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Abstract 

Previously, a system was developed at the INEL for measuring the y-ray emitting nuclides in small soil 
samples for the purpose of environmental monitoring. These samples were counted close to a ~ 2 0 %  Ge 
detector and, therefore, it was necessary to take into account the coincidence summing that occurs for some 
nuclides. In order to improve the technical basis for the coincidence summing corrections, we have carried 
out a study of the variation in the coincidence summing probability with position within the sample volume. 
A Monte Carlo electron and photon transport code (CYLTRAN) was used to compute peak and total 
efficiencies for various photon energies from 30 to 2000 keV at 30 points throughout the sample volume. 
The geometry for these calculations included the various components of the detector and source along with 
the shielding. The associated coincidence summing corrections were computed at these 30 positions in the 
sample volume and then averaged for the whole source. The influence of the soil and the detector shielding 
on the efficiencies was investigated. 

1. Introduction 

Although y-ray spectrometry with Ge semiconductor detectors is now a mature technology both in the 
research laboratory and for applications in industrial facilities and in the field, corrections for the influence 
of coincidence summing have never become part of the routine methodology, This lack results from several 
factors including: 

in research cases where the correction is needed, the spectroscopist is willing to make the correction 
"by hand"; 

if the measurement is made with the source at a sufficient distance, say, greater than 15 cm from a 
20% Ge detector, the correction is quite small and can be neglected for routine analyses; 

for measurements on very low-level samples, the uncertainties from the counting statistics may be 
large, say over 20%, and the spectroscopist is willing to neglect the error from omitting the 
coincidence summing corrections; 

these corrections depend on the details of the decay scheme, so a large set of decay data is needed if 
the corrections are to be made routinely for many radionuclides; 

the total detector efficiency is needed and this is usually not determined; and 
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for volume sources the correction will vary with the position in the source volume, so the correction 
needs to be calculated at a variety of positions and integrated over the source volume. 

Previously, the Photon Analysis Spectrometer System (PASS) was developed at the INEL [I] for measuring 
the y-ray emitting nuclides in small soil samples, 11 grams in 10 cm3 volume (6.5-cm diameter by 0.3-cm 
thick disk), for the purpose of environmental monitoring. (The same photon spectra were used to determine 
the amount of plutonium and 241Am present, but this part of the analysis is not considered here.) The 
associated analysis package included corrections for coincidence summing for several radionuclides. Two 
factors made it practical to carry out these corrections for this system. First, only one source-detector 
geometry was used. Second, the number of radionuclides considered was very limited. In addition two 
approximations were made. First, the variation of the correction with position in the source was neglected; 
that is, the correction was computed as if the source were a point source with peak and total efficiencies for 
the volume source. Second, the total efficiencies were determined from peakltotal ratios computed for an 
unshielded detector [2]. 

The goal of this work is to improve the technical basis for the calculated coincidence summing corrections 
from those used in ref. [ 11. 

Other articles which discuss the computation of coincidence summing corrections for volume sources 
include refs. [3] (1 liter beaker), [4] (50 and 500 ml vials), [SI, [6] Marinelli beaker, [7] (30 and 200 ml 
beakers), [8] Marinelli beaker, and [9]. 

2. Monte Carlo Calculation of Peak and Total Efficiencies 

2.1 Method 

Peak and total efficiencies for point and disk sources were calculated with the Monte Carlo electron and 
photon t;ansport code CYLTRAN from the ITS (Integrated TIGER Series of Coupled Electron/Photon 
Monte Carlo Code System [IO]) codes obtained through the Radiation Shielding Information Center (RSIC). 
The CYLTRAN code applies to axially symmetric geometries. For these calculations it is necessary to 
provide a description of the materials making up the source and detector geometry. This description can be 
as detailed as desired as long as the geometry remains axially symmetric. Since any scattering will remove 
the event from the fill-energy peak, the peak efficiency will depend only on the attenuation in the material 
directly between the source and the detector; however, the total efficiency will depend on all the 
surrounding material in which Compton scattered photons and high energy x rays are produced. 

The geometry used in the Monte Carlo calculations includes the following components: 

source 
container - plastic 
soil sample - Si02, density = 1.5 g/cm3 

detector 
sensitive volume - Ge 
dead layers in central hole - Ge 
can around sides - A1 
can front window - plastic 
mounting material behind detector - AI 
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cold finger in central hole - Cu 
insulator around cold finger - plastic 

shield 
around sides of detector - Fe 
behind the source - Fe 

The dimensions of the detector and the shield are given in the bottom portion of Table 1. It is important to 
note that the shielding around the detector is very close to the detector. For the simulation of the PASS 
system, the peak and total efficiencies were computed at thirty points within the soil sample geometry; the 
specific axial and radial positions and y-ray energies are given in the top portion of Table 1. In addition, 
these efficiencies were calculated for a disk source at the center of the PASS sample with the same diameter 
as a PASS sample. These parameters are noted in the middle portion of Table 1. 

The CYLTRAN Monte Carlo calculations provide the data in the form which is shown in the first two 
columns of Table 2, namely, a list of the user-defined energy bins and the associated events (per MeV of bin 
width). For our use, this spectrum can be rescaled to give the relative and absolute number of events in each 
bin as shown in the last two columns of this table. The first bin has been chosen to be 2-keV wide and these 
events are taken to be those for which the y ray does not interact with the detector. Similarly, the last bin is 
2-keV wide and is taken to represent the full-energy peaks events. In both cases the adjacent 2-keV bins can 
be used to check the cleanness of these interpretations; that is, it is desirable that the number of events in 
these two bins be relatively small. The other bins represent the remainder of the spectrum in four equal- 
width bins. 

Since the Monte Carlo events are random, the events in each bin should follow a Poisson distribution. Thus, 
one can use standard methods to compute the corresponding uncertainties; that is, the uncertainty in any 
value in the last column is taken to be the square root of that value. . . .  

There is a version of CYLTRAN, called CYLTRANP, that is designed to better track low-energy photons. 
The latter code was used for photon energies of 60 keV or less. The values from the two codes agreed well 
at 60 keV. 

The various efficiencies considered here are labeled in the following manner. The subscripts p and t refer to 
the peak and total efficiencies, respectively, and the superscripts d and P refer to disk and PASS voIume 
sources, respectively. An efficiency without a superscript is for a point source. The peak eEciency is 
defined as the ratio of the full-energy peak area to the number of photons emitted. The total efficiency is 
defined as the ratio of the area of the total spectrum to the number of photons emitted. The following 
definitions are used: 

E,(d,p,E) is the peak efficiency for point source at the distance d from the detector can 
and the radial position p (both in cm), and the y-ray energy E (in keV) 

q(d,p,E) is the total efficiency for point source at the distance d from the detector can 
and the radial position p (both in cm), and the y-ray energy E (in keV) 

Epd(d,E) is the peak efficiency for disk source at distance d and the y-ray energy E 
calculated by CYLTRAN for a disk source 
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E:( 10 pt,d,E) is the peak eficiency for a disk source at source distance d and y-ray energy 
E computed by the integration of 10 point-source values at the various radial positions 

E~'(E) is the peak efficiency for the PASS geometry source for y-ray energy E computed by 
integration of 30 point-source values at the various distances and radial positions 

In the latter three cases, the total efficiencies are defined in a corresponding manner. 

The ten radial positions, pi, listed in Table 1 were chosen so that each is at the center of one of ten slices of 
the p axis that are of equal width, Ap. Then the disk efficiency can be computed from the 10 point-source 
values by 

or, converting the continuous integral to the sum over the ten values, 

E;( 10 pt,d,E) = 2xpiep(d,pj,E) Ap 1 2npj Ap . 

Since the Ap are all the same, they cancel in the ratio, as do the 2 n  terms, so 

In the computation of E~"(E), the 30 point-source values are integrated in a similar manner. 

As an illustration of the data obtained and the magnitude of the statistical uncertainties, all of the point- 
source efficiencies obtained at 60 and 1400 keV are given in Table 3. 

2.2 Consistency of Point and Disk Calculations 

A simple comparison was made to demonstrate the consistency of the point- and disk- source Monte Carlo 
calculations. For each energy, the peak efficiencies E:( 10 pt,0.75,E) were computed from the 10 point- 
source values at d=0.75 and compared with the corresponding disk-source values ~pd(O.75,E). The results 
are given in Table 4 and they show excellent agreement. Although most of the differences are smaller than 
the associated statistical uncertainties, the values from the 1 O-point integrations are generally larger; but, 
this is expected. The rate of decrease of the efficiency increases with the radius especially for the larger 
radii; for example, see the data in Table 3. As a result, with a mesh of equally spaced points, the outer-most 
point will tend to have a computed efficiency that is larger than the average for that region. This produces 
the small bias that is observed. 

2.3 Influence of Shielding and Soil 

It is of interest to know the influence of the soil in the PASS sample and the shielding configuration on the 
efficiencies. Therefore, a few disk-source efficiencies were calculated (1) without the shielding and (2) 
without the shielding or the soil in the sample container (the plastic source container was retained). The 
resulting values are shown in Table 5 for the peak and total efficiencies. As expected, the presence of the 
shielding does not influence the peak efficiency, but it does increase the total efficiency significantly for y- 
ray energies above, say, 100 keV. For example, at 1000 keV, it is increased 26% from 11.7 to 14.8; this will 
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produce a corresponding increase in the coincidence summing. This increase is large because the shielding 
is very close to the detector. 

The effect of the soil is to attenuate the original photons so the peak efficiencies are reduced, especially at 
the lower energies. The same effect appears in the total efficiencies. 

3. Coincidence Summing Corrections 

3. I Point sources 
I 

The corrections for coincidence summing have been discussed in many articles [ 1 1-16]. For the purpose of 
this discussion, we only need to consider the simple case of the corrections for two y rays in cascade and 
with equal intensity and negligible internal conversion (e.g., T o ) .  Let the two y rays be labeled by i with i 
= 1 or 2, N be the source disintegration rate (decays/second), P be the probability (0.0 s P s 1 .O) that each of 
these y rays is emitted in a decay, czp, be the peak efficiency, E, be the total efficiency, AA, be the calculated 
peak count rate if no coincidence summing occurs, and Ai be the calculated peak count rate if coincidence 
summing occurs between the two y rays. If the coincidence summing is neglected, 

AAi = N*P*E,,. 

If the two y rays are emitted sequentially, both full-energy peaks will lose counts due to coincidence 
summing, and the observed peak count rates will be 

A, = N*P*czpL - N*P*czpl*czf2 = N*P=czpl (1 .O - czt2) and I 

The coin'cidence summing correction factors, Ci, are AAi/Ai, or 

C, = ( I  .O - EJI and 

c, = (1.0 - €J1 . 

So, for this simple decay scheme, the correction factors depend only on the total efficiencies. For more 
complex decay schemes, the correction factors will depend on the fraction of the y ray that is preceded or 
followed by the coincident y ray and must be summed over all possible coincident y rays. If the efficiencies 
are large, say > lo%, and some cascades have three or more y rays, care must be taken to properly account 
for the cases in which three or more y rays are counted simultaneously. 

In this work the computer code KORSUM [ 13 J has been used to compute the coincidence summing 
correction factors. This code includes a routine to interpolate, by spline interpolation, the peak and total 
efficiencies at the desired photon energy from a table of such values. For our calculations, this table 
consisted of 13 eficiency values as shown in Tables 4 and 5. 

The data in Table 6 show the variation of the coincidence summing corrections for point sources at the 30 
locations within the PASS source volume. This correction is also computed for a point source on the 
detector axis. These data show the corrections for the simple case of one of the two main y rays from the 
decay of ' T o  as well as the corrections for three y rays from the much more complex decay scheme of 'szEu 
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(1 3 yr) which decays by p' and electron capture and it has K x rays at about 40 keV and y rays up to 1408 
keV. The largest correction factor is for the 440.0-keV y ray and it ranges from 1.835 for a point source on 
the axis to 1.460 for one near the radial extreme of the detector. 

3.2 Disk and Volume Sources 

For a disk source the above expression for the coincidence summing correction C, needs to be generalized to 

(Cd,)-' = J 27~p N*P*E,, (1 .O - E,) dp / I 21~p N-P*E,, dp 

= I P E,, (1.0 - Ea) dP / I P E,, dP 

Or, as a summation, 

A comparison of this expression with that above for C, suggests that the term in square brackets is an 
effective total efficiency for y, when one is calculating the coincidence summing correction for y,. This 
relationship means that for a given y ray, an effective "total efficiency" should be used for yz in the 
calculation of the coincidence summing with each different y ray y, that includes this weighting by the peak 
efficiency of the coincident y ray. 

For the PASS geometry, we have made a limited check of whether this fact makes a significant contribution. 
To do this, we have computed 1 pi E,, E, / 
and source distances of 0.65,0.75, and 0.85 cm. The results are shown in columns 2-4 of table 7. As these 
data indicate, the variation with E,, is very small and can be ignored. However, one should expect the 
variation to be larger if the source has a larger volume or possibly if the photon attenuation in the sample 
increases'. As indicated in the last two columns, these values are, on the average, 2.5% higher than the 
corresponding 1 O-point integrated total efficiencies, E:( 10 pt,d,662). 

pi E,, for E,, = 662 keV and E,, = 122,662, and 1000 keV 

For a volume source, the most precise value of the correction C, would be from the above integrals extended 
over the source volume. Rather, we have approximated the correction in two other ways. First, we have 
computed the coincidence summing correction at each of our 30 points, as shown in Table 6, and then 
computed the 30-point integration (Le., multiplied each value by pi, summed them, and divided by the sum 
of the pi). These values are shown in the 3rd column of Table 8 for the two y rays from 6oCo and fifteen y 
rays from I5'Eu. The second method was to compute the coincidence summing correction from €;(E) and 
€:(E) (i.e., the 30-point integration of the point-source efficiency values). These values are given in the 4" 
column in Table 8. Generally, these two sets of values agree to within 0.5%. 

To the extent that attenuation is not an important factor, the coincidence summing corrections computed for 
a disk in the midplane of the PASS source should be a good approximation to the 30-point integration 
values. To test this, the corrections were computed for a disk source at d = 0.75 cm, that is, from €:(IO 
pt,0.75,E) and E:( 10 pt,0.75,E). These results are in the 5" column of Table 8 and are very close to the 
values in the 31d and 4" columns. 
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As a final comparison, the corrections were computed for a point source at the center of the PASS source 
(Le., d = 0.75 and p = 0.00). These results are given in the last column of Table 8. At this position the 
efficiencies are clearly larger than the average for the PASS source, so these corrections are larger than the 
other three sets of values. 

4. Application of Corrections 

A simple test of the accuracy and usefulness of the computed peak efficiencies and the deduced coincidence 
summing corrections is to compute the activity from several y rays from the decay of IS2Eu. This has been 
done in Table 9. For this calculation the coincidence summing corrections are from the 3rd column of Table 
8 and the y-ray emission probabilities are from the prepublication version, as of 1 September 1996, of this 
decay scheme in the Evaluated Nuclear Structure Data File (ENSDF). 

The 4" column of Table 9 shows the source activity in arbitrary units computed for 1 I y-ray lines (including 
two doublets) from a particular measured spectrum. These values are clearly not consistent since they range 
from 2.02 (4) to 3.63 (10). If the one smallest and two largest values are omitted, the weighted average of 
the remaining 9 values has a reduced-X2 value of 85 (compared to approximately 1 .O for a consistent set of 
values). 

The activities obtained after the correction for coincidence summing are given in the last column of Table 9. 
After omitting the one highest and the two lowest values, the reduced-X2 value for the weighted average is 
10.8, so, although the values are still not consistent, they are in much better agreement. It is clear that these 
values decrease with increasing energy, and this implies that lack of agreement is primarily due to a failure 
to accurately compute the efficiencies, and not a problem with the coincidence summing correction. The 
fact that the coincidence summing corrections are quite accurate is illustrated by the results for the 
neighboring lines at 778 and 867 keV. Without this correction their two activities are 3.22 (4) and 2.02 ( 5 )  
and with the correction 3.96 (4) and 3.74 (9); so the difference between the values has decreased from 1.20 
(6 )  to 0.2'2 (10). For the same comparison for the lines at 344 and 41 1 keV, the difference between the two 
values is reduced from 0.71 (6) to 0.09 (8). Therefore, this process has given coincidence summing 
corrections that are quite accurate. 

ls2Eu decays by both p- and electron-capture modes. Since the coincidence summing corrections for the y 
rays following the electron-capture decay are increased significantly by the summing with the K x rays, data 
of the type shown in Table 9 can be used to test for the correctness of the efficiencies at the K x-ray energy. 
The 778 y ray foilows the 
reduction in the difference between these two activities when the correction is applied argues for the fact 
that the efficiencies at the K x-ray energy are quite good. 

decay and the 867 follows the electron-capture decay; therefore, the larger 

It is, of course, of interest that without the coincidence summing corrections, the average activity of the 
sample would be about 30% too low. 

In many previous studies (e.g., see refs. [16, 171) it has been shown that is it very difficult to simply model 
the detector geometry and obtain accurate efficiencies from the Monte Carlo electron and photon transport 
calculations. It is normally considered necessary to have available measured efficiency data at a few 
energies, or a few energies and a couple distances, to use to either normalize the computed efficiencies, or 
more desirably to allow the adjustment of the dimensions of the source-detector geometry until the 
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calculated efficiencies agree with the measured values. This was not done in this case. However, it is clear 
from the energy dependence of the computed activities that a change in some parameter such as the source- 
detector distance or the soil density would reduce this energy dependence. 
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Table 1. Parameters for Monte Carlo calculations 

Point source calculations 

Photon Number of 
energies photons 
/keV) emitted 
30,40, 60, 80 2x105 
100, 122, 180,244 2x105 

1000, 1400,2000 8x105 
400 4x105 

Distance from detector can, d, (cm): 0.65,0.75, 0.85 

Distance from detector axis, p, (cm): 0.1625, 0.4875, 0.8125, 
1.1375, 1.4625, 1.7875,2.1125,2.4375,2.7625,3.0875 

Disk sources 

Photons: energies as above; 2x106 emitted 

Distance from detector can (cm): 0.75 

Geometry: PASS geometry, 
PASS geometry except shield removed, and 
PASS geometry except shield and soil removed 

Disk diameter (cm): 3.25 

Detector dimensions (cml 

diameter (cm): 6.08 
length (cm): 3.25 
can outside diameter: 7.62 

Shield dimensions (cm): 

inside diameter: 8.8 
distance from can front face to shield: 2.0 
thickness: 13 
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Table 2. Form of results from CYLTRAN and their conversion to normalized forms. Data are for 
8x10' photons of 1000 keV emitted from the source. 

Energy range CYLTRAN 
(kev) spectrum 

Rescaled Events in 
spectrum bin 

0 - 2  
2 - 4  
4 -  252 
252- 500 
500- 748 
748- 996 
996- 998 
998 - 1000 

408.48 19 
0.1900 
0.2584 
0.1266 
0.1370 
0.0909 
0.003 12 
15.319 

81.70 (10) 653,600 
0.038 (2) 3 04 
6.409 (28) 5 1,200 
3.141 (20) 25,128 
3.399 (21) 27,192 
2.254 (1 7) 18,032 

3.064 (20) 24,5 12 
0.0006 (3) 5 

Table 3. Detector efficiencies at 60 and 1400 keV from Monte Carlo computation for point sources 
at various positions in PASS source volume. 

d=0.65 d=0.85 d=0.85 d=0.65 

E, = 60 keV 

24.48 ( 1  1) 
24.25 ( 1  1) 
24.09 (1 1) 

0.00 
0. 16 
0.49 

0.8 1 
1.14 
I .46 

I .79 
2.1 I 
2.44 

2.76 
3.08 

28.79 (12) 
28.99 ( 12) 
28.69 (12) 

26.51 (12) 
26.43 ( 1  1 )  
26.39 ( I  I )  

34.73 (1 8) 
34.99 ( 1  8) 
34.58 ( 1  8) 

32.46 (18) 
32.26 (18) 
32.18 (18) 

30.27 (19) 
30.30 (19) 
29.80 (19) 

28.25 (12) 
T7.42 ( I  2) 
26.29 ( I  I )  

25.93 (1 1) 
25.15(11) 
24.00 ( 1  1) 

23.88 (1 1) 
23.03 ( 1  1) 
22.14(11) 

34.12(18) 
33.11 (18) 
31.60(18) 

31.67(18) 
30.72 (19) 
29.41 (19) 

29.54 (19) 
28.40 (19) 
27.35 (1 9) 

24.74 ( I  1) 
22.76 ( I  1) 
20.10 (10) 

22.43 (1 1) 
20.75 ( 10) 
18.33 (10) 

20.69 ( IO) 
18.89 (IO) 
16.79 (9) 

29.88 (19) 
27.52 (19) 
24.43 (1 9) 

27.40 ( 19) 
25.47 ( 1  9) 
22.65 (20) 

25.59 (19) 
23.51 (20) 
20.87 (20) 

17.0 1 (9) 
13.84 (8) 

15.60 (9) 
12.73 (8) 

14.26 (8) 
1 1.74 (8) 

20.87 (20) 
17.26 (20) 

19.42 (20) 
16.08 (20) 

18.04 (20) 
15.00 (21) 

E, - 1408 kev 

0.00 2.388 (17) 
0.16 2.396(17) 
0.49 2.376 (17) 

2.205 (1 7) 
2.242 (17) 
2.193 (17) 

2.090 (16) 
2.092 (16) 
2.081 (16) 

17.05 ( IO)  
17.12 (10) 
16.97 (10) 

16.38 (10) 
16.39 (10) 
16.25 (10) 

15.73 (10) 
15.76(10) 
15.63 (10) 

0.81 2.272 (17) 
1.14 2.250 (17) 
1.46 2.106(16) 

2.147 (16) 
2.064 (1 6) 
1.973 (16) 

1.991 (16) 
1.952 (16) 
1.859 (16) 

16.64 (10) 
16.25 (IO) 
15.77 (10) 

16.04 (10) 
15.67 (10) 
15.17 (10) 

15.39 (10) 
14.99 (10) 
14.69 (10) 

1.79 
2.1 1 
2.44 

2.000 (16) 
1.836 (1 5) 
1.690 (1 5 )  

1.854 (15) 
1.741 (15) 
1.589 (14) 

1.737 (15) 
1.636 (14) 
1.502 (14) 

15.11 (10) 
14.31 (IO)  
13.44 (IO)  

14.56(10) 
13.81 (10) 
13.03 (10) 

13.95 (10) 
13.25 (IO) 
12.57 (IO) 

2.76 
3.08 

1.533 (14) 
1.322 (1 3) 

1.429 (13) 
1.279 (13) 

1.351 (13) 
1.230(12) 

12.45 (10) 
11.41 (11) 

12.03 (10) 
11.17 (10) 

11.68(11) 
10.84 (1 1) 



Table 4. 

Ed!sa  

30 
40 
60 
80 

100 
I22 
180 

244 
400 
662 

IO00 
1400 
2000 

Table 5. 

E Y r n  

30 
40 
60 
80 

100 
122 
180 

244 
400 
662 

1000 
1400 
2000 

Table 6 

Nuclide E, (kew 

‘ T o  1173 

lSZEu 122 

444.0 

1408 

Comparison of detector efficiencies from Monte Carlo computation for disk source 
and from integration of the 10 point-source Monte Carlo values. 

Total efficiencies (%) Difference Peak efficiencies (%) Difference 
~,“(0.75,E) €:(IO pt,0.75,E) ~,d(0.75,E) €,“(lo pt,0.75,E) 

15.94 (6) 15.993 (23) -0.05 (6) 17.77 (20) 17.84 (8) -0.07 (22) 
-0.05 (22) 18.22 (7) 18.247 (23) -0.03 (7) 21.50 (20) 21.55 (9) 

19.246 (31) 19.259 (35) -0.01 (5) 23 75 (6) 23.75 (7) 0.00 (9) 

17.793 (30) 17.80 (3) -0.01 (4) 23.87 (6) 23.88 (7) -0.01 (9) 
16.556 (29) 16.554 (32) +o.oo (4) 23.46 (6) 23.46 (7) 0.00 (9) 

18.665 (3 1) 18.691 (34) -0.03 (5) 24.03 (6) 24.07 (7) -0.04 (9) 

12.86 (8) 12.896 (28) -0.04 (8) 22.04 (20) 21.61 (7) +0.43 (21) 

9.530 (22) 9.601 (25) -0.071 (33) 20.76 (6) 20.85 (6) -0.09 (8) 
5.582 (17) 5.618 (13) -0.036 (21) 18.82 (6) 18.82 (5) 0.00 (8) 
3.354 (13) 3.350 (7) +0.004 (1 5) 16.64 (7) 16.68 (4) -0.04 (8) 

2.270(11) 2.294 (6) -0.024 ( 13) 14.76 (7) 14.88 (4) -0.12 (8) 

l.l89(8) 1.180 (4) +0.009 (9) 12.26 (7) 12.26 (4) 0.00 (8) 
1.663 (9) 1.672 (4) -0.009 ( I O )  13.39 (7) 13.43 (4) -0.04 (8) 

Comparison of detector efficiencies disk sources from Monte Carlo computation for 
disk source in PASS geometry and without shield and without soil or shield. 

et(O.75,E) (%) &‘(0.75,E) 
PASS geometry No shield No soil &shield PASS geometry No shield No soil & shield 

15.94 (6) 15.96 (6) 20.53 (7) 17.77 (20) 17.79 (20) 22.75 (20) 
18.22 (7) 18.16 (7) 20.67 (7) 21.50 (20) 2 1.36 (20) 23.23 (20) 
19.246 (3 I )  19.19 (IO)  20.42 ( I O )  23.75 (6) 23.37 (20) 23.10 (20) 
18.665 (3 1) 18.66 (3) 19.76 (3) 24.03 (6) 23.33 (6) 22.53 (6) 

17.793 (30) 17.78 (3) 18.65 (3) 23.87 (6) 22.71 (6) I .77 (6) 
16.556 (29) 16.53 (3) 17.35 (3) 23.46 (6) 
12.86 (8) 12.84 (8) 13.37 (8) 22.04 (20) 19.37 (20) 18.42 (20) 

9.530 (22) 9.573 (22) 9.950 (22) 20.76 (6) 17.53 (6) 16.76 (6) 
5.582 (17) 5.635 (17) 5.806 ( I  7) IX.82 (6) 15.19 (6) 14.55 (7) 
3.354 (13) 3.350 (13) 3.347 (13) 16.64 (7) 13.22 (7) 12.72 (7) 

2.270 (1 1) 2.277 (1 1) 2.327 (1 1) 14.76 (7) 1 1.72 (7) 11.31 (7) 

1.189 (8) 1.186 (8) 1.188 (8) 12.26 (7) 9.64 (7) 9.19 (7) 

20.85 (6) 21.81 (6) 

1.663 (9) I .680 (9) 1.700 (9) 13.39 (7) 10.61 (7) 10.20 (7) 

Variation of coincidence summing correction for point source with different positions 
within the PASS source volume. Values are for a few selected y rays. 

Coincidence summing correction factor 

Distance 0.49 0.81 1.13 1.46 1.78 2.11 2.43 2.76 3.08 

0.65 1.2105 1.2083 1.2036 1.1978 1.1907 1.1812 1.1700 1.1581 1.1446 1.1310 
0.75 1.1996 1.1977 1.1947 1.1894 1.1822 1.1735 1.1630 1.1524 1.1391 1.1278 
0.85 1.1906 1.1887 1.1854 1.1797 1.1752 1.1650 1.1554 1.1463 1.1345 1.1234 

0.65 1.7082 1.6966 1.6829 1.6560 1.6240 1.5821 1.5271 1.4675 1.3977 1.3304 
0.75 1.6320 1.6222 1.6083 1.5886 1.5588 1.5206 1.4744 1.4206 1.3610 1.3050 
0.85 1.5632 1.5591 1.5482 1.5267 1.5061 1.4668 1.4259 1.3822 1.3303 1.2810 

0.75 2.3731 2.3489 2.3031 2.2468 2.1672 2.0696 1.9530 1.8214 1.6858 1.5508 

0.75 1.6570 1.6446 1.6258 1.6029 1.5694 1.5252 1.4689 1.4024 1.3322 1.2646 
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Table 7. Effective total efficiency for coincidence summing correction of 662-keV y rays in 
coincidence with y rays of 122,662, and 1000 keV. 

Effective total efficiency at 662 keV (%) 

Coincident y energy (keV) 
d (cm) - t 22 - 662 1000 Et d(l 0 pt.d.662) Value 

0.65 17.84 (5) 17.75 (6) 17.73 (7) 17.29 (4) 
0.75 17.17 (5) 17.09 (5) 17.07 (7) 16.68 (4) 
0.85 16.51 (5) 16.42 (6) 16.41 (7) 16.04 (4) 

1.027 
1.025 
1.024 

Table 8. Comparison of coincidence summing correction from 30-point integration and 
corrections calculated for other efficiencies and geometries. 

Coincidence summing correction factor 

Nuclide E y , ( k e V 1  

“Co 1 I73 
1332 

‘52EU 121 
244 
344 
41 1 

443.98 
444.0 
778 
867 

963.4 
964.0 
1085 
1089 
1112 

1299 
1408 

30-pt integration 
o f  coincidence 
sum. correction 

1.1583 
1.1720 

1.4488 
1.7144 
1.1393 
1.393 1 

1 S754 
1.903 1 
1.2308 
1.8546 

1.3253 
1.4937 
1.0987 
1.203 1 
1.4187 

1.2312 
1.4400 

30-pt 
integration 
of efficiencies 

1.1579 
1.1646 

1.4439 
1.6942 
1.1389 
1.3900 

1 S650 
1.8770 
I .2293 
1.8273 

1.3204 
1.4827 
1.0964 
1.2018 
1.4095 

1.2297 
1.4303 

Disk at 
d=0.75 

1.1572 
1.1632 

1.4404 
1.6892 
1.1384 
I .3894 

1.5602 
1.8715 
1.2290 
1.8221 

1.3185 
I .4795 
1.0952 
1.2014 
1.4066 

1.2293 
1.4274 

Point source on 
axis, d=0.75 

1.1998 
1.2097 

I .6322 
2.0500 
1.1767 
1.5310 

1.828 1 
2.3765 
1.3085 
2.2978 

1.451 1 
1.7342 
1.1414 
1.2692 
1.6213 

1.3093 
1.6547 
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Table 9. 15*Eu activity calculated with and without coincidence summing correction. 

Peak area” 
- E , W  farb. units) 

122 19.2 (2) 
244 2.36 (2) 
344 8.64 (9) 
41 1 0.478 (8) 
443.9 0.548 (1 2) 
444.0 

778 1.67 (2) 
867 0.308 (7) 
963 1.27 (1) 
964 
1085 1.08 (3) 
1112 1.06 (1) 
1299 0.113 (4) 

Weighted average of 9 values 
Reduced-X, for this average 

Weighted average of first 5 values 
Reduced-X, for this average 

Weighted average of last 6 values 
Reduced-X, for this average 

g&f 

16.63 
9.566 
6.657 
5.465 
5.044 
5.044 

2.890 
2.615 
2.372 
2.370 
2.122 
2.076 
1.799 

Activitv (arb. units) 
without CS con. with CS con. 

2.94 (3) 4.26 (4) 
2.37 (3) 4.06 (4) 
3.52 (4) 4.01 (4) 
2.81 (5) 3.92 (7) 
2.51 (6) 4.04 (9) 

3.22 (4) 3.96 (4) 

2.44 (3) 3.61 (4) 
2.02 (5) 3.74 (9) 

3.63 ( I  1) 3.99 (12) 
2.72 (4) 3.86 (5) 
2.78 (IO)  3.42 (12) 

2.81 (13) 3.90 (6) 
1 I5 10.8 

4.09 (6) 
7.2 

3.79 (7) 
10.6 
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