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SUMMARY

The technique of low temperature neutron irradiation combined

with isotopic exchange separation technique has been applied in the

determination of mercury in aqueous samples.

The kinetics of the isotopic exchange reaction has been studied

for various sample volumes.

The effect of the flux perturbation caused by aqueous samples

has been investigated for samples of various size and geometry in

a central position in a well moderated heavy water reactor. The

effect has been studied both theoretically and experimentally. The

"Thermos" code has been used in the calculations.
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INTRODUCTION

The well established technique of neutron activation an-

alysis has been favourably applied in the determination of

mercury in samples of various nature [1].

Special precautions must, however, be taken in analyses

of this type during the preparation of the samples as well as

during the irradiation steps and the subsequent chemical sepa-

ration procedures, owing to the volatility of various compounds

of this element. In this context it should be mentioned that neu-

tron irradiation of the samples while frozen has been advanta-

.geously applied in the analyses of biological material as well as

of water in order to avoid this effect [2-4],

The irradiation procedure applied to aqueous samples

while frozen is also an advantage, inasmuch as it prevents

contamination from the container walls. This is accomplished

by discarding a thin surface layer melted from the frozen sam-

ple. The magnitude of this effect has been elucidated separately

below.

In the neutron activation analysis of large aqueous sam-

ples the effect of flux perturbation caused by the samples them-

selves has to be taken into consideration. This effect has in the

present work been studied theoretically by means of the "Thermos"

code [ 5] and experimentally by determining mercury in synthetic

aqueous samples of various size (from 1 ml to 400 ml).

In practical analysis many aqueous samples may be irradi-

ated close together simultaneously, and in this connection mutual

flux perturbation effects arise. The magnitude of this effect has

been investigated for a 49 sample arrangement.

In this study the mercury activity has been separated from

the aqueous solutions with the isotopic exchange technique pre-

viously described by Kim and Silverman [ 6].This technique has

been found to be characterized by a high degree of reliability as

well as rapidity. In the present investigation the technique has
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been extended to be applicable to samples of larger volume,

and for this purpose the exchange kinetics in samples of

varying volume has been studied.

The effect of the aqueous samples on the neutron

flux distribution in the sample position

203
The induced activity of the nuclide Hg is proportional

202
to the capture rate (R ) of the nuclide Hg in the sample;

c

R c = N JJcTc(E)0(r,E)dEdr (0
v

where N is the atomic density of Hg in the sample, a (E)
202 -

the capture cross section of Hg , and 0(r, E) the flux per

unit energy inside the sample with the volume v.

According to the cross section information available it
202

semms reasonable to neglect the resonance capture of Hg

in a well moderated reactor like Rl. Considering Hg as

a l/v-absorber, we have;

(2)

where E =0.0253 eV corresponding to the "standard" velocity

v = 2200 m/s.

Using the neutron density per unit energy n(r, E) in-

stead of the flux for R we have;

voJJn(r,E)dEdr (3)
v

i. e. R is proportional to the total average neutron density

in the sample.

A not too small light water sample placed in the central

channel of Rl introduces a "flux trap" effect, i. e. causes a

peaking of the thermal flux in the sample due to the large H^O

slowing down power. This means that the neutron density in
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the sample n(r, E) will generally be greater than the unperturb-

ed density n (E), i. e. the neutron density in the empty channel.

It is convenient to express the flux peaking in the sample as the

ratio between the total average neutron density in the sample

and the total unperturbed density. We designate this ratio the

advantage factor (F ).

/
(4)

The samples were all cylinders with diameters ranging

from 0 to 7. 5 cm and height to diameter ratios of between 1

and 2. The small dimensions of the samples and the existence

of air gaps as well as the thin shells of aluminium surround-

ing the samples made the use of diffusion theory unsuitable,

and a transport code had therefore to be applied. As a two-

dimensional code would be too time-consuming for this purpose,

the one-dimensional transport program "Thermos" was chosen

as a reasonable tool [5].With the maximum number of groups,

30, below 3.06 eV and 20 (radial) space points, "Thermos" was

applied on four infinitely long cylinders with diameters (d ) of
CO

1, 2, 4 and 7.5 cm. The advantage factor, FA , was calculated

as the ratio of the average neutron density in the HLO cylinder

and the average neutron density in the D?O region between the

central channel wall and the first fuel ring. The neutron density

above 3, 06 eV amounts to less than 0. 5 per cent and it could

therefore be neglected in the calculation of the advantage factor.

F . as function of d̂  is plotted in figure 3.

As the samples used in the experiment were finite cylinders

the values obtained for F . could not be compared directly with

those obtained theoretically. The experimentally obtained values

for F . were determined with dilution technique and the mea-

sured activities were normalized with respect to a 1 ml sample.

Tentatively, it seemed reasonable to assume that cylinders

with the same average collision probability (P ) would give the

same FA value.
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P is a function of d • ET and h/d, where ST is the

total macroscopic cross-section, k the cylinder height and

d the cylinder diameter. In figure 2, P is plotted versus

d« £„ and h/d [7], From the "Thermos" results an aver-
- -1

age value of ET , ST=2. 1 cm was obtained for the sam-

ples.

Assuming further that P (d • S™ (E) = P (d • ?, ), it
C X C_- X

is possible to estimate for each finite cylinder (h/d^ i) the

corresponding infinite cylinder diameter, d , by means of

the curves in figure 2. In figure 3, these "experimental"

d values have been plotted versus the experimentally

determined F . values. In this figure are given also the

values obtained theoretically.

The effect of contamination of the sample with im-

purities from the container surface

Impurities in the container material may give rise to

a contamination of the sample according to the following.

Nuclides from the container material may strike the

sample directly owing to the recoil mechanism in the neu-

tron capture process. The contamination caused by this

effect is, however, comparatively negligible as a nuclide in

the mass region of 50 would have a range of magnitude 40 A

in common container materials. However, the containers

are often rinsed in order to obtain a quantitative removal of

the sample from the container, and during this operation the

magnitude of the contamination might be considerably incre-

ased, due to the dissolution of activities from a certain depth

of the material [8].The case will be illustrated with a practical

example which is relevant to the present study, when mercury

is involved in the determination of other elements simultane-

ously with e.g. group separation technique. Let us assume that

1 g whole-blood containing 1 \i g copper [9]is irradiated in a

polyethene container with an inner surface area of 10 cm which

contains 4 (j. g copper per g polyethylene material. If this con-

tainer is thoroughly washed after removal of the sample a copper
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activity (Cu ) corresponding to about 0.1 \±g copper may

be dissolved from the container surface [8].

An error of 10 % is followingly introduced in the deter-

mination of this element. In this case it would have been

better not to have rinsed the container, or to have irradiated

the whole-blood sample while frozen and allowed a thin sur-

face layer to melt to be discarded before performing the

analysis.

EXPERIMENTAL,

Samples

The synthetic aqueous samples were made by adding

the same amount of Hg (NO.,)^ • a-q(l mg) to distilled water with

the respective volumes of 1, 2, 20, 40 and 400 ml. The solu-

tions were contained in polyethylene bottles with a height to

diameter ratio of; 0.58, 1.15, 1.60, 1. 30 and 0. 99 (corre-

sponding to the sequence of the above given volumes).

Irradiation

The water samples were quickly frozen in liquid nitrogen

and then transferred to a cooling device consisting of an insulat-

ed aluminium container filled with dry ice [3].This container

was placed in the central channel of the reactor Rl, Stockholm,

and irradiated for periods of 3 hours to 13 hours. It is possible

to extend these periods to 40 hours. In the irradiation position
12 2

used the thermal neutron flux amounted to 2. 0 x 10 n/cm sec.

In the study of the flux perturbation effects introduced by

the aqueous samples these samples were mostly irradiated sep-

arately, in order to avoid mutual disturbances. In one series of

investigations 49 equal samples were irradiated simultaneously.

These samples amounted to 12 ml each and were contained in

polyethylene bottles with a diameter of 22 mm and height of 3 8

mm (with cap: 50 mm). From a practical point of view it was

necessary to leave a space for air expansion in the bottles on

account of the freezing stage. These samples were irradiated in

a compact unit consisting of an arrangement of the bottles in 7



- 8 -

layers. Each layer contained 7 samples, one with a central

and the other six with a peripheral geometry.

Separation Technique

In the present investigation mercury has been deter-

mined in both small and large water samples, and the pre-

viously described exchange technique [6] has consequently

been slightly modified. Thus the amount of inactive mercury

added has been increased to 0.2 ml, a magnetic stirrer has

been introduced and the exchange time has been increased

from 5 min. to 40 min. , according to the volume of the solu-

tion. After the exchange procedure the mercury droplets were

dissolved in 5 ml cone. HNO,.

Measurements

The mercury determinations were assayed with the
203nuclide Hg . The activity measurements were carried out

by means of gamma-spectrometric analysis.

RESULTS and DISCUSSION

The mercury exchange curves obtained for aqueous

solutions with the volumes of 20, 100 and 200 ml respectively

are shown in figure 1. From these curves it is seen that ex-

change times of 10, 15 and 40 min. are neede to obtain yield

exceeding 98 per cent for solutions with the volumes given above.

For larger volumes the exchange time would have to be greatly

increased if higher yields were desired. Thus for a 500 ml volume

the exchange time needed to attain a yield of 98 per cent exceed-

ed two hours. It should be mentioned that the present results were

obtained with vigorous stirring of the solutions, and that the curves

turned out to be less teep with less vigorous stirring.

The low temperature irradiation technique combined with

the exchange technique has also been applied in the determination

of mercury in ground water samples. A mercury concentration

in the range of 1 ng Hg/g water was determined in 20 ml samples
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with a standard deviation of a single value of less than 4 per

cent. The technique has also been advantageously applied in

the determination of mercury in samples of biological nature.

In one series the precision obtained when analysing 4

synthetic water samples with a volume of ZOO ml to which

50 ng Hg/ml water had been added, was investigated. These

samples were irradiated separately, each for 9 hours. In this

case the standard deviation of the single value was lower than

4 per cent. In practical analysis one of these samples might

advantageously constitute the standard.

The present investigation has been carried out in a reac-

tor position with well defined neutron spectrum, and where the flux

gradients are very low. The thermal flux gradient in this posi-

tion was measured by means of copper foils in order to deter-

mine correction factors, and was found not to exceed 0. 5 per

cent per cm.

From figure 3 it is seen that the experimentally obtained

values for the advantage factor, F . , are signigicantly higher

than those obtained theoretically. This indicates that the primary

assumption is not adequate, i. e. the geometric dependence of

F . can not be described simply as a function of P .

For practical applications it is therefore more relevant

to use the experimental curve.

The magnitude of the mutual flux perturbation effect of a

large number of water samples irradiated close together is shown

in figure 4. These results correspond to the simultaneous irradia-

tion of the 49 samples in a geometrical arrangement as previous-

ly described. The mercury activities have also in this case been

normalized. The sample in the middle of the arrangement, i. e.

the central sample in the fourth layer, was chosen from a sym-

metrical point of view to represent the unit activity. This sample

should, of cours, possess the highest activity and this was also

confirmed experimentally.
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In figure 4 the normalized average flux values are

plotted versus the distance from the lowest layer. From a

theoretical point of view the curves in this diagram should

be symmetrical around the "middle" point (at the distance:

17. 5 cm in the figure) if the samples were irradiated un-

disturbed. However, the sample layer at the top (distance:

30-3 5 cm from bottom) is in contact with the dry ice cooler,

which may explain this asymmetry.

From figure 4 it is also seen that the average flux in the

position of a central sample is about 10 per cent higher than

that in the peripheral position in the same layer. In routine

analysis the "middle sample" should advantageously represent

the standard.
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