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INTRODUCTION 

Shortly after the 4th Symposium on the Recent Developments in 

Neutron Activation Analysis at Cambridge in 1975 our Danish 

reactor DR 2 at Ris#, which we had been using for neutron acti

vation analysis, was permanently closed down and it is now being 

decommissioned. 

New irradiation facilities specially designed for neutron acti

vation analysis were installed in the reactor DR 3, which is a 

heavy water cooled and moderated plant, similar to the PLUTO 

reactor, but operating at a power level of 10 MH. These facili

ties are located in the vertical tubes extending into the heavy 

water as shown in Fig. 1. Their characteristic specifications 

are stamarized in Table 1. 

Concurrently with the installation of these new, improved 

facilities the need for multi-element INAA became acute in con

nection with the large number of environmental and geological 

samples from the Narssaq project*. 

Instead of using a multi-element comparator, as was the case in 

earlier work at the DR 2 reactor, we decided to investigate the 

limits of applicability of the single-comparator method. 

The original single-comparator method was described by Girardi 

(1965), and it is based on the experimental determination of the 

ratios of specific count-rates of an element and a comparator. 

These so-called k-factors are valid for the determination of 

all elements from one comparator standard under conditions of 

constant 

(1) sample ~ype 

(2) counting conditions 

(3) irradiation conditions. 

An environmental geochamical and ecological project carried 

out in the Narssaq region in Greenland. 
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Flo. 1. schematic cross sections 

Sample size and composition with respect to moderating power, 

absorption of thermal and resonance neutrons, as well as differ

ences in Y-ray relf-absorption must be taken into account by the 

analyst [Prouza 1967]. 

Counting conditions are precisely controlled by the analyst with 

regard not only to counting time, but also to the choice of 

detector and counting geometry, etc. 

Irradiation conditions are also controlled by the analyst with 

respect to irradiation time and thermal neutron fluence, whereas 

changes in neutron flux density distribution are brought about 

by factors beyond his control. 

The stability of the neut-on flux spectrum is therefore a limit

ing factor in the precision and accuracy of results based on the 
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of the Danish reactor DR 3. 

single-comparator method. A study of systematic and rrndom 

sources of variation and their influence on the k-factor is 

therefore warranted. 

The irradiation facilities used for activation analysis are 

listed in Table 1 with their normal levels of thermal neutron 

flux density. Their position in relation to the reactor core 

can be seen in Fig. 1. Fast neutrons determined by simultaneous 

irradiation of Co and Ni monitors constitute 0.2% or less of the 

total number of neutrons, and their influence on the k-factors 

is therefore negligible. 

Epithernal neutrons, however, may contribute significantly to 

the k-factors of nuclides with high resonance integrals, and 

actual values of the epithermal fraction and their variability 

were therefore studied under a variety of experimental conditions. 



Pio. 2. Cut-away of the rotating 

rig facility in the DR 3 reactor. 

The 3 sample tubes in the ro

tating assembly is surrounded 

by 50 mm of bismuth in order to 

reduce the y-ray exposure. Each 

tube will accept 5 irradiation 

cans on top of each other. 

Automatic insertion and ex

traction of 1 can from each tube 

in succession ensures identical 

irradiation time for cans in 

the same horizontal layer. 

A flow of gas of CO, at the 

same time maintains an ir

radiation can temperature <50°C 

and is used to transport the 

cans in and out during reactor 

operation. 
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The experimental determination of tha epithezmel ratio in weli-

thermalised irradiation positioas respires the see of detectors 

with a high ratio of resonance intaf ral to thermal neutron cross 

section. 

Table 2 

••clear characteristics of the zirconinm isotopes 

sæd in the present study 

Nuclides 

*th 

'o 

y keV 
abundance 

,4lr C».y>,5Xr 

17.51 

0.052 t 0.003 b 
0.30 t 0.03 b 

§5.5 d 

724.2 and 75«.7 

44.4 and 54.0% 

"ir (n,Y),7*r 

2.St 

0.020 t 0.03 b 

5.0 • 0.4 b 

1C.I h 

C57.9 and 743.4 

90.3 and 91.71 

Por Ir this ratio is approximately 250, and the other stable 

isotope of zirconiun, *Sr, has a ratio of approximately 5. 

Other nuclear characteristics are shown in Table 2, and they 

also favour the use of sirconiun as a single-element, combined 

epithemal and thermal flux sonitor fSimonits 197§J. 

In order to simulate a biological sample, xr was irradiated as 

an aqueous solution of XrOOIOjJj containing 13 mg of Sr in a 

1 ml sample in a sealed half-dram polyvial. 

The irradiation time was 30 nin, and the sample was counted 

aftar 75 hours decay on a Ge(Li)-detector for SO min with a dead 

time of approximately 101. Both radionuclides« *SZr and ,7*r, 

were determined as the mean of the two different photo-peaks 

given in Table 2, and these peaks contained approx. 50 000 counts. 
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©ifffemcw in tlieraal-to-epitherael flos ratio in the H i i i U c 

Tab* Facility with different impound cross-sections 

tea. 1 

171 
CS2 
754 
S3§ 
23CS 

3*3 
1131 

Poa. 2 

179 
720 
•43 
SW 
335« 

40t 
133« 

tefcitact 

•icabarra 1979 

•Tains* ItTI 

Van dar Uadra 1972 

Bolden 1972 

Santry 1973 

ridtosna 197« 

walker 1977 

Used in thin work 

The calculated valves for the themel-to-epitheraal flax ratios 

depend stronfly oa the actaal eroas sactiona need in the cal

culation, aa illustrated in Table 3. the valnes chosen for the 

present study are those of miner 11*71) included in Table 2. 

Tjeblt-i 

1st week 

2nd week 

3rd week 

4th week 

Monday Friday 

Friday at 9 a« 

landay at § pn 

s**-dow. 
Start up 

Operation at 10 Mf 
• a 

Close down 

The DP, 3 reactor is rcjularly operated on a foar weak basis as 

shown in Table 4, and zirconium Monitors ware irradiated in 

facilities 7V2 and 4V4 at different tines of the operatise 

period. Measurements in 4V3 are not possible, because the 

activity induced in tr during a short irradiation is too low. 

A total of il aonltors wars processed fron 4 different operating 

periods during the course of 5 Months. 
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* total off 39 rooalf for the » o f ti— M o save aa overall aeaa 

••los for too ffloK ratio off 23« therael aset row for every 

••itbemal Matron wit* a coefficient of varieties off 9.7% 

aecooatiaa for all aoarces off variation, iacledlas S different 

vertical positions la tho irroilatloa foeility. 

an analysis off Variance rtaiwff highly significant iaf leasee aot 

ooly off tko vortical pooitioo aai rooster oporatiaf period, oat 

also off tho tJtoa afftor start o». ho siealfleant interaction 

detemiaed by smltiple. liaoar rofrossioa aaalysia. 

hosalts aro five* ia Tabic S as tho relative coatribotioas froe 

tho different aoarcos off variation to tho overall variability 

off ooaaorad valses, aod tho iafflooaeo of tho vortical position 

Table S 

Sooreos off variability off 39 tbaxael-to-epitaerael 

fin ratios off too rotatlae rie facility 

Moan vales Soorco off Variation 

2M all 

Positions 

Day of period 

Period ho. 

- 232 Position 1-4 

Positions 

Day off period 

Period be. 

Avers«* Cooatiof statistics 

variance 'est 

100 « t.7 % 

»2 t 7.9 t 

3ft f.0 I 

7 • 2.7 t 

90 « 9.1 % 

S3 t 7.3 9 

31 t S.7 1 

2.S • 1.7 1 

a.s. 1.5 • 
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7V2 IRRADIATION FACILITY 
260 

250 

'5. 

9-

230 

220 

pos. 1 2 3 4 5 

Fig. 3. Thermal-to-epithermal neutron flux ratio in 5 vertical 

irradiation positions in the rotating rig facility in the DR 3 

reactor. 

is shown separately in Fig. 3. It is clearly seen that the 

highest position is out of line with the other positions. 

Excluding this point, "-.he change in epithermal ratio is a con

stant 3.4% per unit of vertical displacement - approx. 0.5% per 

cm. 

If the results from position 5 are omitted, a multiple, linear 

regression analysis on the remaining 31 measured values gives 

the alternative results shown in Table 5. 

By logarithmic differentiation of the expression for calculation 

of the flux ratio from the recorded number of counts the relative 

standard deviation can be estimated based on the Poisson stat

istic. This expression of the counting precision is also in

cluded in Tables 5 and 6, and it shows that in this way all 

sources of variation have been properly accounted for. 

1 I 1 I T 
O 
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Table 6 

Sources of variability of 22 thermal-to-epithermal 

flux ratios of the pneumatic tube facility 

Mean Value Source of Variation 

715 all 

Positions 

Day of Period 

Period No. 

683 Position 1 

Day of Period 

Period No. 

Average Counting statistics 

Residual 

Variance °est 

100 t 7.6 1 

63 % 6.1 t 

33 % 4.6 % 

20 % 3.7 t 

59 % 6.1 t 

32 t 4.7 % 

8 1 2.6 1 

n.s. 3.2 t 

The 22 results for the gneuwatic_Tube facility gave an overall 

mean value of flux ratio of 715 with a coefficient of variation 

of 7.6%. This includes a systematic difference between top and 

bottom positions inside the rabbit, corresponding to 8.9% or 

approx. 3% per cm. 

The measured values were treated in exactly the same way as 

previously, and the results are presented in Table 6 in the same 

way as in Table 5. The lower epithermal ratio is consistent 

with the greater distance from the reactor core, and the steeper 

vertical gradient in the Pneumatic Tube system is caused by its 

bottom being some distance above the Core Central Plane as can 

be seen in Fig. 1. 



11 

DISCUSSION 

The single-comparator method in combination with experimentally 

determined k-factors [Girardi 1965] may be used without reser

vation for irradiation conditions with constant epithermal ratio. 

In actual practice, this ratio varies around a constant mean 

value, and if this variability is known, the error of assuming 

a constant k-factor can be estimated. 

With a terminology similar to that of Simonits et al. [1976) the 

variability of the k-factor is determined by the following 

expression 

1 • D2/f * h 
k-factor o . . J. -J*, where f » . -1 

1 * D l / f *epi 

I 
D, » - — (1) refers to the single comparator nuclide chosen, 
1 ath 

and 

I 0 
D- « - — (2) refers to the determinand. 
2 °th 

The error propagation function is found by differentiation with 

respect to f 

\ - W 
ID! - D2I < |DX - D2I < D 

zk " (f * bx)(t * D 2J p 71 

If both comparator and determinand are picked at random, propa

gation of the relative error of the flux ratio f is limited by 

the magnitude of the highest value of D, 

Ak . - . A # < D Af 
X " zk Af - 1 * T ' 
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0.1 1.0 10 100 1000 
Values of D=I./<*th 

Fia. 4. Cumulative distribution of 138 values of I /o t h reported 

by Van der Linden et al. 1972-1974. The Lilliefors test stat

istic for normal distribution of the logarithms is 0.0694, which 

is not significant at the 5 X level. 

The distribution of D may be- based on the 138 values reported 

by Van der Linden et al. in the years 1972-1974. The cumulative 

distribution of the logarithms of D - I c/
a
th

 im plotted in Fig.4 

together with the continuous curve for a normal distribution 

with the same mean value and standard deviation. 

It is seen that the distribution of D is very well approximated 

by a log-normal distribution with a geometric mean of 5.5 and a 

standard deviation factor of 4.88. In fact no significant devi

ation was found by subjecting the data to the Lilliefors Test of 

Normality [Conover 1971]. 

From this information we can now calculate the cumulative dis

tribution of the maximum error given in eq. (3) for a selected 

set of conditions, and an example is presented in Fig. 5. Here 

we have chosen to correct for the systematic influence of ver

tical position, so that the random variation is reduced to 7.3%, 

respectively, 6.1% for the two irradiation facilities under 

consideration. 
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0.1 1.0 10 
% MAXIMUM RELATIVE ERROR 

Fia. 5. Cumulative distribution of the maximum uncertainty of 

results based on the use of a single-comparator at two different 

locations in a heavy-water nuclear reactor. 

Under these circumstances the cumulative distributions show that 

for 95% of the nuclides involved*, the error will not exceed 2% 

for the Rotating Rig facility, and 0.5% for the Pneumatic Tube 

facility. 

Within these limitations the original single-comparator method 

of Girardi [1965] can be used without reservation, and there is 

no need to determine epithermal ratios on a routine basis. 

this excludes only 3 elemental Y, Rh, U 
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