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SUMMARY

At the end of 1975 ouwr ingdigtions were Sensiurred ' now facilities in the DR 3 rescior &t Riss. The
woll thermaliesd fux in this heavy-wotir-modersted reacier promptad us % investigete 1 what astent 8
singls compisster could be used for multi-clemant dotermingtion iroteed of owr pravisus WRiphe
CHMparsters.

The wiishilty of the single-compareter methed ie imiled by the stshility of the nouten flun eneegy
wpecwum. in perticuler of the thermel-1w0-epithermal retin. snd euperivvents were dusigned W daterming e
vavigtions in this retie Yweughout & reactr eparsting peried.

The bi-isstopic methed wsing scenium 68 Moner was chaosen for the delrminstion, becouwss 2y
ond "2r enhibit & lerge difiacence in Yair L /e, velues. 30 this instepe poir would parmk dotenmination of
e fun retis with s prechion sullicionmt W daterming verigtions.

One of the insdigtion facilhiss camprisas 8 magasine with theee chonnals. sach of which can held
five sluminium cong. Tha rig retates sround the verticsl anis % enawe flun hemegunsily in cans placad in the
same hosisontsl pashion. A further facility consiow of 8 proumatic wbe syatem with 8 pelyothylons bbbl
for repid wensfor of sompies for messuwrament of shert hell-lile indicaters.

OR 3 eperates it 10 MW in pusieds of 4 wesls intiuding & shut-down puried of 4-5 dop.

in the retuting rig. the rradistions were casried out in the firat and the third weshs of 4 eperating
periods. Five cans. sscn helding 8 palyviel with 1 mi of squecus zirconium sclution, were irvedioted
simultaneously for hell an how in one chennel.

in the pneumetic tube System, the euparimants were carried out once 8 week for & periods. Two
sampiss were simultansously ivadiated on top of sech other in the rabbR.

AR sempies were counted on 8 Gelli)-detactor for 2r end the deughters *’*Nb end ' Nb of Y25,
The y-ines uesd were 724 ond 757 kaV for "7y, 743 kaV for *™Nb. ond 858 beV for YNb. The
thermel-w-epithermal fam ratio wes caiculoted from the induced activity the nuciesr date h» e two

For both fecilities. the cbesrvations of the fiux retio were subjected % 8 Wwee-wey. mined fector.
anglysie of veriance. The 0tsl veriation was sepersted inio 8 random veristion between reecttr periods, end
systematic diflerences betwesn the horizontal cosHions e well 38 batween e weshs in the opwrsting
poviod.

in the rotating rig. the flux ratio incressss not only from the lower 10 he upper position. but also
during sn operating puriod. Furthermore, the incresse during s peviod is grester fer the upper then far the
lower positions. In the pneumetic tubs, the flux ratio, being lowest st the bottom of the rabbit, incresses
during an opersting period ot the SOme rate for the two positions.

Whils the systemetic diflerences sre determined with sulficient precision, the rendom veristion is
bessd on & reecior peviods only. Additional messurements ere nesded for & Detier estimew.

i the veristions ere in stetisticel control, the enmor resulting from wee of the single-compergtor
method in multi-slement determination can be caicuieted for any combinetion of iradistion position snd
day in the operating period. Both the random and the systemstic ervors depend on the dillerence in | /o,
values between the comperstor and the element 10 be determined. By suitable choice of ivadistion
conditions and by selection of sn Sppropriete coMperator the oversll errors can be reduced.

From our present knowisdge of the flux retio verigtions, it con be caicuisted thet use of the
single-comparator method introduces only small errors in the detarmination of most slements. This method
is tharefore expected t0 be very suitable for use with the iradistion facilities in DR 3.

lsctope Divieion
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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, wvas permanently closed down and it is now being
decommissioned.

Rew irradiation facilities specially designed for neutron acti-
vation analysis wevre 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 M. These facili-
ties are located in the vertical tubes extending into the heavy
water as shown in Fig. 1. Their characteristic specifications
are summarized 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 environmential 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 geochemical and ecological project carried
out in the Narssaq region in Greenland.
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Sample size and composition with respect to moderating power,
absorption of thermal and resonance neutrons, as well as differ-
ences in y-ray czelf-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 nis 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



of the Darish reactor TR 3.

Coarse contrel arme

Storage hotes

single~comparator method. A study of systematic and rcndom
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.

Epithermal neutrons, however, may contribute si¢nificantly 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.
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Pig. 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 C02 at the
same time maintains an ir-
radiation can temperature <50%%
and is used to transport the
cang in and out during reactor
operation.



IRRADIATION POSITION 7V2 IN DRI WITH THE ROTATING
RIG FACILITY




The experimental determination of the epithermal ratio im well-
thermalised irradiation positions reguires the use of detectors

with a high ratio of resonance integral to thermal asutron cross
sectiona.

Table 2

Buclear characteristics of the zirconium isotupes
used in the preseat study

Muclides Mer n.v)P2x % n,1¥2x
abundance 17.5% 2.0}
°th 0.052 = 0.003 b 0.020 2 0.03 b
I, 0.30 £ 0.03 b 5.0 2 0.4 b
'r,‘ 65.5 d 16.8 h
v keVv 724.2 and 756.7 657.9 and 743.4
abundance 44.4 and 54.8% 98.3 and 91.7%

For “zr this ratio is approximately 250, and the other stable
isotope of zirconium, “zr, has a ratio of approximately S.
Other nuclear characteristics are shown in Table 2, and they
also favour the use of zirconium as a single—element, combined
epithermal and thermal flux monitor (Simonits 197€).

In order to simulate a biological sample, 2r was irradiated as
an aqueous solution of 2rO(NO;), containing 13 mg of 2r in -
1 nl sample in a sealed half-dram polyvial.

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

after 75 hours decay on a Ge(Li)-detector for 60 min with a dead
time of approximately 108. Both radionuclides, ”zr and ”zt,
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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Table )

Differences in thermal-to-epithermal flux ratio in the Pasumatic
Tube Pacility wvith differeat reported cross—sections

Pos. 1 Pos. 2 hefereace

17 17 Ricabarra 197
652 720 *Felaer "
754 84) Van der Lindea 1972
538 586 Boldea 1972
23658 3336 Saatry 1973
38) 408 Exrdtamaan 197
1N 133 Valker 1} 22

*Used in this work

The calculated values for the thermsl-to-epithermal flux ratiocs
depend stroagly oa the actual cross sectioans used in the cal-
culation, as illustrated in Table 3. The values chosen for the
present study are those of Pulmer {1971) included in Table 2.

Table ¢
heactor operatioc: schedule based on a ¢4 wesk cycle
Tst week Nonday-Priday Shut-down
Friday at 9 = start uwp
2nd week Operxation at 10 MWW
3rd week * ®
4th week Sunday at ¢ pm Close down

The DR ) reactor is rujularly operated on a four-week basis as
shown in Table 4, and zirconium monitors were irradiated in
facilities V2 and 4V4 at different times of the operating
period. Measurements in 4V3 are not possible, because the
activity induced in Ir during a short irradiation is too low.

A total of €1 monitors were processed from 4 different operating
periods during the course of 5 months.




A total of 39 resuits for the Botating Rig save an overall mean
vales for the flux ratio of 236 thermal asutroms for every
epithermal neutrom vith a coefficieat of variatiom of 9. 7%
sccounting for all sources of variatiom, including 5 differeat
verticsl positions in the irradiation facility.

An Analysis of Variance shousd highly significant iaflusace aot
only of the wverticel position aad resctor operating pericd, baut
also of the time after start wp. UWo significaat interactioa
betuvesn thess effects vas found, and their magmituwies were
determined by multiple, linsar regressioa amalysis.

Results are ¢givea in Table 5 as the relative comtributions from
the differeat sources of variation to the owverall variability
of measured values, and the influence of the wvertical positioa

Table S

Souzces of variability of 39 thermal-to-epithermsl
flux ratios of the rotating rig facility

Residual
Nean Value Source of Variatioa Varianc c."
236 all 100 o 2.7 %
Positions 629 7.6 8
Day of period 3% 6.0 %
Period ¥o. 78 2.7 %
- 232 Position 1-4 (T 8.1 %
Positions $3 % 7.3 %
Day of period Ns 5.7 8
Period ¥o. 2.9 % 1.7 %
Average Counting statistics n.S. 1.5 8
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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 FPig. 3. It is clearly seen that the
highest position is out of line with the other positions.
Excluding this point, the 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.
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Table 6

Sources of variabjility of 22 thermal-to-epithermal
flux ratios of the pneumatic tube facility

Residual
Mean Value Source of Variation Variance o..t

715 all 100 % 7.6 %
Positions 63 % 6.1 ¢

Day of Period 33 s 4.6 %

Period No. 20 % 3.7 %

683 Position 1 59 % 6.1 %
Day of Period 32 % 4.7 %

Period No. 8 2,6 %

Average Counting statistics N.G. 3.2 %

mean value of flux ratio of 715 with a coefficient of variation
of 7.68. 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.



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+ Dzlf %en
k-factor a 1—4'-6_17{' where f = ’ H

epi

Dy = — (1) refers to the single comparator nuclide chosen,

and

D, = —— (2) refers to the determinand.

2 Ceh
The error propagation function is found by differentiation with
respect to £

2 = Ij%%!l

|py - D,| <« Iy =Dl o
T+D,J(f + D) - -
k + D)) (f + D, £ £

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,
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Fig. 4. Cumulative distribution of 138 values of Ioloth reported
by Van der Linden et al. 1972-1974. The Lilliefors test stat-
istic for normsl distribution of the logarithms is 0.0694, which
is not significant at the 5 % 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 = Io/°th is 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. 1In fact no significant devi-
ation was found by subjecting the data to the Lilliefors Test of
Normality [Conover 1971).

Prom this in.ormation 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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Fig. 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 elements:s ¥, Rh, U
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