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ABSTRACT. We describe sample preparation of gels with a given sample quenching parameter (SQP(E)). The procedure 

is applied to mixtures of 45Ca and 35S with activity ratios from 25/1 to 1/20 and quench values that make 35S efficiency 

range from 63% to 88%. We compare the two-window and unfolding methods. Low-level activity mixtures are standardized 

by a spectrum unfolding method. We also studied components with counting rates below background and show that the 

CIEMAT/NIST method yields excellent results with gels. 

INTRODUCTION 

Adsorption may cause instabilty problems when homogeneous samples are assayed in liquid 

scintillation counting (LSC). Generally, these problems can be resolved by adding an acid or a 

carrier to the solution. The presence of color can introduce further errors, which we address by 

confining the radioactive solution in micromicelles inside the scintillator. In this way, we avoid 
adsorption by the vial walls. Some commercial scintillators, such as Insta-Gel®, facilitate the 

preparation of heterogeneous solutions by adding adequate amounts of water to the scintillator. The 

term "heterogeneous solution" is not well defined, and its use may lead to confusion. Some inves- 

tigators consider a heterogeneous solution to be a mixture of clearly separated phases. Others 

define the term as a mixture of solids and liquids. We define a heterogeneous solution as a gel in 

which water is confined in micelles. Unexpectedly, we observed that standardization curves do not 

depend on the water content of the samples, and they do not differ from homogeneous samples. 
In other words, standardization curves do not depend on the size of the micromicelles inside the 

scintillator. 

Several researchers applied the Centro de Investigaciones Energeticas, Medioambientales y Tecno- 
logicas/National Institute of Standards and Technology (CIEMAT/NIST) method (Grau Malonda 
1982a,b; Grau Malonda & Garcia-Torano 1982; Coursey et al. 1989; Gunter & Schotzig 1992; 

Rodriguez, Los Arcos & Grau 1991) to homogeneous samples. We found that the CIEMAT/NIST 
method can be applied to homogeneous samples as well as to gels. Although the standardization 
curves do not depend on the water content, the counting efficiency and sample quenching 
parameter (SQP(E)) decrease as the volume rate water/scintillator increases. We used carbon 
tetrachloride to obtain samples with different water content, but the same SQP(E) values, and 
unexpectedly, the counting efficiency was the same, i. e., the counting efficiency depends only on 
SQP(E), and the water/scintillator ratio does not affect the final standardization curve. Despite the 
fact that water content is unimportant for standardizing a radionuclide by the CIEMAT/NIST 
method, we studied the simultaneous effects of water and carbon tetrachloride on quenching to 

obtain rapidly quenched gel samples with given SQP(E). We derive expressions for calculating 
SQP(E) as a function of the amount of water and carbon tetrachloride incorporated in the vials. We 

also analyzed 3H, 355, 45Ca pulse-height spectra with different water proportions, but with the same 
SQP(E). The results confirm that spectra from homogeneous and heterogeneous samples are iden- 

tical when they have the same characteristic SQP(E) value. In fact, spectral shapes depend only 
on SQP(E), which allows us to apply the spectrum unfolding method (Grau Carles & Grau 

Malonda 1991a,b; Grau Carles, Martin-Casallo & Grau Malonda 1991) to heterogeneous mixtures. 
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We have obtained excellent results using the spectrum unfolding method, especially when spectral 
overlap is important. We discuss here the spectrum unfolding method applied to 45Ca and 35S het- 
erogeneous mixtures, and we compare some of the results with the double-window method. We 
also analyze medium- and low-activity samples, and indicate the potential of the spectrum unfold- 
ing method. 

METHODS 

We used an LKB Rackbeta 1219 Spectral LS spectrometer for the measurements. The system has 
a 226Ra source for quench determination by the external standard method. All the measurements 
were made at a temperature of 16°C. Low-potassium glass vials were used in all cases. Combined 
carrier and acid were used to obtain stable radioactive solutions. Because 45CaC12 dissolved in water 
is adsorbed by the walls, we added 1M HCl and 257 mg Ca2+ ml-1 to avoid this, and used 0.SM 
H2SO4 for H235SO4. 

One virtue of using gels is that they are easy to prepare, and require no gravimetric deposition. 
Volumes of radioactive substance can be dispensed with a pipette. The heterogeneous standards 
were prepared by pipetting 5 ml of the radioactive solution into vials containing 10 ml of scintil- 
lator. The vials were shaken and left at 16°C for 4 h before measurement. Samples with different 
quench values and with the same water/scintillator ratio were obtained by adding CC14 to the 
scintillator before the radioactive solution was incorporated. 

Addition of CC14 to the gel does not increase quench. The CC14 must be added while water and 
scintillator are in separate phases. The phases will separate in the vials after 10 min at 35°C. CCl4 
can be added later and the gel reconstituted by shaking and cooling the vials at 16°C. In this way, 
we were able to increase quench stepwise on the same sample. 

Nine 45Ca and 35S standards were prepared to test the CIEMAT/NIST procedure in heterogeneous 
solutions. Figure 1 shows experimental points and computed calibration curves. The same water/ 
scintillator ratios were used in all samples to obtain the calibration curves, although other ratios 
are possible. Even when they have different water/scintillator ratios, all quench vs. efficiency points 
are on the same calibration curve. Care was taken to use the same total volume throughout the 
experiment. It is common to employ experimental curves that relate the quencher volumes used 
and the SQP(E). We plotted one of these curves in Figure 2A. When CC14 is used as a quencher, 
the quench ratios follow the law 

Q' V 
314 

V 

Q V V 

3/2 
(1) 

where Q is the SQP(E) value for the unquenched Insta-Gel®, and Q' is the SQP(E) obtained when 
a volume, v, of quencher is added. V is the volume of Insta-Gel® (10 ml) and alpha and beta are 
constants. The curve in Figure 2A exhibits linear behavior for small-volume additions of 
quencher 

r 314 
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In the same manner, one should obtain an experimental curve for gels relating the SQP(E) value 
and the water proportion. The main difficulty is that curves have different behaviors, depending 
on the quantity of CC14 used before the gel is formed. To illustrate this, we prepared 6 sets of 8 
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Fig. 1. Calibration curves for 45Ca and 35S. The 
quench parameter is the SQP(E). 
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Fig. 2A. Fitted curve of (v/V)314 vs Q'/Q. V is the total 

volume of Insta-Gel® (10 ml), v the added CC14 vol- 
ume. Q is SQP(E) of unquenched Insta-Gel® and Q' 
SQP(E) after quencher was added. 

Fig. 2B. Fitted lines of (p)" vs. Q"/Q'. p is the wa- 

ter/Insta-Gel® volume ratio, Q' SQP(E) of Insta-Gel® 
and Q" SQP(E) when gel was formed. Depending on 
added CC14 volume to Insta-Gel®, the slope of the line 

is different. SQP(E) of Insta-Gel® before water was 
added are on the right. 
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samples, depositing 10 ml of Insta-Gel® with the SQP(E) varying from Q = 414, for the first set 
of unquenched samples, to Q' = 234, for the last set of quenched samples, to which we added 0.17 
ml of CC14. We varied the water/Insta-Gel® ratio for each set of samples to obtain the results 
shown in Figure 2B, where each line represents a different initial quantity of quencher. Although 
all curves have a different slope, they follow the same law 

Q" -, = 1+ m' 
(p)la 

(3) 
Q 

where p is the water/scintillator ratio, Q Q" are the SQP(E) for the quenched scintillator and the 
gel, respectively, and m' is the observed slope for each line in Figure 2B. All lines plotted in 
Figure 2B can be related to the line of slope, m, obtained from the first set of unquenched samples 
by the empirical expression 

rz 
, 

(4) Q 
= 1 + (m-m')' Y 

Q 
Practical tables can be constructed by using Equations (1), (3) and (4) and the gel-quench value 
computed from the quencher, scintillator and water volumes. Conversely, a standard with a given 
quench value can be prepared easily by adding given amounts of water, scintillator and quencher. 
These tables are of interest in the rapid preparation of gels with a certain SQP(E) and, con- 
sequently, in the application of the spectrum unfolding method to radionuclide mixtures. The 
spectrum unfolding method has already been applied successfully to homogeneous samples (Grau 
Carles & Grau Malonda 1991a,b; Grau Carles, Martin-Casallo & Grau Malonda 1991). Because 
pulse-height spectra with the same SQP(E) from homogeneous or heterogeneous samples do not 
differ, the spectrum unfolding method can be applied to heterogeneous mixtures as well. Due to 
the presence of water, SQP(E) in homogeneous samples are greater than in heterogeneous samples, 
resulting in a greater spectral overlap for gels, which often makes the double-window method 
inapplicable. Table 1 compares discrepancies of experimental and computed activities obtained by 
both methods. 

TABLE 1. Discrepancy between Experimental and Computed Activities of 45Ca and 35S By 
the Unfolding Method (UM) and the Double-Window Method (DWM) 

Sample Activity Discrepancy (%) 
no. ratio SQP(E) 

45Ca/3sS 45Ca 3sS 

1 10.3/1 171.3 
2 4.5/1 170.1 
3 1.7/1 171.2 
4 1/1.3 168.9 
5 1/3.5 169.9 
6 1/7.9 169.7 

We applied a spectral interpolation method to determine the 45Ca and 35S spectra for the SQP(E) 
of the mixture. These techniques were described previously (Grau Carles & Grau Malonda 1991a,b; 
Grau Carles, Martin-Casallo & Grau Malonda 1991). Eight 45Ca standards (SQP(E) = 316.9, 291.6, 
273.5, 243.9, 221.7, 196.0, 169.7, 146.6) and 8 35S standards (SQP(E) = 313.1, 288.9, 265.1, 242.7, 
226.6, 196.6, 167.6, 151.7) were used to carry out the spectral interpolation. Figures 3A and 3B 
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Fig. 3A. Fitted curves of 4SCa local parameter vs. 

quench: (a) endpoints of the spectra, (b) inflection 
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Fig. 3B. Fitted curves of 35S local parameter vs. 

quench: (a) endpoints of the spectra; (b) inflection 
points, (c) position of the spectral maxima. 
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meter vs. quench: (a) endpoints of the spectra 

(end of cosmic peak); (b) position of the spectral 

maxima (Cerenkov peak of 40K). 
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show the required curves for this procedure, which give the position of the maximum, inflection 
and endpoint of the spectra as a function of SQP(E). 

The advantages of the present spectrum unfolding method are seen when applied to low-activity 
samples. Low-activity dual samples can be deconvoluted by the spectrum unfolding method by 
considering the background as a new spectral source component. In such a way, the problem is 
reduced to a three-spectral component situation. Background components can be obtained by 
spectral interpolation in background standards with different SQP(E). Analogous curves, as in 
Figures 3A and 3B for 45Ca and 355, can be plotted from background spectra. Background maxima 
are determined by the Cerenkov peak of 40K (present in glass vials); the endpoints of spectra are 
obtained by the endpoint of the cosmic radiation peak, near 9 MeV. The curves showing the 
positions of maxima and endpoints of the background spectra vs. SQP(E) values are plotted in 
Figure 3C. 

RESULTS AND DISCUSSION 

Table 2 shows the results of the unfolding method applied to mixtures of 45Ca and 35S. Activities 
for both radionuclides are large enough so that the background is negligible. Assays are distributed 
in groups of eight, each with similar activity ratios for 45Ca and 35S, which vary from 10/1 to 1/8. 
Each proportion is studied for SQP(E), which varies from 290 to 165. Table 2 shows that results 
for the same activity ratios are slightly better when 45Ca activity is greater than that of 35S. The 
calculation of 45Ca components is more difficult than the calculation of 35S components (compare 
samples 1-8 with samples 41-48 in Table 2), because 45Ca maximum f3 energy is greater than 35S; 

Ca components appear narrower than 35S components for the same activity. Studies of different 
mixtures have shown that discrepancies for the less active nuclide depend on discrepancies for the 
more active nuclide. It was shown that nuclides with close maximum energies follow the 
expression 

b 
AA 

B A bA 
B 

(5) 

where AA and AB are the activities for A and B radionuclides and SA and SB are their dis- 
crepancies, defined as 

A cA-AA a A = _ x 100 (6) 
AA 

where AAA is the computed activity and AA the experimental activity. In 45Ca and 3SS mixtures, the 
maximum i energy for the 45Ca nuclide is twice that of the 3SS energy. Consequently, expression 
(5) is not applicable, and thus 

A 
SBS=bA (7) 

AB 

In general, we observed that for activity ratios <10, discrepancies for the less active nuclide are 
<10%. Figure 4 plots mixture 1 from Table 1 and its spectral components. 

Table 3 shows results from mixtures of 45Ca and 3SS with medium and low activities. The first 
group of six assays have close SQP(E), but the activity ratios change from one assay to another. 
They indicate that discrepancies <25% are obtained for the less active nuclide when activity ratios 
are >20. Results for medium activity are shown from rows 7 to 12. Samples were measured in 
half-hour periods. The results for low activities are shown from rows 13 to 16; samples were 
measured for 1 h. The spectral components from assay 14 are plotted in Figure 5. The spectra in 
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TABLE 2. Experimental and Computed Activities of 45Ca and 35S for Different Activity Ratios 

and Quench Parameters 

Sample Activity Experimental activity activity 

no. ratio SQP(E) 

45Ca/35S 45Ca 
355 

1 9.8/1 289.0 

2 10.3/1 282.2 

3 9.8/1 267.9 

4 10.3/1 254.2 

5 10.0/1 243.4 
6 10.0/1 227.5 

7 10.3/1 198.7 

8 10.3/1 171.3 

9 4.3/1 291.2 

10 4.7/1 283.6 

11 4.3/1 268.5 

12 4.6/1 252.3 

13 4.5/1 243.5 

14 4.5/1 227.7 

15 4.6/1 199.1 

16 4.5/1 170.1 

17 1.6/1 290.1 

18 1.8/1 283.2 

19 1.6/1 267.3 

20 1.7/1 256.1 

21 1.6/1 243.2 

22 1.6/1 227.2 

23 1.7/1 198.1 

24 1.7/1 171.2 

25 1/1.4 289.5 

26 1/1.3 284.2 

27 1/1.4 266.2 

28 1/1.3 251.0 
29 1/1.3 243.3 

30 1/1.3 225.1 

31 1/1.3 196.9 

32 1/1.3 168.9 

33 1/3.7 289.3 

34 1/3.5 283.0 

35 1/3.7 268.6 
36 1/3.5 258.1 

37 1/3.6 243.3 

38 1/3.6 228.8 

39 1/3.5 198.7 

40 1/3.5 169.9 

41 1/8.3 290.6 

42 1/7.5 283.8 

43 1/8.3 268.8 

44 1/7.9 251.3 

45 1/8.1 243.1 

46 1/8.1 227.2 

47 1/7.9 196.3 

48 1/7.9 169.7 23867 188046 21668 182495 -9.2 -2.9 



N
 

0
1
 

4
0
 

3
5
 

3
0
 

25
 

r C
 
2
0
 

n 
15

 

1
0
 

5
 

1
5
0
 

1
0
0
 

-1
00

 

-
1
5
0
 
0
 0
 

2
0
 

4
0
 

6
0
 

8
0
 

1
0
0
 

1
2
0
 

V
I 

N
 

'
I
L
'
I
 

2
0
 

4
0
 

6
0
 

8
0
 

1
0
0
 

1
2
0
 

ch
an

ne
l 

0
 

s
 

4
 

-
4
 

-
s
 0
 

5
0
 

1
0
0
 

1
5
0
 

1 
T

ai
 

L
I 

5
0
 

1 I 

10
0 

15
0 

ch
an

ne
l 

2
0
0
 

N
 

H
 

2
0
0
 

Fi
g.

 4
. S

pe
ct

ru
m

 u
nf

ol
di

ng
 o

f 
sa

m
pl

e 
1 

ab
le

 2
 

an
d 

di
ff

er
en

ce
 

Fi
g.

 
. 

8 
5 

Sp
ec

tr
um

 u
nf

ol
di

ng
 o

f 
sa

m
pl

e 
14

 
ab

le
 3

 
an

d 
di

ff
er

en
ce

 
sp

ec
tr

um
 

sp
ec

tr
um

 



Double-Label Counting of Heterogeneous Samples 247 

TABLE 3. Experimental and Computed Medium and Low Activities of 45Ca and 35S for Different 

Activity Ratios and Quench Parameters 

Sample Activity Experimental activity activity 

no. ratio SQP(E) 

45Ca/35S 45Ca 
3sS 

1 26.4/1 232.7 

2 1/20.9 227.4 

3 15.1/1 231.1 

4 1/12.0 230.8 

5 21.1/1 225.5 

6 1/16.8 227.1 

7 1.6/1 255.0 
8 4.2/1 255.0 

9 9.4/1 254.9 

10 1/1.4 258.9 

11 1/3.8 257.4 

12 1/8.7 253.4 

13 1.7/1 251.7 

14 4.6/1 250.2 

15 10/1 254.6 

16 1/1.3 250.9 

17 1/3.4 253.7 

18 1/8 258.1 

the plot were reduced 125% to show the background fitting at higher energies. The total 
background count rate was 80 cpm. From 13 to 15, the 35S counting rate is below the background, 

and from 16 to 18, is 45Ca. Discrepancies are ca. 30% for nuclides below background. These 
results agree with statistical fluctuations. 

CONCLUSIONS 

We studied the influence of water on SQP(E) in scintillation gels and showed that calibration 
curves of counting efficiency vs. SQP(E) are the same for homogeneous and heterogeneous 
samples. We obtained experimental curves relating the quench parameter value to the amount of 
water or CC14. These curves allow one to prepare samples with a given SQP(E). 

The CIEMAT/NIST method for homogeneous samples also can be applied to heterogeneous 
samples. This enables us to measure any nuclide independent of the chemical form and to use large 

amounts of aqueous solutions to avoid adsorption and precipitation. We also measured 45Ca and 
35S mixtures for medium and low activities. As background has a spectral structure, it can be con- 
sidered as another radionuclide; we can treat the mixture as a three-component system. We 

conclude that activities of nuclides with count rates below background can be determined with 
discrepancies within statistical uncertainties. 
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