Appl. Radiat. Isot. Vol. 37, No. 12, pp. 1225-1233, 1986

Int. J. Radiat. Appl. Instrum. Part A 

Printed in Great Britain.  All rights reserved

0883-2889/86 $3.00 + 0.00

Copyright © 1986 Pergamon Journals Ltd.

�





Instrumental Corrections of Peak Areas

in Gamma-ray Sum-peak Counting





VLADIMIR ZAJÍC*



Institute for Research, Production and Applications of Radioisotopes, Radiová 1, CS-102 27 Prague 10,

Czechoslovakia



(Received 21 February 1985; in revised form 13 March 1986)



	Direct activity measurement by the g-ray sum-peak method with two NaI(Tl) crystals operating in the summing, coincidence and anticoincidence modes is demonstrated for 88Y and 207Bi.  Estimates of g-spectrum peak areas are described in detail.  Instrumental corrections of the peak areas for pile-up, dead time and random summing are derived theoretically and verified experimentally for all three modes of operation.





�1. Introduction



	Brinkman et al.(1-8) described activity measurement based on an analysis of g-ray spectra measured by a single NaI(Tl) well crystal.  This "sum-peak method" may be used for radionuclides emitting two g-rays in cascade (e.g. 24Na, 60Co, 88Y, 207Bi etc.). At least one transition should be close to 100% in intensity.

	Hutchinson et al. (9) improved this method using two NaI(Tl) crystals by taking advantage of coincidence and anticoincidence techniques.  They used it as a preferred method for 207Bi standardization.  This radionuclide decays by electron capture, about 83% to the isomer 207mPb.  The metastable state with its half-life of 0.8 s makes standardization by the 4p(X,e)-g coincidence method impossible.  The sum-peak method counts only g-rays, none of which feed the metastable state (see Fig. 1).

	Before application of this method for 207Bi it was tested with 88Y, a radionuclide the activity of which could also be measured by the usual coincidence method.  The decay schemes of 88Y and 207Bi are shown in Fig. 1.  The sum-peak method requires the determination of the count rates (peak areas) under two photopeaks and the sum-peak.  It was found that the peak areas showed a systematic variation for a series of sources of graduated activity.  This problem was resolved by deriving and experimentally verifying peak area corrections for pile-up, dead time and random summing.  With this improvement the sum-peak method was applied in the standardization of 207Bi.





2. Principle of the sum-peak method



Let a source of a radionuclide emitting two g-rays g1 and g2 in cascade disintegrate at a rate N0.  Let e1, e2, and t1, t2 be peak and total efficiencies including decay-scheme factors.  Then the non-recorded disintegration rate is

�

Fig. 1.  Decay schemes of 88Y and 207Bi.



	N0 - T = (1- t1)(1 - t2)N0	(1)



where T is the total count rate. The areas of the two photopeaks and the sum peak are,



	S1 = e1(1 - t2)N0



	S2 = e2(l - t1)N0



	S12 = e1e2N0	(2)



and hence the activity is



	� EQ N0 = T + \f(S1S2,S12) �	(3)



	The fundamental problem of the sum-peak method is the determination of the photopeak areas on the Compton background.  The accuracy of the sum-peak method as described by Brinkman et al. (1-8) varies from 2 to 5%.(9)  It is limited by the error of the additional term S1S2/S12.  To improve accuracy the total efficiency T/N0 must be as large as possible and the additional term must be small.

�

Fig. 2.  Block diagram.





	Hutchinson et al.(9) improved the sum-peak method in two ways:

With the use of two scintillation detectors with large (20 ( 10 cm) NaI(Tl) well crystals, (10) the total efficiency was increased to 90-95%.

Both detectors were operated in the summing, coincidence and anticoincidence modes.



Both detector outputs were always summed.  The gate at the input of the pulse height analyzer was opened in the coincidence and closed in the anticoincidence mode by coincidences between the two detectors.  The peak efficiency (i may be divided into two components(9):

the probability of photon gi being totally absorbed in one crystal,

the probability Bi of photon gi Compton backscattering from one crystal into the other, before depositing all of its energy in the two-crystal system,



	(i = 2pi + 2Bi   (i = 1, 2)	(4)



�

Fig. 3.  Superimposed coincidence (C) and anticoincidence (A) spectra of 88Y taken for the same live times.



The photopeak and sum-peak areas in the coincidence or anticoincidence mode are then



	C1 = 2B1(1 - t2)N0



	C2 = 2B2(1 - t1)N0



	C12 = S12 - A12	(5)



	A1 = 2p1(1 - t2)N0



	A2 = 2p2(1 - t1)N0



	A12 = 2p1p2N0	(6)



and the activity is equal to



	� EQ N0 = T + \f(A1A2,2A12) �	(7)



where T is the total count rate measured in the summing mode.  In the anticoincidence mode the other crystal is acting as an anti-Compton shield.  Then the Compton background decreases and the photopeak area determination is more exact.  Hutchinson et al.(9) estimated the error in the additional term, A1A2/2A12 as 5-7% corresponding to an activity error of 0.25-0.7%.

�

Fig. 4.  Determination of the sum-peak area A12 in the 88Y anti-coincidence spectrum.

	The present measurements were made with two 76 ( 76 mm NaI(Tl) crystals with 7% resolution for 137Cs.  The radioactive sources, sandwiched between 5 mg/cm2 polyethylene foils, were then inserted between the crystals.  A block diagram of the apparatus is shown in Fig. 2; the arrangement is similar to that of Hutchinson et al.(9)  The pulse-height analyzer was operated in the live time mode.  The discrimination level was set above the noise (30-40 keV) and the total count rate T in the summing mode was extrapolated to zero-discrimination.  In the coincidence or anticoincidence mode an exact dead time tD = 6.00 ( 0.01 (s was imposed on the coincidence input pulses, the coincidence resolving time tR was equal to 0.50 ( 0.01 (s and the gate was opened or closed for the time tG = 6.00 ( 0.01.
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3. Experiment with 88Y



3.1. Peak area determination



	Superimposed coincidence and anticoincidence spectra of  88Y are shown in Fig. 3; the summing spectrum is their sum.  The sum-peak areas in all modes were found with high accuracy by a linear extrapolation of the "background" from the high-energy side (Fig. 4).  On the low energy side the Compton background beneath the photopeaks cannot be subtracted with sufficient accuracy this way.  The photopeak areas were therefore determined with help of the known valley-to-peak ratio. (9)

�

Fig. 5.  Valley-to-peak ratio R with the dependence on g-ray energy in the anticoincidence mode without (1) and with (2) lead absorbers.



	� EQ R = \f(V0,M0) �	(8)



which was measured as a function of g-ray energy for a single-line radionuclide series (203Hg, 51Cr, 7Be, 85Sr, 137Cs, 95Nb, 54Mn).  In all modes it was found that (Fig. 5)



	� EQ R0 = \f(1,R2) = const. Eg �	(9)



The constants of proportionality are given in Table 1. Hutchinson et al.(9) found the opposite trend, i.e. the valley-to-peak ratio increased with increasing g-ray energy, possibly due to the geometry and poorer resolution of their 20 cm diameter well crystals.  For the valley V on the low-energy peak side, for the peak maximum M and for the end E on the high-energy peak side with their positions step by step kW, kM, kE one has



	V = V0 + b0 + b1(kW - kM)



	M = M0 + b0



	E = b0 + b1(kE - kM)	(10)



From these equations and from the known valley-to-peak ratio [equation (8)] one obtains the linear approximation b0 + b1(k - kM) of the Compton background beneath the photopeak (Fig. 6).





3.2. Instrumental corrections of the peak areas

Table 1.  Constants of proportionality between g-ray energy and 1/R2 (where R is valley-to-peak ratio)



Mode�Const. (keV-1)��Summing�7.8 (34)��Coincidence�1.3 (10)��Anticoincidence�10.4 (19)��Anticoincidence with lead absorbers�0.94 (10)��

Pile-up occurs,(11,12) when two pulses are separated by less than the peaking time, tP, of the pulse-shaping circuits, 1.2 (s for our double-delay-line amplifier (1.65 (m from leading edge to zero crossover).  Pile-up changes the pulse heights and therefore removes events from a peak.  The peak areas must be corrected for pile-up as follows:



	Si = Si'/(1 - tPT)



	Ci = Ci'/(1 - tPT)



	Ai = Ai'/(1 - tPT)	(11)



where the primes indicate measured peak areas and i = 1, 2, 12.

�

Fig. 6.  Determination of the photopeak area A1 in the 88Y anti-coincidence spectrum.

	The dead times ahead of the coincidence mixer affect the coincidence and anticoincidence count rates even though the pulse-height analyzer operates in live time.  Let TC, TA be the total count rates in the coincidence and anticoincidence mode, then TC + TA = T.  When in the coincidence mode a coincident pulse appears, the gate opens and the non-recording probability is tPHATC where tPHA is a pulse-height analyzer dead time.  On the other hand an anticoincident pulse blocks the coincidence unit for the dead time tD, when the gate cannot be opened giving a non-recording probability tDTA.  In contrast, in the anticoincidence mode an anticoincident pulse does not close the gate and the non-recording probability is tPHATA but a coincident pulse closes the gate for the time tG and blocks the coincidence unit for the dead time tD.  Proper operation of the whole system requires tG (, tD, otherwise the gate would be open for the time tD - tG when it should be controlled and, eventually, closed by the coincidence unit.  The peak areas in the coincidence and anticoincidence spectrum must therefore be corrected for the dead time as follows



	Ci = Ci'/(1 - tDTA - tPHATC)



	Ai = Ai'/(1 - tGTC - tPHATA)	(12)







�

Fig. 7.  Extrapolation of peak areas per 1 g in the anticoincidence spectrum to zero 88Y activity:

 (1) and (2)- measured photopeak areas A1', A2'; (3)- measured sum-peak area A12';

(4) and (5)- corrected photopeak areas A1, A2; (6)- corrected sum-peak area A12.


Only the probabilities containing the pulse-height analyzer dead time tPHA disappear from equation (12) when operating in the live time mode.

	Pile-up also causes random summing(11,12) of e.g. the pulse corresponding to photopeak g1 with the following pulse corresponding to photopeak g2 and the other way round.  In the coincidence mode one must distinguish if the first pulse is a coincident or anticoincident one.  Then the random summing occurs in the times tP or tR, where tR is the coincidence resolving time.  Similarly, in the anticoincidence mode one must distinguish if the second pulse is an anticoincident or (random or true) coincident one and the random summing occurs in the times tP or tP - tR.  The sum-peak areas must be therefore corrected for the random summing as follows



	S12 = S12' - (S12



	C12 = C12' - (C12



	A12 = A12' - (A12	(13)



where



	(S12 = S1'S2' tP



	(C12 = (C1'S2' + C2'S1')tP

		+ (A1'A2' + A1'C2' + A2'C1')tR
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Fig. 8.  Extrapolations of additional terms per 1 g in the summing and anticoincidence mode to zero 88Y activity:

(1) and (2)- measured terms S1'S2'/S12', A1'A2'/2A12'; (3) and (4)- corrected terms S1S2/S12, A1A2/2A12


� EQ = A1'A2'\b\bc\[(tR + \b(\f(B1,p1) + \f(B2,p2))(tP + tR) + 2 \f(B1,p1)·\f(B2,p2)tP) �




	(A12 = A1'A2'tP

		+ (A1'A2' + A1'C2' + A2'C1')(tP - tR)



� EQ = A1'A2'\b\bc\[(2tP - tR + \b(\f(B1,p1) + \f(B2,p2))(tP - tR))�	(14)



It is evident that (C12 + (A12 = (S12.



�

Fig. 9.  Superimposed coincidence (C) and anticoincidence (A) spectra of 207Bi taken for the same live times.


	
The total correction of measured peak areas requires corrections (11) and (12) and, in the case of sum-peak, also (13).  The total correction was experimentally verified by peak area extrapolation, without and with the correction, to the zero source activity.  Figure 7 demonstrates an example of these extrapolations for a series of "Y sources of a graduated activity measured in the anticoincidence mode.  The peak area corrections in the summing and coincidence mode give similar results.  It can be also seen from Fig. 7 that the corrections to the photopeak areas A1 and A2 are equal and the corrections to the sum-peak area A12 for pile-up and dead time are partially compensated by the correction for the random summing.  The extrapolations of the additional terms A12 S1S2/S12 and A1A2/2A12 to zero activity of 88Y measured in the summing and anticoincidence mode respectively are shown in Fig. 8. The total correction of the additional term in the summing mode is smaller than that in the anticoincidence mode, because the latter includes the dead time correction.





3.3. Results for 88Y



	The total efficiency, T/N0, was found to be about 73% for 88Y.  The total count rate T in the summing mode was determined with an error of 0.1%. The additional term error was estimated as 4.8% in the summing mode (for S1S2/S12) and as 3.5% in the anticoincidence mode (for A1A2/2A12).  A small correction was made for the weak cross-over transition, g3 (see the 88Y decay scheme in Fig. 1).  The 88Y standardization results obtained by different methods are presented in Table 2.  The errors are the sums of statistical errors (at the 99% confidence level) and systematic errors.





4. Standardization of 207Bi



	Superimposed coincidence and anticoincidence spectra of 207Bi are shown in Fig. 9, the summing spectrum is their sum as before.  In these spectra there occur:

a peak of 207Pb K x-rays (about 80 keV), one part of which is out of coincidence with any g-transition and the other is in coincidence with the g1-rays (570 keV),

Table 2.  Comparison of standardization results obtained by different methods



Nuclide�Method�Activity

(kBq/g)�Error

(%)�Deviation

(%)��88Y�LMRI certificate�117.6�*1.6�+1.0���4p(X,e)-g coincidence�115.9�*0.6�-0.4���international BIPM reference system (SIR)		sum-peak with:�116.4�*0.5�0���sum-peak with:������S1S2/S12�115.0�1.4�-1.3���S1S2/S12,

Si = Ci + Ai�115.7�1.4�-0.6���A1A2/2A12�117.3�1.3�+0.8��������207Bi�LMRI certificate�36.6�3.1�0���sum-peak with A1A2/2C12�36.3�2.4�-0.8��* Includes 0.1% added for uncertainty in the half-life used to make decay corrections to the reference date.

a corresponding sum-peak, g1 + K x,

a distorting photopeak of the g3-rays (1,770 keV), which is not resolved from the sum-peak g1 + g2 (1,633 keV).



	These effects were reduced by sandwiching a 207Bi source between lead absorbers of 2 mm thickness.  The superimposed coincidence and anticoincidence spectra of 207Bi taken with the lead absorbers are shown in Fig. 10.  The use of lead absorbers(9) results in:


(a) attenuation of the Pb K x-rays (partly offset by the fluorescent Pb K x-rays from g-ray interactions in the absorbers),

(b) the attenuation of Compton scattering between the crystals, i.e. photopeaks in the coincidence spectrum

	The B/p ratio was measured as a function of g-ray energy using a series of single line radionuclides series (203Hg, 51Cr, 7Be, 85Sr, 137Cs, 54Mn, 65Zn) and cascade two-line radionuclides (60Co, 88Y) in the arrangement without or with the lead absorbers(9) (Fig. 11).  Using the lead absorbers the ratio B/p ( 0, and hence the photopeak areas in the coincidence spectrum C1, C2, C3 ( 0.  The coincidence spectrum sum-peak C12 is therefore free of interference from the photopeak C3.(9)  Moreover, C12 ( A12, and so it is possible approximately to use the additional term A1A2/2C12 and the random summing rates can be simplified as follows



	(C12 = A1'A2'tP



	(A12 = A1'A2'(2tR - tR)	(15)




�

Fig. 10.  Superimposed coincidence (C) and anticoincidence (A) spectra of 207Bi taken for the same live times with the lead absorbers.


A small correction for the additional term in equation (7) may be calculated from the Bi/pi ratios taken from Fig. 11.

	The total efficiency, T/N0, with the lead absorbers was about 63% for 207Bi.  The total count rate T in the summing mode was determined with the error of 0.5% and the error of the additional term A1A2/2C12 was estimated as 5.4%.  The 207Bi standardization results are also given in Table 2.








5. Conclusions







�



Fig. 11.  B/p ratio as a function of g-ray energy measured without (1) and with (2) lead absorbers.


	The 88Y standardization result obtained by the sum-peak method is consistent within the experimental errors with that obtained by 4p(PC)-g coincidence method.  The sum-peak method accuracy (about 1.4% for 88Y) is shown to be somewhat lower than the 4p(PC)-g coincidence method accuracy, nevertheless their standardization errors are comparable even using scintillation detectors with NaI(Tl) crystals of a usual type.  The instrumental corrections derived for pile-up, dead time and random summing amounted to 1.5% in the summing mode for the additional term, S1S2/S12, and 3% in the anticoincidence mode for the additional term, A1A2/2A12, both for a 10 kBq 88Y source.  These correspond to corrections in the activity of 0.4 and 0.8% respectively for the efficiencies obtained with these detectors.  There is no doubt that these instrumental corrections in sum-peak counting corrections will be important for high-activity sources.

	The sum-peak method with the use of coincidence and anticoincidence techniques appears to be the most suitable direct standardization method for 207Bi with an overall uncertainty of 2.4% for the present measurements.
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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:



	N0 - T = (1- t1)(1 - t2)N0	(1)





	S1 = e1(1 - t2)N0



	S2 = e2(l - t1)N0



	S12 = e1e2N0	(2)





	� EQ N0 = T + \f(S1S2;S12) �	(3)





	(i = 2pi + 2Bi   (i = 1, 2)	(4)





	C1 = 2B1(1 - t2)N0



	C2 = 2B2(1 - t1)N0



	C12 = S12 - A12	(5)





	A1 = 2p1(1 - t2)N0



	A2 = 2p2(1 - t1)N0



	A12 = 2p1p2N0	(6)





	� EQ N0 = T+ \f(A1A2;2A12) �	(7)



	� EQ R = \f(V0;M0) �	(8)



	� EQ R0 = \f(1;R2) = const. Eg �	(9)





	V = V0 + b0 + b1(kW - kM)



	M = M0 + b0



	E = b0 + b1(kE - kM)	(10)





	Si = Si'/(1 - tPT)



	Ci = Ci'/(1 - tPT)



	Ai = Ai'/(1 - tPT)	(11)





	Ci = Ci'/(1 - tDTA - tPHATC)



	Ai = Ai'/(1 - tGTC - tPHATA)	(12)





	S12 = S12' - (S12



	C12 = C12' - (C12



	A12 = A12' - (A12	(13)





	(S12 = S1'S2' tP



	(C12 = (C1'S2' + C2'S1')tP

		+ (A1'A2' + A1'C2' + A2'C1')tR



� EQ = A1'A2'\b\bc\[(tR + \b(\f(B1;p1) + \f(B2;p2))(tP + tR) + 2 \f(B1;p1)·\f(B2;p2)tP) �



	(A12 = A1'A2'tP

		+ (A1'A2' + A1'C2' + A2'C1')(tP - tR)



� EQ = A1'A2'\b\bc\[(2tP - tR + \b(\f(B1;p1) + \f(B2;p2))(tP - tR))�	(14)





	(C12 = A1'A2'tP



	(A12 = A1'A2'(2tR - tR)	(15)
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