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Abstract

Experience in the high dose dosimetry of gamma radiation, gathered in our group from the sixties till now,
allows to express the opinion, that techniques applied are adequate to solve problems. It can be confirmed by the
fact that 60% of laboratories participating in the international comparison during the duration of the contract
obtained satisfactory results. Adaptation of these methods, in particular of the alanine-ESR dosimetry to highly
inhomogeneous fields of EB gives poor results, as it has been shown on thin films of the alanine/polymer
composite. However, the applications of these films give excellent results if the concentration of the radical CH3

C*H CO2~ is measured by diffuse reflection spectrophotometry, which tolerates poor transparency of the
composite and is insensitive to the orientation of crystals of alanine in thin films, what is disqualifying the ESR
measurements. The development of thin-film dosimeters for EB processing was possible due to new
developments in solid state radiation chemistry. The research has revealed some unsolved questions, e.g. of the
high temperature coefficient of alanine based dosimeters, of the role of the size of spurs and the necessity to
adapt dosimetry to the energy spectrum of electrons, because every type of accelerators differs in that respect.

1. INTRODUCTION

The purpose of the research was the development of reliable and cheap high dose
dosimeter, useful especially in electron beam radiation processing. The main feature of the
latter, i.e. the unit process of irradiation, is a high congestion of isodoses, much higher than it
is the case in gamma-irradiation. In gamma radiation processing, even thick dosimeters can be
used, with the difference between maximum and minimum dose in limits of ±1% in the body
of dosimeter. Therefore application of liquid chemical systems [1] meets in gamma
irradiations no problems, especially because irradiation times are long enough to make natural
mixing of the solution by convection efficient. Liquid dosimetric systems are seldom
applicable in electron beam processing. Sometimes the reason for that is a particular systems
radiation chemistry, which answers to the very high dose rate in another way than it is the case
with gammas (e.g. Fricke dosimeter). General reason is in general caused by difficulties in
preparation of a thin vessel for liquid dosimetric solution, with controlled thickness of walls.
Sometimes liquid systems are unavoidable, mainly in the case of physical dosimetry, i.e. with
water calorimeters. The water calorimeter has to be used with special precautions. One has to
keep in mind, that the aqueous body of such calorimeter is averaging the dose across the
isodose curves. There is no need to remind known facts of relations of the dose in layers of
water, of millimetre thickness, placed vertically to the scanned beam. The range of doses can
differ by many percentages from the average value, as indicated by the temperature of water in
the calorimeter, well mixed mechanically. Several possibilities can be chosen, e.g. the
entrance dose equal exit dose; in that case the difference between the maximum dose in the
depth of water and the entrance/exit dose is at minimum, but still high from the point of view
of dosimetry. Solid state calorimeters allow to lower the difference between the maximum and
minimum dose, but are introducing other sources of error.

It is obvious that the dosimeters to be used in electron beam irradiations have to be solid
systems, thus avoiding the question of walls, and meeting easily the necessity of constructing
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them in any thickness. Acceptation of the thin layer solid systems demands consideration of
specifics of solid state radiation chemistry. My group is investigating several aspects of solid
state radiation chemistry, especially those, which show differences to radiation chemistry of
liquids. Solid state radiation chemistry implies the use of specific measuring methods.

Among solid state dosimeters, the alanine dosimeters with ESR read-out have found a
wide acceptance for measuring dose in gamma radiation or bremsstrahlung fields. My group
has taken part, during the time of realization of the contract with the IAEA, in inter-laboratory
comparisons of results, placing themselves in the group of 60% of laboratories which got
acceptable results. One has to stress, that the success of the alanine/ESR dosimetry is limited,
at the time being, to gamma and bremsstrahlung radiation fields, i.e. to fields of rather
excellent homogeneity, especially in large installations for irradiation, where the object of
irradiation is passing places of different dose rate, collecting a well averaged dose of uniform
distribution. The alanine dosimeter is prepared by some laboratories in thin films, supposed to
be measured in a special, difficult way by ESR but that approach, the only acceptable in EB
processing, has never been the subject of inter-laboratory comparisons, for obvious reasons.
The IAEA Seibersdorf Laboratory is using its Bruker ESR-Spectrometer for thick alanine
dosimeters of Japanese production, having enough difficulties with dealing of bad effects of
orientation of alanine crystals in dosimeters, as described by Kojima.

It is obvious that the excellent properties of alanine dosimeter, in which the radical
anion formed by deamination: CH3 C*H CO2" has to be measured by another method, not by
the ESR with its inherent inconveniences, not mentioning difficulties in reproducible
preparation of thin films of a composite containing small alanine crystals. Some unexplained
phenomena in a conventional alanine-ESR dosimeters, even in it "thick" shape have appeared
early: The ASTM standard for the alanine-ESR dosimeter bears an advice how to make the
dosimeter in laboratory, by mixing alanine crystals with paraffin. The recipe mentions
conditioning of such dosimeters for several weeks without explanation of the purpose of this
procedure and for a mechanism responsible for the phenomenon. Most probably the instability
of the alanine/paraffin dosimeter has something to do with the matrix and its relaxation and/or
with ESR method of reading out the concentration of the radical anion mentioned above.
Another unexplained fact is a very high temperature coefficient of the alanine dosimeter, this
time not connected with the ESR method. Our studies on basics of solid state radiation
chemistry have found out indications for the solution of the problem.

The only solution of satisfactory measurement of the concentration of the radical was an
application of another measuring method, preferably an optical one. Previous efforts on non-
ESR measurement, published in the literature were proposing destructive methods
unacceptable for the purpose of routine EB dosimetry. Switching to new methods could not be
successful without improving our knowledge about the solid state radiation chemistry of
alanine in composites.

2. SPECIFICS OF SOLID STATE RADIATION CHEMISTRY

As it has been outlined in the 'Introduction', the liquid systems are seldom used in
practical electron beam high-dose dosimetry for radiation processing. They involve basics
radiation chemistry (e.g. Fricke dosimeter) as fundamental means of connecting the absorbed
amount of energy with the measured quantity. Other liquids, like water used as the apparently
inert body of the calorimeter also undergo chemical changes in the effect of absorption of
energy, but in that case efforts are made to limit the extent of radiolysis, which is responsible
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for the heat defect. In that case radiolysis described by radiation chemistry of competing
reactions presents a negative phenomenon, from the point of view of dosimetry.

Majority of useful dosimetric systems applied in radiation processing is solid but
paradoxically, radiation chemistry of solids is less developed than radiation chemistry of
liquids. First feature differing radiation induced chemistry in solids in comparison to liquids is
much shorter life of transients in liquid matrix. We have shown [2] that the free radical anion
CH3 C*H CO2~ derived by radiation induced deamination from solid alanine (CH3 HC NH3+

CC>2~) has the life time by 12 orders of magnitude longer than the same radical anion obtained
in pulse radiolysis experiment by detachment of hydrogen on oc-carbon of propionic anion, or
by detachment of Cl atom from a-chloropropionate. All three free radical anions are the same
species, as they have the same optical absorption spectrum and the same molar absorption
coefficients. The outstanding stability of the radical anion CH3 C*H CCV, when formed in the
lattice of alanine, is the reason for excellent properties of so called alanine dosimeter,
regardless the method of measuring the concentration of the radical — non-damaging methods
ESR or DRS (diffuse reflection spectrophotometry) or involving dissolution of irradiated
alanine. Our innovation consist in the use of electron absorption spectrum of the radical which
has the maximum at 350 nm and exhibits the molecular absorption coefficient £=1100 IVT'cmT
'[3].

Another feature of solid state radiolysis is the phenomenon of spurs. In that case only
the primary act is identical in liquid and solid state, but secondary reactions are running
differently. The primary act of absorption of ionizing radiation consists, contrary to
photochemistry, in interaction with electrons of the medium, irrespectively of their affiliation
to a particular molecule. The very first act of interaction may not to be supposed as similar to
photochemical, where the electromagnetic quantum is reacting selectively with one type of
constituent of the system, e.g. with the solute, in other words with a particular molecule or
part of it with the chromophoric group. With high energy quanta it is not the case. Therefore
radiolysis starts with the main constituent of the system, i.e. with water, if the object of
irradiation is aqueous solution. Another complication is the localization of ionization: Primary
ionizing particles, of low LET radiations, y-quanta or high energy electrons, as well as next
generations of quanta and electrons of energies still of the order of keV-s are forming single-
ionization spurs, but fmal generations cause ionizations not very far one from another, called
multi-ionization spurs in which products of ionizations, holes and electrons are very close one
to another, giving rise to specific reactions.

Single ionization spurs cause the detachment of electron from one small molecule,
leaving the positive hole. Multi-ionization spurs cause double and multiple ionizations very
close one to another in one molecule what usually leads to the destruction of the molecule
with formation of low molecular weight debris. The reactions which follow the primary act of
ionization are different for liquid and solid systems in spite of the same chemical composition.
The best examples are in the case of water and ice radiolysis and of concentrated liquid
aqueous solution as compared with their frozen glasses.

Introduction of pulse radiolysis technique to radiation chemistry of liquids has opened
new possibilities for recognition of mechanisms of reactions. Pulse radiolysis of solid state
samples is more difficult and seldom applied, but it will be more frequently used in solid state
radiation chemistry [4]. Results of pulse radiolysis of single crystals of L-a-alanine are

101



probing more deeply into the mechanism of deamination of ionized alanine and the formation
of the radical anion [5].

More details relevant to the application of solid state radiation chemistry in dosimetry,
e.g. the role of dry electron dominating solid state radiation chemistry are published in a
general paper [6]. Even more important feature of radiation chemistry of alanine, is described
in that paper, i.e. the determination of radiation yields of multi-ionization spurs. These are
responsible for 20% of energy deposited by low LET radiation. The occurrence of more than
one ionization in one molecule of alanine cause its destruction and not the formation of
radical anion mentioned in the Introduction and measured by ESR or DRS. We have
determined, by gas chromatographic method the radiation yield of these spurs to amount to
0.95 molecules per 100 eV. That value is increasing with the increase of LET value of the
radiation, meaning an increase of the concentration of the debris and causing new phenomena
after heavy ions irradiations, previously not understandable.

3. METHODS OF MEASUREMENT OF THE RADIOLYSIS PROGRESS AND RESULTS
OBTAINED ON CHOSEN DOSIMETRY SYSTEMS

The present work concentrated on the new method of reading the alanine dosimeter,
which consists in the formation of radical anion: CH3 HCNH34" CO2~ ->• CH3 C'H CO2~. The
concentration of this radical is usually performed by electron spin resonance method. The
ESR signal obtained from irradiated alanine depends on the position of crystals in the
resonance cavity of the spectrometer. As the application of single crystals oriented for
measurements in the cavity would be impractical and very expensive, the method is applied in
irradiation of chaotic, random mixture of microcrystals of alanine. The resulting spectrum is
an average of superimposed spectra of single crystals. In the case of thick cylinders of alanine
powder, kept in shape by a binder, the homogeneity of the position of crystals is close to ideal,
and small inhomogeneities are averaged by recording the signals in several positions of the
sample in the cavity, as it is the practice in the IAEA Dosimetry Laboratory.

Turning to thin layers of alanine-polymer composites, the inhomogeneous orientation
microcrystals is so bad, that accuracy and precision of measurement becomes catastrophic. In
one of our papers [2] we have shown that in the thin layer alanine/polyethylene composite, the
orientation of crystals of alanine is already almost complete, so that the ESR signals are more
similar to spectra obtained on single crystals properly oriented, but still of mixed character,
what makes the precise measurement practically impossible.

We have found that the radical anion CH3 C'H CO2~ has a well defined optical
absorption spectrum in UV (A-max - 350 nm), with the tail reaching into visible, causing the
well known yellowish tint of irradiated alanine. Careful investigation of optical spectra of
single crystals, and comparison with ESR spectra has proved the possibility of measuring the
concentration of the radical spectrophotometrically in a more convenient way. The
spectrophotometric measurement is not sensitive to the orientation of crystals, thus
simplifying the measurement even more. There is only one complication, demanding
application of diffuse light spectrophotometry for thin films containing alanine. Thin films
have to be prepared anyway, therefore the thin film alanine dosimeter together with DRS
measurement are creating new approach to electron beam dosimetry.
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The influence of multi-ionizations, mentioned in point 2, on the response of alanine
dosimeter was investigated and published in [6]. Thermodynamic consideration shows, that
double and higher ionization in one molecule of alanine cause its total destruction into debris.
One of the products, CO2 is unique for multi-ionization spurs and cannot be produced in
single ionization spurs. It was successfully determined by gas chromatography, so that one can
estimate the participation of multi-ionization spurs to 20% of total absorbed energy. This yield
in solid state is very similar to low LET radiolysis in aqueous solutions. One has to stress, that
debris of alanine decomposition in multi-ionization spurs do not show signals in ESR or DRS
spectra. That is another fact explaining the advantage of alanine dosimetry.

Introduction of the DRS method to dosimetry is not limited to thin film alanine
composite dosimetry. Many experiments have been made with a thin film composite of
sodium chloride crystalline powder with polyethylene. Optical absorption spectra of F-centers
in NaCl are again identical with conventional absorption spectra in single crystals, obtained in
other laboratories. Proposed dosimeter is very cheap, but its drawback is easier bleaching of
the yellow colour than it is the case with alanine dosimeter. The linear signal/dose relationship
observed up to 60 kGy with pure crystalline powder is not repeated, for unknown reasons, in
the case of the composite. Probably there is some influence of the matrix, not explained yet.
The role of matrix in the better known case of alanine is also not quite clear yet [7]. The
drawback of the NaCl connected with the calibration curve will be cleared in next
investigations; in the mean time only a short note is in print [8].

Another new field of the application of the DRS method to dosimetry is the application
to quantification of colour changes in labels used qualitatively or semi-quantitatively as
indicators in radiation processing. The investigation is not published yet, except a short note
[9]. Full version is considered for publication by 'Radiation Physics and Chemistry', because
it was exhibited as a poster during the 11th International Meeting on Radiation Processing
(IMRP-11) in Melbourne in March 1999. Although that investigation is not credited to the
IAEA, it has been created by inspiration from the IAEA contract.

4. ISODOSE MAPPING IN ELECTRON BEAM PROCESSING

As mentioned in the introduction, the electron beam processing is characterized by the
unfavourable congestion of isodoses, much more inconvenient than in gamma irradiations,
especially in large installations, where averaging of doses in moving boxes takes place. There
is no such possibility in electron beam irradiation, except the sometimes advised double side
irradiation. That procedure is very risky, because the slightest change in geometry of filling
the material into boxes can cause severe under- or over-exposures of the irradiated material
and provoke unfavourable distribution of electric charge [10,11].

Thin layer dosimeters only can secure the mapping of isodoses in electron beam
irradiations. Results are shown in the paper by Zagorski and Rafalski [12]. The isodoses
obtained in a flat object irradiated from above with scanned beam of electrons show
immediately what one can expect after inserting the object of known size and of density close
to the density of the material for which the isodose chart has been prepared. Alanine
dosimeters produced for measurements in gamma fields are evidently too thick to obtain
proper results because covering many layers of different dose rate.
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5. CONCLUSIONS

An useful, thin alanine/ESR dosimeter available for routine EB dosimetry is not existing
yet, therefore no comparisons can be made. The thin film alanine/DRS dosimetry is at the very
beginnings and the efforts put into its developments until now constitute hardly 1% of efforts
invested into the alanine/ESR dosimeter. Nevertheless, several points can be formulated
already:

i) The spectrophotometric equipment for the read-out is by one order of magnitude
cheaper than the ESR equipment, even of simplified construction which is not
completely satisfactory in comparison to the universal ESR spectrometer. The
spectrophotometric equipment may be used for other dosimetric measurements, e.g.
cellulose acetate films etc. The temperature of measurement is not critical for precision.

ii) The time needed for measurement of the dose by alanine/DRS dosimeter is shorter in
comparison to alanine/ESR dosimeter which demands measurement at several positions
of the dosimeter in the cavity.

iii) The precision of the alanine/DRS dosimeter is comparable to the precision of the
alanine/ESR dosimeter and there is no problem to have results in the ±2% limits. There
are common factors, to the ESR and DRS methods, which could influence the accuracy.
The knowledge of the temperature of irradiation is needed as in the case of alanine/ESR
dosimetry, because the formation of the radical by deamination runs in the same way in
both types of the dosimeter. The high dose rate in the EB processing is influencing all
types of dosimeters.

iv) The stability of the radical in both types of dosimeters is of course the same. The
spectrophotometric measurement is to short to cause any bleaching of the radical
absorption. The photochemical yield of bleaching at the maximum of absorption is very
low (quantum yield is lower than 0.001).

Collaboration of my group with the International Atomic Energy Agency, particularly
with K. Mehta, contributed to the revision of methods on every level of dosimetric procedure,
from the point of view of accuracy and precision. Inter-laboratory dosimetric comparisons
(CRP on Characterization and Evaluation of High-Dose Dosimetry Techniques for Quality
Assurance in Radiation Processing) performed by the Agency in July-August 1997 have
shown that results of my group were satisfactory and proved the veracity of our work.
Unfortunately, because of lack of time and insufficient progress in EB dosimetry, the inter-
laboratory comparisons were limited to gamma irradiations only.

Our efforts in preparing thin film alanine dosimeters stimulated other participants to
look for new methods of making such films (e.g. the blow out method of preparation of films).
Our technology got the status of Polish Patent, No. 172237. We are ready to supply anybody
with trial batches of the dosimeter and we are starting to prepare the draft of a standard,
because the existing ASTM standard for alanine dosimetry does not take into account thin
film alanine dosimetry and alternative methods of measurement of concentration of the
radical, like diffuse light spectrophotometry (DRS). We are ready to act as experts in the
dissemination of knowledge about improved methods of dosimetry in electron beam radiation
processing.
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As it is the case with every research and development, results are suggesting new
problems to be solved. Research on alanine dosimetry has revealed rather high temperature
coefficient of the formation of the radical anion, unusual for free radical formation. High
temperature coefficient involved into the radical formation causes complications in
preparation calibration curves for high doses. There are differences between gamma and
electron beam calibrations, due to adiabatic heating in the latter case. Our experiments into
that problem are in preparation for publication in collaboration under an European project
[13].

Diffuse reflected light spectrophotometry (DRS) has shown its advantages in solid state
radiation research, because it accepts almost opaque samples and in double beam
measurements shows only species formed by radiation, without involvement of the texture
and other properties of the sample. Its importance reaches far from alanine dosimetry.
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