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A simple way of varying the source efficiency in 4((PC)-( coincidence counting is described.  A wet source is put into the 4( flow proportional counter and measured repeatedly; the 4((PC) counting efficiency increases smoothly to a maximum value as the water evaporates.  It is possible to reproduce the measurement with the same source by rewetting it.  The method has been applied to more than 20 radionuclides and the accuracy of the extrapolation improved significantly.
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1. Introduction



	The well-known efficiency extrapolation method(1-3, 6-9, 11, 12) in absolute activity measurement by means of 4(b-g coincidence counting is commonly applied to eliminate efficiency-dependent corrections.  It consists in plotting of NbNg/Nc as a function of Ng/Nc - 1, where Nb, Ng, Nc are the observed count rates in the b, g and coincidence channels, respectively corrected for background, dead times and resolving time.  When Ng/Nc - 1 ( 1, NbNg/Nc ( N0, where N0 is the activity of the source.

	For radionuclides decaying by a single ( or EC branch Nc/Ng is a measure of the ( channel detection efficiency and the extrapolation curve,



	� EQ \f(NbNg,Nc) = N0 \b\bc\[(1 + K \b(\f(Ng,Nc) - 1)) �	(1)



is linear.  The constant slope K includes the probabilities of detecting internal conversion electrons or (-rays in the ( counter and is close to zero if these are negligible.  For radionuclides with complex decay schemes (several ( or EC branches) the slope K is constant if the inefficiencies of all the branches are equal or linearly related.  Usually they will be nearly equal for electron capture.  If the inefficiencies are not linearly related the extrapolation curve may be represented by a polynomial usually quadratic, in Ng/Nc - 1.  Sometimes the function can be made essentially linear by appropriate discrimination in the g channel.(11, 12)

	The source efficiency may be varied by changing the threshold level, or by foil- or self-absorption.(4, 9-11)  When a 4(( proportional counter at low (atmospheric) pressure is used as the ( detector, threshold level variation is unreliable for energetic ( emitters because high-energy electrons lose very little energy in the counter gas and give low-amplitude signals.  When foil- or self-absorption is varied the electrical conductivity of the source must be maintained, so metal or metallized foils or conductive seeding agents (e.g. aquadag) are used.  Often these reduce the source efficiency by large steps which are irreversible.  Then a large number of aliquot sources must be measured to achieve a range of efficiencies sufficient to give an accurate extrapolation.
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Fig. 2.  Plateau of the 4(( flow proportional counter measured with dry (1) and wet (2) 60Co sources.  Plateau (2) was obtained as the mean of two plotted curves (see text) measured, while the high-voltage (a) increasing at first and (b) decreasing immediately after this.

	In this paper a very simple way of efficiency variation is proposed using self-absorption.  It avoids the problem of large efficiency steps by smoothly increasing the source efficiency during the course of measurement.  This variation is reversible, and so the measurement can be reproduced using the same source.





2. Principle of the Method



	The activity was measured by the 4((PC)-( coincidence method.  The counting system(13) comprised a 4(( flow proportional counter (CH4 gas at atmospheric pressure) of the pill-box type as the (-particle detector and two 76 x 76 mm NaI(Tl) crystals as (-ray detectors.  The pill-box had a volume 130 cm3 and the flow rate of methane was about 5 cm3/s.  The anodes were 50 µm Au-coated Mo.
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Fig. 1.  Time course of (-efficiency for 60Co source dried inside the 4(( flow proportional counter.

	Sources were prepared by delivering 30-40 mg of radioactive solution to films of Au-coated VYNS.  Seeding agents (such as Ludox and aquadag(1, 4)) were used to improve the source uniformity.  The wet sources were put directly into the 4(( proportional counter without preliminary drying.  During the measurement the source efficiency increased smoothly as the water evaporated and so many experimental points for the extrapolation curve were readily obtained.  In addition, the source electrical conductivity was ensured.  This method is called "wet extrapolation".  It was possible to return the dry source to its initial state by delivering 30-40 mg of water or 0.1 mol/kg HCl to redissolve the radioactive salts.  The progressive drying of a 60Co source gave the data for Fig. 1.  It can be seen that the drying takes about 1/2-1 h and the (-efficiency increased more rapidly as time elapsed.  It would be convenient for low-energy ( particles or electron capture events to slow this process, but reducing the methane flow by half or cooling it with solid CO2 were ineffective, giving only a small increase in drying time.
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Fig. 3.  Wet extrapolation curves obtained with three aliquot sources of 82Br.  Gamma-ray discrimination was set at 450 keV.

	Using the wet extrapolation method the operation of the 4(( proportional counter could be distorted by after-pulses caused by electronegative water (or HCl) ions.  It was proved that these were not significant by comparing plateaux measured with dry and wet 60Co source (Fig. 2).  The wet source efficiency increased during the measurement of the plateau; to eliminate this effect the high-voltage was increased from 3 kV up to 3.9 kV and then decreased back to the initial point at regular short time intervals.  The whole time of the plateau measurement was about 200 s during which the increase in (-efficiency was approximately linear.  The mean of the curves obtained was taken for the true plateau.  It doesn't differ significantly from the dry source plateau.
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Fig. 4.  Wet extrapolation curves obtained with three aliquot sources of 54Mn.  Gamma-ray discrimination was set at (1) 710 keV and (2) 120 keV.





3. Results



	The wet extrapolation method was successfully used for the following radionuclides:
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Fig. 5.  Wet extrapolation curves obtained with three aliquot sources of 133Ba.  Gamma-ray discrimination was set at 250 keV.

(-g emitters 24Na, 56Mn, 59Fe, 60Co, 82Br, 95Nb, 131I, 134Cs, 141Ce, 144Ce + 144Pr and 198Au,

pure ( emitters 35S, 45Ca, 137Cs and 147Pm with 60Co as tracer(1,4,5,8)

EC-g emitters 54Mn, 65Zn, 85Sr, 88Y, 133Ba and 169Yb,

conversion electron-g emitters 99mTc(10) and 125mTe.



�

Fig. 6.  (A) Wet extrapolation curves obtained with five aliquot sources of 144Ce + 144Pr.  Gamma-ray discrimination was set at (1) 25-160 keV and (2) 25 keV.  (B) Extrapolation curves obtained for 144Ce + 144Pr using foil-absorption at the same g-ray discriminations.

	Some representative results for 82Br, 54Mn, 133Ba and 144Ce + 144Pr are shown in Figs 3, 4, 5 and 6 respectively.  The ranges of Ng/Nc - 1 were usually greater than shown in the figures; appropriate upper limits to this parameter were chosen for data fitting.  In the last figure the wet extrapolation curves for 144Ce + 144Pr (Fig. 6A) are compared with those obtained by foil-absorption (Fig. 6B).  The experimental values of the slope K (see equation (1)) are given in Table 1.  The reproducibility of K is excellent.  To improve accuracy higher-activity sources could be measured.  Higher rates, however, increase the uncertainties in the rate-dependent corrections, in particular the delay mismatch between (- and g-channels at high g-ray discrimination levels.
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Fig. 7. Wet extrapolation curves obtained with three aliquot sources of 65Zn.  Gamma-ray discrimination was set at (1) 680 keV and (2) 110 keV.  The "knee"-point of curve (2) corresponds to the absorption of Auger electrons.



	The wet extrapolation method was proved to be inconvenient for the radionuclides with comparable branching ratio of electron capture and (+ or (- emission (e g. 58Co or 152Eu).  In the extrapolation curve or such a radionuclide there is a "knee"-point corresponding to the total absorption of Auger electrons beyond which the EC-branch efficiency remains almost constant.  This effect is demonstrated for 65Zn in Fig. 7. In this case the branching ratio of particles is very small, about 1.5%.  The "knee"-point is therefore very distant from zero (at Ng/Nc - 1 ( 11.5) and the use of the wet extrapolation is possible.  On the other hand the (+ and (- branching ratios for 58Co and 152Eu are 15% and 27% respectively and the "knee"-points were found out to be approximately at Ng/Nc - 1 ( 3.3 for 58Co ((-ray discrimination level 680 keV) and 1.0 for 152Eu ((-ray discrimination level 80 keV).





4. Conclusion



Table 1.  Reproducibility of the linear (K) and quadratic (Q) coefficients of the wet extrapolation curves.  Errors in parentheses are at the 99% confidence level



Nuclide�Gamma-discr.

(keV)�K�Mean K	�Q�Mean Q��54Mn

�710�0.0040 (7)

0.0041 (5)

0.0039 (6)�

0.0040 (3)�����120�0.0003 (3)

0.0004 (3)

0.0001 (4)�

0.0003 (2)����65Zn�680�0.0018 (6)

0.0019 (4)

0.0024 (3)�

0.0021 (3)�����110�-0.0486 (46)

-0.0472 (20)

-0.0484 (31)�

-0.0481 (18)����82Br�450�0.0049 (7)

0.0051 (9)

0.0050 (6)�

0.0050 (4)����133Ba�250�0.0321 (12)

0.0320 (18)

0.0327 (9)�

0.0323 (7)����144Ce

    + 

144Pr�25-160�0.634 (42)

0.600 (29)

0.636 (27)

0.621 (33)

0.601 (34)�



0.618 (14)�-0.158 (28)

-0.136 (22)

-0.162 (19)

-0.152 (23)

-0.129 (25)�



-0.147 (10)���25�0.549 (64)

0.527 (61)

0.567 (75)

0.545 (65)

0.518 (69)�



0.541 (27)�-0.364 (71)

-0.337 (75)

-0.387 (88)

-0.351 (74)

-0.301 (80)�



-0.348 (32)����������Foil-absorption�������25-160��0.613 (48)��-0.115 (44)���25��0.548 (92)��-0.341 (137)��	The proposed wet extrapolation method improves the accuracy of the efficiency extrapolation for many radionuclides as much as by an order of magnitude.  It is possible to measure the whole extrapolation curve with a single source and to reproduce the measurement with the same source several times, because it remains intact.  Further improvement of accuracy might be achieved by slowing down the rate of source drying in the 4(( proportional counter.
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�Equations in MS Word 



Microsoft Word fails to display some equations on a computer using decimal comma if the equations were created on a computer using decimal point (and vice versa).  In this document, the "decimal point" versions of equations are used; the "decimal comma" versions are bellow:





� EQ \f(NbNg;Nc) = N0 \b\bc\[(1 + K \b(\f(Ng;Nc) - 1)) �	(1)
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