molecule and without producing extra projectiles. This ’

due to the long range of—rays in the bulk as compared to \wheren, is the number of measured crystallites. The lerigth
those of the charged particles. and width w of the crystallites retained in the series of
In the present work, we report the results of a series ofjeves and in the receiver pan were determined by optical
experiments where we have systematically changed the sizfiicroscopy. The crystallites were spread evenly on a mi-
of the crystallites together with the boron content of the samgroscope slide, and their dimensions measured with the aid
ples. These experiments point at obtaining the best EPR sigyf an optical graticule. The third column of Table | shows
nal enhancement, finding the optimum combination of thehe obtained mean diameters’“ The values shown are the
two parameters (crystallite size and boron content). In adgrithmetic averages for the borax and alanine crystallites cor-
dition, we present a simple model that simulates the experiresponding to the same sieve number. The fourth column, in
mental observations here submitted. Table |, lists the standard deviations. The reader should no-
This paper is organized as follows: the following two sec-tice that the diameters obtained are larger than the size aper-
tions will account for the experimental part of the work, while tyre of the corresponding sieves. This is due to the fact that

the subsequent sections will present a simple model that simhe crystallites are far from having a spherical shape, so some
ulates the experimental observations. The final section dispf them pass through the grid in a tilted direction [3].

cusses the results.

Crystallite Size

2. Experimental Method 2.2, Mixtures

The objective of this work is to measure the EPR signal in-The alanine and borax powders, corresponding to the same
tensity of several samples with different alanine to boron stosieves,i.e. approximately of the same crystallite size, were
ichiometric ratios and different grain sizes. The boron com-mixed in six different alanine:borax stoichiometric ratios for
pound used for the experiments is boraki, B,O7-10H>0, each sieve size. The mixtures were used to prepare 30 differ-
Baker 99.8%). This substance was selected over others, sueht batches of samples. Each batch is characterized by 2 pa-
as boric acid, because it does not react chemically with theameters: its stoichiometric ratio and its crystallite size. The
alanine. This is a major advantage, as we shall see in o8O0 batches correspond to the 6 possible stoichiometric ratios
conclusions. In addition, borax does not show any EPR sigtimes the 5 crystallite sizes. Six specimens were prepared for
nal following ionizing irradiation. every batch making a total f x 30 = 180 samples. Care
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was taken to keep each of them with equal alanine contentSPR signal was recorded for the alanine-only pellets. The
(0.049). observed signal was just above the noise level when the spec-
An extra batch was prepared in a different form. This ex-trometer was set to the highest amplifying scale. Therefore,
tra batch surged from the need to have a very small grain sizave can consider the irradiation in the thermal column as that
This need is justified by calculations we made of'tfié par-  of a single component.é. thermal neutrons). But we shall
ticles ranges in borax. They turn out to be of the order ofsee in the next section that this very faint signal of free radi-
8.3 and 4.26:m, respectively. We used the computer codecals in the alanine only pellets, increases in the alanine-borax
“TRIM” to calculate these ranges [4]. These results indicatespectrum.
that the crystallite size of the former batches can be consid-
ered large if we contrast them with the calculated particle2.5. Spectrometer Settings
ranges. Therefore, we considered convenient to have sam- _ _
ples with their mean diameter grain size smaller than thos&PR measurements were performed in a Varian E 15 spec-
of the earlier batches. trometer following the recommendations of the ASTM Stan-
For this purpose, 6 additional batches (of 6 samples eactfjards [1], with one exception. This was the use of a dual-
were prepared by dissolving separately the 6 nominal stolésonance cavity (Varian E-232) resonating in theighE
ichiometric mixtures in water. These solutions were then0de. To compare the relative number of spins in the irra-
stirred thoroughly and were forced to evaporate to guaranc_jlated samples to those in the standard sample of synthet_lc
tee a fast crystallization, thus ensuring a small grain size. 1fUbY crystals, the pellet and the sample were placed each in
this way, 6 homogeneous mixtures were achieved. By mearfach half of the cavity and their EPR signals recorded under

of optical microscopy, sizes of the crystallites, as defined eat® Same operation conditions. The relative number of spins
lier. were found to be of around 0.02 mm. in each pellet can be determined accurately by comparison of

the signal-height ratio between pellet and the standard.

2.3. Preparation of Samples

. _ _ 3. Experimental Results
To eliminate possible free radicals that may appear before

sample irradiation, either in the chemical product or due toA typical EPR spectrum of an irradiated sample is shown in
the grinding of the powder mixtures, all mixtures were pre-Fig. 1. All the observed spectra in the present experiments
heated for one hour at 10C. are identical to the one observed for pure alanine.

Mixtures in powder form are difficult to handle. To ease  Figure 2 shows the EPR signal intensity response curves
sample handling, cylindrical pellets were manufactured (di-as function of the borax contents in the samples. Each curve
ameter = 2.9 mm, length = 30 mm) each containing eacltorresponds to one particular crystallite mean size. Each one
mixture and silicone as the binder. These were made usingf the 36 experimental points shown in the curves was ob-
room-temperature vulcanizing silicone (RTV gel, Dow Corn-tained by averaging the signal response of each one of the
ing). The procedure for manufacturing the pellets has beesamples corresponding to one particular boron concentration

described elsewhere [5]. and crystalline size. The curves, joining the experimental
points shown in the figure were created by fitting a polyno-
2.4. Neutron Irradiation mial to the data.
(Q.u.)

Samples were irradiated for 30 hours in the thermal column
of a TRIGA Mk Il nuclear reactor. The thermal neutron
flux, as reported by the reactor operators was arourd®

ng, / cm? s. Sincey-rays contribute to the observed EPR
signal, the possibility of ay-ray component in the column
was investigated by using both alanine-silicone pellets and
“Teflon” (polytetrafluoroethylene Garloc S.A.) cylinders hav-
ing the same size, and placed in the same position as thos
occupied by the batches in the column. The same test was
performed on a batch containing only borax.

Although the response of Teflon to neutrons is negligi-
ble, but it is sensitive to low levels of electron and gamma
radiation. In any case, the sensitivity of alanine and Teflon to
~-rays was checked by comparing the EPR signals of samples
irradiated with a standarf®fCo ~-irradiation source (Gam-
macell AECL) to those of samples placed in the thermal col- ' 32'6 ‘ 3;0 o
umn. No~-ray component was found in the thermal column
using the Teflon samples. In contrast, a very faint alanine=icure 1. Typical EPR spectrum of an alanine-borax mixture

(mT)
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FIGURE 2. EPR signal intensity as function of borax contents. . o .
FIGURE 3. EPR signal versus crystallite size for a 1:1 alanine bo-

Three remarks can be said about the results shown iff* "atl°:

Fig. 2: i) The curves indicate, as expected, that the smaller

the grain size, the |arger the EPR Signa| response curve, ||) is seen from the figure that tl’lds variation fits falrly well

the best signal response corresponds to a 1:1 alanine:borf}e experimental data.

stoichiometric ratio,i(e. 50% of borax), and iii) for the larger As for the second factor, that is, the proportion between
grain sizes, the response curves crisscross. This may be dife two mixture components, it is apparent that we are on a
to a partial orientation effect of the Crystal grains. We Ob-“predator-prey" situation. So let us begin by Writing a con-
served a signal intensity response variation for those samplegrvation equation,

with larger crystallites, when rotating the pellets around the

vertical mid-axis of the cavity. This orientation effect has

already been reported by other authors and can be consid- Na+Np =1, )
ered primarily due to alignment of bigger single crystallites

among smaller ones [6]. Reports claim that this effect ha%vhereNA and N are the proportions of alanine and borax
produced variations of up to 10-15 % with rotation of the, 5 sample, respectively.

sample around the mid-axis in the cavity while held within i i )
the quartz sample tube. The effect is reduced with smaller _1he number of free radicals produced in the sample is
crystallites [6]. a function of the number of projectiles produced on irradi-

The enhancement observed from the most intense sign%ion’ which in turn is proportional to the borax contents of

with respect to the signal of the alanine, only pellets turns ou e samples. _On the other hand, the proQucUon of rad!cals
to be 12.3-fold. This, as already pointed, corresponds to thi also proportlor_1al to the numbgr of alanline targets. Since
batch formed with the smaller crystallites and a stoichiometPOth factors are mdepen_dent, Itis then valid to state that the
ric ratio of 1:1. number of free radicals is proportional to the product of the

In the next section, we shall present a very simple model"'© factors, that is

on the behavior of the response curves.
EPR signal intensity= Ny Np, 3)

4. A Simple Model

where we have and assumed a linear proportionality relation,
We have already proposed that the number of free radicalgnd we excluded the proportionality constant.
created in the alanine, and consequently the intensity of the
EPR signals, depends on two factors: Namely, the size of
crystallites in the alanine-borax mixture, and the stoichiomet-
ric proportion between the two mixture components. In the EPR signal intensity= Ng(1 — Np), (4)
first case, many of the produced projectiles in the volume will
not emerge from the surface of the crystallite to reach anala- . . e ,
nine target. It is clear then, that this will depend on the surVNich is a sort of “logistic” relation.
face to volume ratio of the borax crystals. In order to test this  Figure 4 shows a comparison between the above rela-
simple hypothesis, Fig. 3 shows the EPR signal intensity ation and the experimental data for the smaller size crystallites
function of the crystallite size for the 1:1 alanine-borax ratio.(0.02 mm).

Making use of the conservation equation we may write
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However, we would like to mention that in a previous
paper the variation of the EPR signal intensity of neutron -
irradiated alanine and boric acid was measured as function
of the boric acid contents in the sample [2]. In those earlier
experiments, it was found that the maximum signal was ob-
tained as in this work, for those samples that were prepared
by dissolving the boric acid in water together with the alanine
and afterwards forcing the solution to dry. The data shown in
that previous work demonstrates that the optimum signal is
obtained for the smaller crystallites and a stoichiometric ra-
0.3 0.4 05 0.6 0.7 tio of 1:1.5. This raises an essential question on why the ratio

Borax contents (%/100) is not 1:1, as in the present work.

0.95 Nb(1-Nb)

o
©

0.85

EPR signal intensity (a.u)

o
=)

e Experimental points

0.75

FIGURE 4. Comparison between a logistic growth relation and the
EPR signal intensity for a 1:1 stoiquiometric relation for the smaller A likely answer is that for the former boric acid ex-

size crystallites. periment, we are in the presence of a 3 ingredient sys-
) tem, namely: boric acid, alanine and alanine hydroboride.
5. Conclusion As investigated in a previous work, boric acid and alanine

. . . . - . when added to water might transform part of the salt into
Concerning the EPR signal intensity variation with the bo-a boride [7]. This implies considering a more complicated

rax contents, a visual inspection of Fig. 4 shows that th.emodel involving a “predator” and two different types of

simple model here presented follows the trait of the experi-, N : . :
mental points. Nevertheless, the model predicts higher EPR oY (alanine and its boride). Consequently, we face the

response values than those experimentally obtained. The re%r_oblem of the boride creation which depends on the chem-
sonpfor this can lie in the moderitself as it{joes not téke intoIcal reaction of the salt and the acid. To finish up this point,

. . e . tIhe former system is different to the present one, so it should
account the silicone binder role. The binder will trap some o

S . . . be explained by modifying our oversimplified model.
the projectiles preventing them to reach alanine crystallites P y fying P

consequently diminishing the signal intensity.

In the case of the EPR signal intensity variation with the  However, returning to the earlier suggestion of using
crystallite size, we observe from Fig. 3 that the theoreticaboric acid, findings have been reported where alanine hydro-
curve follows the trait of the experimental data. However, itboride has been used as a dosimetric substance [7, 8]. These
does not fall within the domains of the error bars. To be preteports indicate that the signal enhancement of the EPR sig-
cise, the model is consistently predicting a lower EPR signal is greater that the one reported in this work. Namely
nal intensity response. This difference could be attributed tehe signal improvement was increased 27.3 fold over ala-
measurement errors and approximations of the model. Waine alone [7]. This value contrasts advantageously with the
consider that the major source of error rests in the measurene of 12.3-fold, found in this work for the borax-alanine
ment of the crystallite size. Due to the many irregularities inmixtures. However, the advantage of the present proposal
the shapes of the crystallites, they tend to rest on the microsf using borax for a dosimetric system instead of using hy-
scope slide in their most stable position, and this contributedroboride, lays in the fact that the former does not involve
to a measurement bias. This, in turn, would mean that we ara chemical reaction control, whereas the latter does. As
consistently obtaining larger values for the grain sizes. If thigeported earlier, the EPR signal enhancement for the hy-
were the case, then the experimental points shown in Fig. @8roboride case depends heavily on the preparation method,
should be shifted towards the lower grain size values, and Wvhether is in an alkaline, neutral or acidic media [8]. On
is clear from the same figure that the differences between exhe contrary, the present work requires only the mixing of
perimental and predicted values would decrease. substances that do not react between them. Nevertheless, &

In both situations, the proposed model, althoughdelicate point in the present technique is that the dosimeters
schematic, is adequate to explain the experimental datequire good homogeneity on the mixtures and on the mean
trends. However the model cannot be used to accurately forerystallite size if one wishes a reasonable sensitivity. Oth-
cast results for the experiments at larger grain sizes. At moseérwise an appreciable random uncertainty is introduced. An-
it can predict for these latter situations, the point of maximumother point that deserves further investigation is the dosimeter
EPR signal intensity. response to the thermal neutron energy spectrum. Because

Finally, we must remark that the best signal response wasf the 1/E form of the cross section for neutron capture in
obtained for a grain size of around 0.02 mm and for a stoiboron, the dosimeter response depends on the energy spec
chiometric 1:1 relation (see Fig. 2). Efforts concerning thetrum. This might limit this technique to be used in analogous
production of thermal neutron dosimeters should thereforéghermal neutron environments. Future experiments will aim
center on this ratio, with crystallites of this dimension or at establishing a thermal dosimetric technique based on the
smaller. work presented here.
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