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The applicability of lanthanide doped alkaline metal sulphates as a new type of
dosimeters for EPR dosimetery of ionizing radiation has been investigated in an attempt
to obtain a dosimeter with better characteristics than the commonly used alanine dosim-
eter. Irradiation of samples doped with different lanthanides (Y, Ln, Gd) showed that the
best sensitivity is obtained using dosimeters doped with Y,(SO,);. Different procedures
for manufacturing dosimeters were studied and an optimum procedure was established.
The time stability of the EPR signal of the irradiated Y,(SO4); dosimeter was investi-
gated using a 1’N-PDT standard and no fading of the EPR signal was observed over at
least two weeks. The dose dependence of alanine and Y,(SO4); doped K3Na(SOy,), do-
simeters irradiated in the range 20 Gy — 200 kGy was analysed using a combination of
1-hit and 2-hit mechanisms of free radicals creation.

Keywords: lanthanide doped K5;Na(SQy,),, electron paramagnetic resonance, dosimetry.

INTRODUCTION

The extensive use of ionizing radiation in industry (food processing, steriliza-
tion, efc.) and medicine has prompted the development of versatile and reliable
dosimetric techniques capable of covering a wide range of doses (e.g., 1 Gy—100
kGy). One ofthe methods currently employed is solid state EPR (electron paramag-
netic resonance) dosimetry where the absorbed dose is assessed by measuring the
concentration of free radicals induced in the sample by ionizing radiation. The SS
EPR dosimetry has several favorable features desirable for any dosimetric system:
small size, long lasting record (restricted diffusion prevents recombination of radi-
cals), and the ability for repetitive dose determination due to the non-destructive na-
ture of the read-out procedure. Dosimeters containing a mixture of alanine powder
and binding substance have been proposed as the optimal material for EPR dosime-
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try! because of the following characteristics: reasonably high sensitivity, linear
dose response in the range of 10 to 10*-10° Gy, low costs, ability to be easily manu-
factured i 1n any shape (films or rods), or size, and long-term stability (transfer do-
simetry).!™ ALA-dosimeters are now commerelally available and are routinely
used in a wide range of facilities from radiation processing units to, for example,
high-energy particle accelerators.”

In spite of their good characteristics, ALA-dosimeters show rather low sensi-
tivity at low, radiotherapeutic doses (i.e., around 2 Gy) and deviation from linear re-
sponse for doses above 20—-50 kGy. Therefore, investigations have been directed to-
ward the search of materials that exhibit a higher G-value (the number of paramag-
netic centers produces by the radiation per absorbed 100 eV) and/or materials that
have EPR signal saturation above 0.3—0.5 MGy. Two types of materials are cur-
rently under 1nvest1gat10n a) substances similar to alanine such as ammonium
tartrate® or Mg-lactate’ and b) inorganic sulphates doped with Varlous cations
where the radiation induced SO3 ™~ radical is used for dose assessment.®~10 We have
investigated lanthanide doped alkaline metal sulphates (Ln- d051meters) since it has
been claimed that such substances exhibit extremely high sensitivity,® but also that
similar types of material can be used for the assessment of very high doses.’?

Film dosimeters give a lower EPR intensity than rod shaped dosimeters, be-
cause of the smaller amount of EPR active material within the most sensitive region
of the EPR cavity. Nevertheless, we choose to investigate film dosimeters since
many applications require determination of the spatial dose distribution, which can
only be achieved by arranging film dosimeters into sandwiches. The investigations
reported here are parts of a larger effort to develop a range of dosimeters that could
be suitable for a wide range of irradiation conditions (medical or industrial, i.e., dif-
ferent dose and dose rate ranges) as well as for different types of ionizing radlatlon
(y-rays, e ,p"). 1L12g0me Iprehmmary results on lanthanide-doped dosimeters have
been reported previously. '

EXPERIMENTAL

Preparation of dosimeters. Although ALA-dosimeters are now commercially available, our
intention was to compare the dosimetric properties of ALA and Ln-doped K3Na(SO4)2 dosimeters
which are manufactured under same conditions. Therefore, alanine dosimeters were prepared by one
of the routinely used procedures: polycristalline DL-a-alanine (BHD Chemicals Ltd.p.a.) and
low-density polyethylene (PE16, Lotrene Cd0302) were mixed (50/50 % w/w) and grinded. A homo-
geneous mixture was then pressd-molded at 470 K into 0.3 thick plates, from which 5x10 mm dosim-
eters were cut.

The applicability of lanthanide doped K3Na(SO4); as a dosimetric system was evaluated us-
ing the following preparations. The first step was to assess: a) which lanthanide ion as dopant yields
the highest sensitivity of the doped K3Na(SO4)2 matrix to irradiation; and b) whether it is necessary
to add lanthanides as sulphates instead of the commercially available oxides to avoid an additional
step in the dosimeter preparatlon Three lanthanide cations (Y, La and Gd) were selected based on
their efficiency as dopants Initially, the procedure outlined in Ohta et al.® was used, ie.,
K3Na(SO4)2 matrix was prepared by homogenizing Na2SO4 and K2SO4 in acetone, followed by
heating to 340 K to evaporate acetone and then firing at 1023 K in an oven (Carbolite Furnaces) under
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argon atmosphere for 4 h was adopted, lanthanide oxides or sulphates (dopant/matrix ratios: 0.074
mol % for Y, or 0.15 mol % for La or Gd were sected to yield maximum sensitivityg) were homoge-
nized with the K3Na(SO4)2 matrix in acetone and the entire procedure was repeated (preparation I).

After selecting the best candidate (i.e., Y2(SO4)3 for Ln-doped K3Na(SO4)2 dosimeters, the op-
timal procedure of doping the K3sNa(SO4)2 with Y2(SO4)3 was then evalualed. In addition to the previ-
ously described procedure, two other preparation methods were employed: a) Y2(SO4); and
NazS04/K2S04 were mixed in acetone and heated only to 340 K (preparation II), and b) such a mixture
was fired at 1023 K in an oven under argon atmosphere for 4 h (preparation 111, i.e., the preparation of a
fired matrix was avoided. The ground powders were then irradiated and their EPR spectra recorded
shortly after irradiation (Fig. 2b, Tables I and II).

Finally, Y-film-dosimeters were prepared by grinding the mixture (60:40 % w/w) of Y2(SO4)3—
K3Na(SOg)2 powder (prepared by preparation I1I) and polyethylene which was then press-molded to pro-
duce 0.3 mm thick films from which 5x10 mm dosimeters were cut (i.e., identical shape as for the
ALA-dosimeters). Both types of dosimeters were irradiated using a wide range of doses and their re-
sponses to irradiation were compared. The dosimeters were kept at ambient temperature and humidity.

Irradiation.®°Co y-ray irradiation was performed at the Institute of Nuclear Sciences "Vinca",
Belgrade, using either a low dose rate source (= 100 Gy/h) for the dose range 10 — 200 Gy or a high
dose rate source (1.20 kGy/h) for the dose range 0.2 — 200 kGy. The dosimeters were irradiated under
electronic equilibrium at room temperature.

Preparation of standard. Nitroxide N-PDT (2,2,6,6-tetramethylenpiperidine-d; 6-15N-0xy1-4-
-one, MSD isotopes, Los Angeles, CA) was used as an external standard in order to improve the
reproducibility of the EPR measurements of the dosimeters. The reason for using perdeuterated, 15N sub-
stituted nitroxide was its feature to exhibit two very narrow EPR lines' (instead of the 3-line spectrum of
ordinary N nitroxides) which do not overlap with the line of the dosimeter (see Fig. 3). The nitroxide
was dissolved in distilled water (concentration = 0.3 mM) and the solution was drawn into a capillary,
both ends of which were consequently sealed. The standard was then fitted into the EPR holder (Fig. 1)
and used to check the stability of the EPR spectrometer as well as in experiments where the fading charac-
teristics of the Y-dosimeters were investigated (see Fig. 4).

EPR measurements. All EPR spectra were recorded at room temperature using a Varian
E104-A or E-109 EPR spectrometer operating at X-band (9.5 GHz). The modulation frequency was
100 kHz and other scanning parameters (i.e., modulation amplitude, MA; microwave power, P; and
scan range) were selected on the basis of detailed assessment of the behavior of the examined EPR
species (see Fig. 5). EPR spectroscopy is notoriously unreliable for quantitative measurements due to
the inhomogeneous magnetic field within the cavity. Cosequently, the positioning of the samples is of
vital importance15 and all dosimeters were measured within the special holder shown in Fig. 1. The
holder enables precise and reproducible positioning of dosimeter film vertically and parallel to the
magnetic field. In addition, it enables the insertion of the external standard, which was used in some
experiments (see Figs. 3,4). The dose response of dosimeters was calculated from the measured
peak-to-peak height of the first-derivative of the central line of the EPR spectra, normalized to the
unit weight of dosimeter and the receiver gain.

Data analysis. EPR spectra were recorded and analyzed using EW software (Scientific Soft-
ware). The dose dependence of both the ALA- and Y-dosimeters (the EPR signal vs. absorbed dose)
was analyzed using the formalism previously developed for similar types of dosimeters.!”'® Data on
the dose response (Fig. 6) were fitted using the Table Curve 2D program.
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Fig. 1. A sketch of the specially designed EPR sample holder. Film dosimeters were placed into the
rectangular hole, while the cylindrical hole is for the placement of standards.

RESULTS AND DISCUSSION

1. EPR spectral characteristics of irradiated Ln-doped K3Na(SOq4)2

The EPR spectrum ofthe ALA-dosimeter (Fig. 2a) shows the well known five
line spectrum (intensity distribution is approximately 1:4:6:4:1) of the
CH;CH"COOH free radical, resulting from the loss of the NH, group.!3 The EPR
spectra of Ln-doped K3Na(SOy4), show only a single line with a width of around 1
mT. The type of preparation or the type of dopant (Y or La) did not have any influ-
ence on the shape of EPR spectra, but only on their intensity. It is also noteworthy
that irradiation of undoped K3Na(SOy4), gave an EPR signal identical to Ln-doped
K3Na(SOy), (Fig. 2b). An EPR signal at zero dose was not detectable in any of the
preparations. Measurement of the g-value for this radical, calculated from the
known values for 1°N-PDT, gave 2=2.0037, which agrees well with the published
g-values of the SO5~ radical.®~1% The EPR spectral characteristics of the irradiation
induced species shown in Fig. 2b also agree well with the EPR spectra obtained for
the SO3™ radical using a similar dosimeter preparation.®? Other radicals (e.g.,
SO4~, O37) can also be produced by irradiating solid alkaline (or earth alkaline)
metal-SO4 matrix, however, they have a much lower signal intensi‘g/ and are EPR
‘visible’only if the spectra are recorded at very low temperatures.!

1I. The effect of preparation on the dose response of Ln-doped K3Na(SO4)2

Tables I and II summarize some of the main features of the Ln-doped
K3Na(SOy4), materials in regards to their response to irradiation. It is not surprising
that irradiation of an undoped matrix gave a weak EPR signal as compared to the Ln
doped one (Table I, Fig. 2b), since it has been found that undoped alkaline (or earth
alkaline) metal-SO4 matrix is not sensitive enough to be used for radiation dosime-
try.10 Also, it is obvious that using Y as the dopant provides a better dose sensitivity
than using La. The EPR spectrum of Gd-doped K3Na(SOy4), was contaminated by a
broad line (presumably from Gd) superimposed on the EPR line of the SO5™ radical.
It appears that adding the lanthanides as sulphates has advantages in regards to the
dose response over lanthanide oxides (compare EPR signals for Y,(SOy4); and
Y,03) in spite of a rather low level of doping (0.074 mol %).
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Fig. 2. Typical EPR spectra of a) alanine
and b) Y-doped K;Na(SOy), and undoped
K;Na(S0,), matrix irradiated with 6°Co
y-rays (100 Gy).

TABLEI. EPR signal intensity (arbitraty units, normalized to sample weight and instrumental gain) of
irradiated K3Na(SO,), matrix and Ln doped K;Na(SO,), matrix. All samples were prepared using
procedure 111 (see Experimental).

EPR signal intensity (a.u.)

Sample
20 Gy 100 Gy
Y (SO)KNa(SO), 79 267
YOKNa(SO) 44 136
LaOKNa(SO) 15 60
K Na(SO)-matrix 9 21

Table II shows that particular details in the preparation of Ln-doped
K5Na(SOy), dosimeters can have a profound influence on their response to irradia-
tion. The high-temperature treatment in an inert atmosphere is obviously unavoid-
able (compare EPR signals for procedure II vs. procedures I and I1I). However, the
best results were obtained by slurring Y,(SOy4)3 with NaySO4/K,SOy, followed by
firing, without previous preparation of the K3Na(SO4), matrix as it has been recom-
mended? (procedure I11 vs. procedure I). This appears to be consistent with the pro-

posed mechanism according to which lanthanide dopants substitute Na in the
K3Na(SOy),, thus promoting the formation of SO3~ via charge compensation,!

which in turn should favor procedure III.

7



748 PETKOVIC et al.

400 4

200

Intensity

- Fig. 3. The EPR spectra of SO5™ free radi-
cal induced by irradiation of
o i ‘ . . . Y5(SO4);—K5Na (SO4), film dosimeter and
w0 M0 a0 w0 M0 ISN-PDT nitroxide standard measured in
Magnetic field (Gauss) the EPR sample holder (see Fig. 1).

-400 o

Fig. 4. Time stability of SO3™ free radi-
cals induced by irradiation of a
Y,(S04)5-K5Na(SOy4), dosimeter. The
EPR signal is given as the ratio of the
8% EPR signal amplitudes of SO3™ and the
standard (see Fig. 3).
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TABLEII. EPR signal intensity (arbitrary units, normalized to sample weight and instrumental gain) of
irradiated Y»(SO4); doped K53Na(SO,), matrix prepared using different procedures (see Experimental)

Dose/Gy Procedure I3 Procedure 11 Procedure 111
20 55 12 79
100 190 28 267

111. Stability of radical in Y-dosimeters

The fading of the EPR signal of irradiated dosimeters is an essential parameter
in assessing of their practical applicability. If the signal fading is reproducible and
well known, it can be corrected for, however, it is advantageous to have dosimeters
the EPR signal of which is stable over a longer period of time (at least a few weeks af-
ter irradiation). We used the external standard to minimize errors arising from the
spectrometer tuning and dosimeter positioning during repetitive measurements. Fig-
ure 3 shows the EPR spectrum of the Y-dosimeter placed into the sample holder along
with the 1°N-PDT standard. The separation of the EPR lines of standard and dosime-
ter is sufficient for independent measurements of their respective amplitudes thus en-
abling the use of relative intensities and avoiding the nuances of EPR metrology. The
Y-dosimeter was irradiated by 8 kGy and repeatedly measured over a period of 15
days (Fig. 4). The reproducibility of EPR measurements was assessed using the same
irradiated Y-dosimeter and °N-PDT standard but taking out and reinserting the
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holder into the cavity, while trying to reproduce the spectrometer tuning in each con-
secutive scan (error bars in Fig. 4). It is evident that irradiated Y-doped K3Na(SOAI;)2
shows no detectable fading over the examined period (similar to ALA-dosimeters'®)
which makes it a good candidate for solid-state EPR dosimetry.

1V. Comparison of Y- and ALA-dosimeters

When comparing the characteristics of different dosimeters it is essential to deter-
mine the relationship between the EPR signal intensity (S7) and the instrumental param-
eters such as microwave power (P) and modulation amplitude (MA) for each dosimeter.
An increase in both parameters increases the S/N-ratio, but on increasing P above a cer-
tain value, the S/ vs. P2 departs from linearity and eventually reaches a maximum (7
relaxation time effect), while increasing /A above a certain value results in line broad-
ening and departure from linearity of S/ vs. MA. The recommended MA and P values for
ALA-dosimeters varies over a rather broad range (M4 =1—10 Gauss, P=1-50 mW)
which is the consequence of whether the authors kept these settings in the regions of lin-
earity or attempted to increase the S/N-ratio while sacrificing the resolution of the spec-
trum structure. A systematic study of the EPR settings for dosimeters based on the mea-
surement of SO5~ radicals has not been reported. Therefore, to make a comparison be-
tween the Y—and ALA—dosimeters irradiated under same conditions it was necessary
to determine the optimal values of P and M4 for each dosimeter. Figure 5 shows the S/
obtained at different settings of MA and P for the two dosimeters. The S/ of the
Y-dosimeters departs from linearity at a slightly higher /74 than the ALA-dosimeter
and also saturates at a slightly higher P.

Measurements of the signal intensities (S7) of the central EPR lines of the two
types of dosimeters, which were irradiated over a broad range of absorbed doses and
measured under identical instrumental conditions, indicate that the ALA-dosimeters
are more sensitive than the Y-dosimeters (Fig. 6). Independent measurements of do-
simeters irradiated with 10 kGy and recorded under MA =1 Gauss and P =5 mW give
the ratio S/o1 A/Sly = 1.62. This ratio can be improved by increasing the values of M4
and P when measuring Y-dosimeters, so eventually an equal sensitivity can be
achieved. The value of the double integral (DI) of the EPR spectra is physically more
meaningful when comparing the sensitivity of two dosimeters since this, in theory,
should give the ratio of the absolute number of radiation induced radicals in each do-
simeter. Unfortunately, this method has disadvantages since baseline fluctuation in-
duces considerable uncertainties, so the peak-to-peak method appears to be the more re-
liable one. Nevertheless, the ratio of the double integrals under above conditions was
2.73, i.e., higher than the ratio of S/°s, which is to be expected from the difference in the
respective spectral shapes (Fig. 2). Although this is not relevant from a dosimetric point
of view where only the peak-to-peak method is commonly used, this analysis is impor-
tant since our results are inconsistent with the result published by a Japanese group®
who reported extremely high sensitivity for the same type of dosimeters, i.e., a change
of'the EPR signal intensity by almost one order of magnitude per 10 Gy and the ability
to measure absorbed doses down to 0.1 mGy. This would imply that their dosimeters
were about three orders of magnitude more sensitive than alanine dosimeters. Since the
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sensitivities of our ALA- and Y-dosimeters are similar to previously reported sensi-
tivities for these types of dosimeters, "% the possibility that a discrepancy of three
orders of magnitude in sensitivity between our measurements and those by the Japa-
nese group is due to the different sensitivity of the EPR spectrometers can be ruled
out. In any case, the reported ability to perform measurements of absorbed doses in
the 0.1 mGy range would require G-value of 100 or more, which seems rather unre-
alistic.

It is obvious that the shape of the dose response curves of the two dosimeters
differ, i.e., the Y-dosimeters show supralinearity, while the ALA-dosimeters show
sublinearity (Fig. 6). We tried to decompose the dose-res;ljonse curves in Fig. 6 us-
ing a theory proposed for both TLD and EPR dosimeters.!%-16:1° The measured ex-
perimental points were fitted assuming a mixture of 1- and 2-hit response using the
following equation: 16

SI(D) = R(1—exp(=D/Do1)) + (1-R)[1-(1+D/Dq2) exp(—D/D02)]
where R is the relative contribution of 1-hit, and Dy and Dy, are characteristic
doses for 1- and 2-hit events. From the above equation it can be seen that 1-hit factor
R characterizes the dose-response is sublinear for 1/2<R<1 and for 0<R<1/2 suplra-
linear the dose-response is sublinear for 1/2<R<1 and for 0<R<1/2 supralinear,
while the Dg‘s can be used to compare the sensitivity and/or linearity of various
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Fig. 6. EPR signal intensities of irradiated ALA- and Y- dosimeters (recorded under the same in-
strumental settings) vs. absorbed dose.

dose responses.10 The decomposition into 1- and 2-hit parts is shown in Fig. 7. The
best-fit parameters were: R = 0.67; Do = 22 kGy; Dgr = 98 kGy for ALA-do-
simeters and R = 0.33; Dy = 21 kGy; Doy = 103 kGy for Y-dosimeters. The ob-
tained values of R indicate the different contribution of 1- and 2-hit events between
the two types of dosimeters, i.e., the difference in the mechanism of interaction be-
tween the y-rays and target media. The values of the Dy's are almost the same indi-
cating that both dosimeters are able to cover the same range of doses prior to
saturation. However, it is obvious from Fig. 7b that the (1+2)-hit model does not ad-
equately describe the dose-response curve of Y-dosimeters and that inclusion of
some additional mechanisms seems necessary.

CONCLUSIONS

This investigation demonstrated that Ln-doped K5Na(SOy4), are potentially
useful materials for EPR dosimetry. From a spectroscopic point of view, their EPR
spectra have favorable characteristics (i.e., a single line spectrum). They also do not
show EPR signal fading for at least 15 days, a time sufficient for accurate dose mea-
surements, as well as for transfer dosimetry. These materials showed higher dose
sensitivity than pure alkaline (or earth alkaline) metal-SO,4 which points to the im-
portance of the nature of the doping agent, as well as to the particulars of the doping
procedure. Although some authors have proposed an explanation for the doping
mechanism,'” our present knowledge is still at the empirical level, hence the search
for the ‘ideal’ dosimeter might require information from additional techniques such
as X-ray crystallography. Although lanthanide doped alkaline metal sulphates did
not show better dose sensitivity than routine alanine dosimeters, EPR investiga-
tions of these materials are of interest because similar materials have been used for
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thermoluminescent (TLD) dosimetry. Therefore, EPR studies of these materials
can contribute to a better understanding of the processes that occur in TLD dosime-
ters.

U3BOJ

ITAHTAHOUITUMA JNOIINPAHU CYIIOATHU AJIKAJTHUX METAJTA KAO KAHIOWIATHA
3A EITP JO3UMETPUTY

JENMEHA TIETKOBUHh, MBAHA MITAJTEHOBWR, HUKOITA BYKEIWUR, MUITOTT MOTOBUR w
I'OPAH BAUYUH*

Qaxyattieii 3a Qusuuxy xemujy, Yruueepsuitieiti y Beozpady, CiuiyOeniticxu tipZ 12, Beozpad

HcnuraHa je npumeHa cyidara ankalHUX MeTajla JOINMPAaHUX JIAaHTAaHOUUMa Kao
HOBOT Tuna po3umetapa 3a ETTP go3uMeTpujy joHusyjyher 3padema y nokyiuiajy gobujama
JIo3UMeTpa Koju 6u mMao 60ibe OCOOMHE Off PYTUHCKH YHMOTpeOhbaBaHOT aJaHUHCKOT J10-
3uMeTpa. O3paunBame y30paka AONMpaHHX ca pasznumuuTéM jantaHompmma (Y, Ln, Gd)
MmoKa3syje fla ce HajooJba OceT/LUBOCT AoOMja Kopuctehm mo3zumerpe mommpane Y2(SOa4)3.
Hcnutanu cy pa3iauyuTy NOCTYIIM IpUIpeMe Jo3UMeTapa U YTBpheH je OnTUMallH| OCTY-
nak. Kopumhewem “N-PDT cranfapja ucnuraHa je BpeMeHCcKa CTaOMITHOCT CUTHasa 03pa-
yeHor Y2(SO4); po3umerpa. Huje npumeheno onagame EITP curnana y Toky iBe Hefelbe,
LITO je JOBOJbHO 3a TpaHc(ep JO3UMETPH]jy. AHATU3UPaHa je J03HA 3aBUCHOCT UHTEH3UTETA
ETIP curnana anaHnHcKor 1 fo3umeTpa Ha 6a3u K3Na(SO4)2 nonupanor Y2(SO4)3 03paueHnx
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y omicery 1o3a 20 Gy — 200 kGy kopuirthemem Mexann3aMa KOMOHAIFj e jeJHOT 1 IBa TIOTOTKAa
TIpH CTBapamy CIO0OJHUX pafiuKaa.
(IIpmvbeno 2. jyna 2000)
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