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Abstract

Uranium reaction rate traverses as well as their fine structure have been
measured at the Karlsruhe Fast Zero Power Reactor SNEAK assembly 3A-2. For
this purpose uranium metal foils were irradiated in the reactor. The y-x-
ray coincidence technique was applied to determine the relative capture
rates in 238U. To get absolute rates by this method the counting equip-
ment was calibrated by a 243Am source / 1/. The relative fission rates
were obtained by integral counting of the fission product y-activity above
660 keV y-energy. These rates were linked to an absolute parallel plate
fission chamber experiment. The experimental rate ratios were compared
with calculated ones. The traverse measurements indicate a strong depen-
dency of the axial "buckling' (relative second derivative of the rates) on
energy. The calculations with the Karlsruhe SNEAK-set yield these buck-
lings in the average 5% higher than measured. The calculated fission rate

2 25
ratio o 8/0 is 13 to 20% lower than the measured one depending on the

£ f
heterogeneity of the core, but the capture to fission rate ratio agrees
better with the measurement. An additional k-infinity experiment would
point -more directly to the source of this inconsistency. 7The intitial

breeding ratio IBR of a slab reactor is defined by:
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Because the capture integral of 235U is experimentally not accessible only
the first quotient could be measured and compared with theory but, of course,
for a finite cylindrical reactor. Due to error compensation the measured
and calculated quotients agree within a 4% error limit. A comparison of
spectral indices measured by féils in a cavity of 5 x 5 x 20 cm3 volume

and in the original cell show-a discrepancy of 29% for 0028/0f25 and - 8%
for szs/ofzs. Therefore, parallel plate chamber experiments are difficult
to interpret. These results refer to the normal unit cell of the SNEAK

assembly.




1. Introduction

This work is part of the reactor physics investigations performed at
Karlsruhe in the field of hydrogen containing assemblies. Because the
power density and the breeding ratio of such systems are of special in-
terest in reactor design it is necessary to measure these quantities ab-

solutely and to compare them with calculations.

The measurements were carried out on SNEAK assembly 3A-2., This is a ura-
nium metal fueled reactor (20% enrichment) with an average hydrogen con-

tent of 1.8 - 1021 atoms/cm3 in the core region. . The blanket of high den-
sity consists mainly of depleted uranium metal. A complete description of

this reactor is given in /2/.
This paper deals with the experimental determination of

(a) axial reaction rate traverses,

(b) fine structure of reaction rates.

From these measurements we obtained characteristic quantities like buck-
ling and breeding ratio. In addition, reactor calculations in diffusion
approximation and cell calculations with collision probability methods

Af§7 were carried out and compared with the experimental results.

An attempt is made to explain rather great differences between measured

and calculated reaction rate distributions within a cell and along the re-

235U and 238U

actor axis, Assuming that the fission cross sections of
are correct, one has to assume that the actual spectrum in the fuel region
is harder than the calculated one. This would agree with the difference

in the theoretical and measured multiplication constant ke In this

£f£°
sense reaction rate distributions are a helpful tool for checking cross

section sets and calculational methods.




2. Experimental Methods and Calibration Techniques

Fission and capture rates of uranium were measured by irradiation of pure
uranium metal foils of different enrichment. The 235U content of the de-
pleted foils was O0.44 and of the enriched foils 20.04 weight percent.

The foils had a diameter of 2.54'cm, their weight was in the range of

0.9 grams and within one reaction rate distribution experiment varied in
the range + 1%. For irradiation, two foils of different enrichment were
enveloped in lO/um thick aluminium foils. The foils were irradiated in
the SNEAK reactor for three hours at a reactor power of about 50 watts,
After a cooling period of around three days the y-activity of the foils
was counted in the 106 keV range applying the y-x-ray coincidence method,
above 660 keV single channel counting was used., Counting was accomplished
by an automatically operated sample changer 1727 and electronic apparatus.
A block diagram of the electronic circuits is shown in Fig.l., The special
feature of this equipment is the automatically controlled pulse height in
each channel. This is performed by two digital units stabilizing on the
106 keV capture peak of the depleted foil and on the pronounced peak around
100 keV of the enriched foil, respectively. This stabilization is essen-
tial since the pulse height depends strongly on the activity of the foil
/57,

To exclude the complex decay law of the fission product activity all foils
of one irradiation were repetively counted in a forward and backward cycle.
The measuring time for each foil within one cycle was 100 sec. Each count-
ing ianterval was followed by a seven seconds foil changing and an addi-
tional seven seconds stabilization time. Normally, the total counting

period was 2 to 3 days.

The y-x-ray coincidence apparatus was absolutely calibrated by means of
2 ; - =

a 43Am source / 1/, the decay rate of which is absolutely known with an

accuracy of 0.5 %. It is assumed that the y-activity above 660 keV is a

measure of the fissions which occured in each foil., The activities =z

d
and z of the depleted and enriched foils, irradiated at the same posi-
of 235y

tion x, can be used to determine the fission rates per gram, R

f’
23
8U:

and
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where md(e)’ md(e) are the masses of u, U in the depleted (enriched)
foil.

The factors f include the decay law of the fission products and the coun-

ter sensitivity.

If the fission rate is absolutely known at a certain position in the reac-
tor the factors f can be determined from a pair of foils irradiated at this
position., Such a position is given inside an absolutely calibrated parallel
plate fission chamber, Therefore, one pair of foils was irradiated in each
run inside this fission chamber, which was located 22 cm off the core cen-
ter. The influence of resonance selfshielding in the enriched foil irra-

diated in the parallel plate chamber is negligible. This will be discussed

in 7.1.

3. Statistical and Systematic Error Analysis

By repeated measurement of each activated foil a statistical accuracy bet~
ter than 0.3 % could be achieved both in coincidence and high energy vy-
counting. Because of this high statistical accuracy no error bars are
indicated in the figures. An estimation of the errors in fission rates due
to statistics and uncertainties in isotopic composition yields 0.1 % in
szs and 0.5 % in szs, This is simply obtained by application of the er-
ror propagation law to formula (1). Nevertheless, discrepancies in the or-
der of 2 percentwere found, for instance, by measuring two pairsof foils in

comparable positions. It is assumed that this error could arise from the

following sources:




A, Error Estimation for Capture Rates

1, The cépture rate was determined by assuming a half-life of 239Np of
2.35 d. This half-life is quoted in literature, but our measurements
yielded half-lives between 2.31 and 2.40 days in extreme cases. There-
fore, a reasonable error of 1% is assumed in the half-life. Since the
measurements were carried out usually one or two half-lifes after ir-
radiation the measured capture rate may be wrong by 1.5 %. The reason
for measuring different half-lifes is probably caused by insufficient
electronic stability of the apparatus. This effect is discussed in

more detail below.

2, Although a very precise positioning of samples between the detectors
is achieved, small errors in the counting rates cannot be excluded.

A relative error of 0.5 % may be due to this effect.
B. Error Estimation for Fission Rates

1, All fission rates were related to fission rates measured in foils ir-
radiated inside absolutely calibrated parallel plate fission chambers. The
calibration of the fission chambers is given with an accuracy of 2%

in each rate and 3% in the fission rate ratio.

2. Besides this calibration error of the parallel plate chambers an in-
accurate determination of irradiation dose must be accounted for, This
does not affect the fission rate ratio but the capture to fission rate

ratio. This érror is assumed to be in the order of 1%.

3. As described in paragraph 2 the y-spectrum of each foil was stabilized
digitally, This stabilization started 7 sec before each counting in-
terval of 100 sec. Nevertheless, the counting rates in the channels
of the forward and backward cycle deviated up to 0.5 % depending on
the activity of the foil counted previously, This effect can be explained
by the strong dependence of the multiplier amplification on the count-
ing rate 4717. Since the relaxation time of the multiplier is of the
order of minutes the 7 sec stabilization before each counting is not suf-
ficient to produce steady state conditions. Therefore, it is proposed
to use depleted and enriched foils of different thickness but approxi-

mately equal activity in future experiments.




It should be remarked that stabilizing is done for both foils of different
enrichment on the y-peak around 100 keV, although the capture and 235U
y-peaks deviate by 6 keV. Therefore, the energy threshold for the deplet~
ed and enriched foils are not identical. But this results in no additional
error, if the fission rate ratio and the capture-to-fission rate ratio do
not vary extremely for all pairs of foils. This can be deduced from for-
mula (1) in which only the factors f include the energy threshold. The
25 28

2
total errors for Rf s Rf , Rc 8, and the rate ratios are given in Tab.l.

4, Description of Reactor and Cell Structure

A vertical cross section of the SNEAK reactor, assembly 3A-2, is shown in

Fig.2. The cylindrical reactor consists of two core regions and one blan-
ket region., The average compositions of the central zone and the blanket

are given in Tab.2. The average composition of core zone 2 deviates from

core zone one by less than 1% for each material except for hydrogen

(17 .45 - 1020/cm3). All experiments were carried out along the central

z—-axis.

The core region around the ceuntral axis is made up of equal cells each
containing four platelets of different material as shown in Fig.3. Instead
of the aluminium 25% platelets usually used in SNEAK, special platelets were
fabricated which are better adapted for the calculation of reaction rates in
a unit cell. The geometry of these platelets is also given in Fig.3. The

compositions of the platelets are summarized in Tab.3.

In Tab,3 the stainless steel (SS) of the surrounding subasseﬁbly wall is
added uniformly to the platelets. The edge length of the platelets was
assumed to be 54.4 mm. This length is equal to the period of the core ma-

trix.

The reaction rate measurements were also carried out in bunched cells. Bunch-~ !
ing was accomplished by multiplying the thickness of each platelet by a fac-
tor of two or four. To measure the reaction rate distribution within a 20%
enriched uranium platelet a modification was necessary. The arrangement of
the foils in this platelet is shown in Fig.4. In all other cases the ura-
nium foils were simply inserted between the platelets. To keep the addi~-
tional uranium content in the cell introduced by the foils as low as pos-

sible the foils were usually distributed over two adjacent cells.




5. Measurement of Uranium Reaction Rate Traverses and Evaluation of Buck-
lings

It was assumed that the axial distribution of reaction rates is modulated by
a fine structure due to the heterogeneous arrangement of the cell., There-~

fore, together with the traverse measurement the reaction rate distributions
in two unit cells were measured. One of these cells was positioned near the
midplane of the core, the éther 35 cm off the midplane near the core blanket
boundary. In spite of the strong gradient affecting the distribution inside

the second cell the spatial variation of the spectral indices 0528/0 25 and

szs/cfzs is almost the same in both cells (see Fig.13). Therefore,fthe as-
sumption that fine and coarse structure are separable seems to be justified.
Due to the difference in the bucklings of the three measured reaction rates
the absolute values of reaction rate ratios are not identical (see below).
Therefore, the bucklings were determined from foils placed in corresponding
cell positions, But the central values of the average reaction rate ratios

in the uranium platelets were obtained after correction for this fine struc-

ture.

The axial reaction rate distributions corrected for cell fine structure are
shown in Fig.5. 7To these measured points a cosine fit was attempted between
z = + 34 cm core height, The fitted cosines with the measured data are

sketched in Fig.6., The bucklings obtained in this way are:

B (szs) = (8.025 + 0.032) - 10 " cm™?
8% ®,%% - (8.922 + 0.028) - 107* cn”?
B2 (RCZS) = (7.868 + 0.024) . 10 Y en™? .

A rigorous error estimation is carried out in Appendix A. The quoted er-
rors are the estimated variances of the cos-fit. It can be shown * that
the t-test is applicable to the parameters of a least-square fit. 1In our
case, the number of degrees of freedom, which is the number of measured
points minus the number of fitted parameters, is eight, Therefore, the
quoted errors in B2 have to be multiplied by 2.30 if a 95% confidence

level is required.




6. Reaction Rate Distributions in Normal and Bunched Cells

A series of heterogeneity experiments was carried out in SNEAK 3A-2, The
cell thickness of the unit cells in a large central core region was in-~
creased by a factor of two (A = 2.52 cm) and four (A = 5,03 cm). In a fur-
ther step the polyethylene content of the cell was increased by a factor of
two. In this case the cells had four-fold thickness (A = 5.03 cm). The
reactivity effect connected with this bunching was measured. Since this
integral measurement gives little information about the neutron physics in-
volved the uranium reaction rate distribution in these different cells are of
special interest (see Ref.[fZ?). The distributions of RCZS, szs, and Rf28
in the four types of cells are shown in Figures 7 to 10, Of main interest
are the uranium reaction distributions in the fuel platelets, Integration
of these reaction rate distributionsover the uranium platelets give the true
reaction rates, It is assumed that the stainless steel walls separating the
fuel platelets in the radial reactor axis do not disturb the radial distri-
bution of reaction rates. This assumption was checked by measuring the ra-
dial reaction rate distribution with foils of 10 cm diameter across the

- 8
platelets., Common to all figures is a maximum of R 2 and minima of R 25

f £
and RCZS in the center of the uranium platelets. The multiplication
28
25 28 f
of R and Rc rates are typical resonance selfshielding effects. The

f
strong selfshielding of the 238U resonances is responsible for the steep

of neutronsis mainly responsible for the peaking of R The depression

2
gradient of Rc 8 near the platelet surface. Therefore, any positioning un-
certainties produce large errors in the R 28—values. The space-dependent

c
5 to cfzs/cfzs of the different states of bunch-

28 2
spectral indices g, /Of
ing are shown in Figures 11 to 14. 1In these figures the space coordinates
were normalized to equal cell pitch., In this representation the spectral

shift due to the degree of bunching is pronounced.

To obtain average reaction rates the distributions were integrated over the
thickness of the uranium platelets. The reaction rates obtained by this
procedure were used to normalize the measured traverses, because they were

determined from foils positioned in aluminium platelets.




It should be noted that the spectral indices measured with parallel plate

chambers in a cavity and with foils attached to the fuel platelets yield
25

The central ratio Op 8/o'f in the normal cell

2 -
measured by foils compared to 3.13 +« 10 2

rather different values.

is 3.38 + 10 determined with

25
The ratio cézs/c measured in a chamber was 0,168 as com-

f
pared with the actual ratio of 0.130 determined for the surrounding fuel,

the chambers.

Both effects indicate that the spectrum in the cavity is similar to that

the true reaction rate ratios should

in the structual material, Therefore,

be determined by foils which are part of the fuel itself,

7. Evaluation of Space Integrated Capture and Fission Rates

The normalization of reaction traverses as described in paragraph 5 allows the
evaluation of the integrals of capture and fission rates aloang the z-axis of
the cylindrical reactor SNEAK 3A-2, These integrals enter in the formula

forthe initial breeding ratioc of an infinite slab reactor.

ﬁvzg Rczs(z) az 1

IBR = Z278%18 . . (2)

Z
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It should be mentioned that only the first quotient is experimentally'acces—

sible in zero power reactors,

Integration of the curves of Fig.5 yields

~with the proper correction factor and multiplied with the corresponding ma-

terial densities 9

.
.

0 zs/Rczs(z) dz

core

gzs/Rczs(z) i

blanket

Q 25 szs(z) dz

core

ngJ/PRfZS(z) dz

blanket

capt./sec cm2

(5.23+0,10) -10°

(2.56+0.06) +10°

capt./sec cm2

(10.10i_0.23)'108

fiss./sec cm2

6
(7.90+0.20) +10

fiss./sec cm2




This yields for

(1 + a25) IBRz = 0,77 + 0.03 ,

25
where « is defined by Eq.(2). The error estimation is based on systema-

tical errors quoted in Tab.l and the propagation of statistical errors

dealt with in.Appendix B.

8.

Comparison of Experiments with Theory

To compare experimental with theoretical results two types of calculations

were carried out,

A,

Diffusion calculations in slab geometry, where the separated radial co-
ordinate was taken into account by adding a DBr2 correction to the re-
moval cross section. For these calculations, three 26-group cross sec-—

tion sets were available at Karlsruhe:

1. The Russian cross section set ABN / 6/,
2. the SNEAK-set compiled at Karlsruhe /7/,

3. the PMB-set whicg takes into account recent Karlsruhe cross section
measurements /8/.

Most calculations were carried out for homogeneous core and blanket com-
positions. But in a few calculations with the SNEAK-set, corrections to
the effective cross sections due to heterogeneity of the core were taken
into account. Since these corrections by means of the ZERA program (see
8B) are obtained for the macroscopic cross section only, the rates were
also calculated by multiplying the "heterogeneous” fluxes with '"homoge-
neous' effective microscopic cross sections. The radial buéklings used
in the slab calculations were obtained from a calculation of an infinite
cylindrical reactor. All computer codes are part of the Karlsruhe pro-

gram system NUSYS /7/.

The reaction rate distributions within a cell for different degrees of
bunching were calculated with the collision probability program ZERA 4737.
In these calculations the SNEAK-set was applied only, Since this program
requires the éalculation of an infinite plane lattice, a DB2 correction
was applied which renders the lattice critical; The ZERA program assumes
a flat source distribution within a uranium subregion; the thickness of

a uranium platelet was, therefore, divided in up to nine subregions.
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8.1 Central Reaction Rate Ratios

In Tab.4 the measured and calculated central reaction rate ratios are given
for equal numbers of atoms., The experimental rate ratios for bunched cells
are plotted together with ZERA calculated values in Fig.15. This figure
also shows results for the SNEAK 3A-3 assembly which had twice the hydrogen
density of SNEAK 3A-2, The most remarkable discrepancy of more than 10% be-

tween theory and experiment exists for the cfzs/cfzs ratio. The theoreti-

5
cal GC28/0f2 ratio falls slightly out of the experimental limits of error
only in the case of the normal cell, The variation of 0f28/0f25 with in-

creasing degree of bunching is much more pronounced than in the SNEAK cal-
culation. In order to determine the sources of these discrepanéies fine
structure measurements are compared with rate calculations in Figures 16

and 17, 1In these drawings the calculations are arbitrarily normalized to

2
the measured fission rate of 35U. The spatial variations of the szs and

Rc25 rates are accurately calculated, but the depression of the Rf25 rate

is underestimated in the fuel platelet in both cases of different hydrogen

densities. The net distribution of the 235U-fission rate is the sum of

2
fast neutron fissions which are distributed like the 38U-—fissions and re-

sonance neutron fissions distributed similar to the capture rate of 238U.
Because of this, the effect must be due to an underestimation of slow neu-

tron fissions. Three explanations are possible:

A. The neutron spectrum in the fuel platelet is too hard,
B. the effective cross sections in the resonance region are too low,

C. the ZERA-code calculations may be insufficient in the low energy
region,

5
Since the theoretical ratio cfzs/cfz is much smaller than the experimental

one, it seems justified to rule out assumption A. If one traces back the
creation of the SNEAK set from the ABN set 1717 it could be assumed that

5
the reduction of effective 23 U~fission cross sections (due to White's meas-

urements) was too strong. The same effect was already indicated in measure-

- — 5
ments reported in / 9/ Fig.15. The spatial variation of the 23 U-fission

rate was in between the calculations with the SNEAK and ABN set. From Ref,

£7l7 it can also be deduced that the discrepancy in Gf28/0f25 cannot be ex-

35
plained by erroneous 2 U fission cross sections only, since this discre-
pancy exists also for the ABN set. Therefore, one has to consider other

effects which could be responsible for the much harder experimental spec-—
28

25
trum, Similar discrepancies between experimental Op /Uf and calculated

ratios were already reported in /10/.
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From the results obtained for different hydrogen densities in the double
bunched case the conclusion can be drawn that the spectral effects from

hydrogen are properly accounted for,

In this context a note to the calibration technique should be added:

The fissionable layer of the parallel plate chamber and the enriched foil
irradiated inside this chamber have different thickness, and, therefore,
different neutron resonance selfshielding. In order to justify the cali-
bration technique applied, the maximum uncertainty due to this effect was
estimated from the series of bunching experiments. In Fig.18 the ratio of
fission rates near the boundary and the midplane of the platelet are shown.
From the extrapolation of these curves to the foil thickness 0.08 mm it

can be concluded that the selfshielding effect amounts to less than 0.1 %,

8.2 Reaction Rate Traverses

Reaction rate traverses were measured for the normal cell structure only.
In Fig.19 the ratios of calculated to measured reaction rates are shown
without any normalization. Firstly, the core region is considered. The
reason for the non-identical central ratios were already discussed in 8.1.
Besides this, it is clearly visible that the calculated rates in the outer
core region are too low., This effect is more prbnounced for the SNEAK set
calculations. From the comparison of cosine functions and measured reac-
tion rates (see Fig.6) it seems justified to introduce a buckling fér each
measured reaction rate traverse. DBucklings BZ are defined as the square
of the half period of a cosine distribution fitted to the measured rates
between + 34 cm in the core region, because this region is not effected

by the core blanket boundary. In Tab.5 the experimental bucklings are
compared with theoretical values obtained by equivalent fitting procedure

within + 34 cm,

The bucklings defined in this way are rather artificial because their val-

ues depend slightly on the core region used for fitting.

All calculated bucklings are greater than the measured ones. This does
not allow the conclusion that the leakage in general is higher in all
calculations, since B2 is equally affected by the diffusion constant and
all other macroscopic cross sections. To get more experimental informa-

tion a koo= 1 experiment seems to be necessary.
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8.3 The Core-Blanket Transition

It should be remarked that the calculated reaction rates approaching the
boundary from the core and the blanket regions differ by more than 10% in

238U-capture rate, but by less than 2% in the 235U-fission rate due to

the
different space independent selfshielding factors in the core and blanket
region. From Fig.1l9 it can be deduced that beyond + 5 cm from the core
blanket boundary such effects are of no importance. Comparing the Fig.19A
and B no common trend in the reaction rate distributions in the blanket can
be observed. This could be caused by the space independent but different
weighting spectra in the SNEAK and ABN sets used for the calculation of the
effective cross section sets. The smooth curves drawn through the points
are extended only to the middle of the blanket, because the experimental
errors increase rapidly towards the outer blanket boundary. This is caus-
ed by the steep decrease of reaction rates (see Fig,5) in the blanket, The
reaction rate ratios shown in Fig.20 agree better with SNEAK set calcula-
tions in spite of the large errors in the rate distribution. This indicates

again that the weighting procedure to obtain transport cross sections is

unsatisfactory.

8.4 Reaction Raté Integrals

Because of the importance of space integrated rates their experimental and

theoretical values are compared in Tab.6.

In Tab.6 the quotients theory-to—-experiment are normalized to 1,000 for the
integral fission rate in the core. With such a normalization most experi-
mental data, with the exception of the capture rate in the core, agree with

theory within the limits of error.

9. Summary

The cross section sets and calculational methods currently used at Karls-
ruhe do not allow a prediction of all measured quantities correctly. From
the investigations reported in this paper the following agreements and dis-

agreements can be found:




The ke values calculated with the SNEAK set disagree by 1.5 % in

ff
accordance with the discrepancies in theoretical and experimental

reaction rate ratios.

The measured central cézs/cfzs

culation with the SNEAK set but 6% + 3% higher than the ABN result.

ratio is 5% + 3% lower than the cal-

All calculated central fission ratios are at least 13% + 3% lower

than the measured values,

-

The variation in the central fission ratio with the degree of bunch-

ing is not satisfactorily described by theory.

The reaction rate distributions in the fuel platelets themselves agree

rather well for 238U—capture and 238U-fission but not for 235U—fission.

All reaction rates in the outer core region are underpredicted by dif-

fusion theory with respect to their central values.

Although the rate distributions in the uranium blanket are not accurately
calculated the reaction rate ratios are fairly well predicted by SNEAK

set calculations.

The influence of a doubling of the hydrogen density in the core region
on the reaction rates is satisfactorily described by SNEAK set calcula-

tions.
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Appendix

A. Error Analysis of Fitted cos-Bucklings; Calculation of the Empirical
Standard Error Sg™ of the Buckling

From the measurement of the axial rate distribution the buckling B2 is de-
rived using the least square fit, In this chapter the uncertainty of B2 is
discussed. The Gaussian theory of error is applied, therefore, the follow-

ing treatment is restricted to statistical errors only.

The n values Yy with weights gi and abscissa xi are measured., The two para-

meters A, B of the function
€ = A cos Bx (1)
are determined by minimizing

Q = g (v, - E)%. (2)

n
1=

S_ of A, B the linear estimation

To calculate the standard errors SA’ B

A = A%+ u

B = B + v : (3)
o o .
is made, The A°, B are estimated values, Then
S =
A Su

- SB = SV (4)

follows. It is assumed that Eq.(1) can be approximated by
E. = g,° +a,  u+b, v (5)
i i i i

for sufficiently small u, v.

The coefficients ai, bi can be chosen as the partial derivatives of gi at

)
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The sum of squares (Eq.(2)) can be rewritten with (5):

n Ie) 2
Q¢ = 151 g, (x, - Ei ~a u-b N . (7

u and v are determined by minimizing (7). Then Eq,(8) holds

o

i i 2 gi ai (yi - gi )

2 g, a,a, *u+2xg. a b, v
i i i i
(8)
o
L ] b . = -
z g bi a, u+ Z gi bi i v z g; bi (yi Ei )y .

The solutions u, v are in this case lirearly independent, that means u, v are

estimable. The reverse transformation of (8) yields:

Z g;b;b; o, T 8;jaby o
w= —2tl.sg ay, -E% - —rlig by, -E0
Zg;a,b, o, T Bi33 o
v = —22tlisg a, -8+ —tlre by, - EO
D = Zg. a a Sg b b, ~—(Sg. a, b)2 (9)
= Lg;a a Zg b b &1 % Py e

According to (3) the estimated variances of A,B are equal to the variances'of

u, v, respectively. The estimated variances of(yi - gio)z may be sioz. Be-
cause the weights gi are inversely proportional to si2 we set
s,2 = 1 s2 . ' (10)
i g5
. 2 2
Therefore, it follows for S, 0 sV :
Sgbb, ~ Lg.ab 2
e (S e )
u T 8 D i D i
9 (11)
b
22 _ 5 e A . Zg;;:8; b o2
v T 8 D i D i
From Eq.(11) we get:
b
L2 L 80Py .2
u D
(12)
2 Zg;2:8;




- 17 -

s2 can be obtained as *

s” = ) v (13)

where v is the number of degrees of freedom. Finally, we get with (6) for
2 2

sA , sB Eq.(12):
n 2 o2 02
g, ox, (AT -E"9 Q
9 1 i7i i
SA = D : n- 2
n -2 -~
02 ,0
z g gi A Q
2 _ 1 .
°p = ) n- 2
n -2 n =2"
D = Tg E°%A° zgx - E°% - |zg E %, ]/1- £ % a°
1 17 i i 1 17171 i

* Van der Waerden, Mathematische Statistik, Springer Verlag, 1957.




B. Error Estimation of Integrated Rates

To determine the total reaction rates of the core and blanket in slab geo-
metry the measured rates were connected by a smoothed curve and integrated
- graphically, The accuracy of integration is about 0.25 % in the core and
1% in the blankef determined by repetition. In addition to that error, an
uncertainty arises from the accuracy of each measured point. To take this
into account the following assumption was made, The integral over the rate

distribution along the z-axis can be written as:

n
i=1

8z, + R(z) . | (15)

With the error propagation law it is assumed that the error of the integral

due to errors in R(zi) is:

n
(A1) 2 . z [5z. . AR(z.)]2 (16a)
i=1 * *
n AR(zi) 2
= iz=:1 6Zi . m?— . R(Zi) - (16b)

For constant 8§z, and AR(z.,) = AR formula (16a) yields:
i i max

abs . max
- o e , (172)

where n is the number of measured points distributed equidistant over the
integration distance and R is the average reaction rate. Eq.(16b) yields

for constant relative errors AR(z.) / BR(z.) = AR /R :
i i max max

Al 1 R AR
rel - . . max . (17b)

S A

Al Al —
rel abs 2
I < I , because R <:Rmax’ therefore, reasonable errors were

obtained by application of Eq.(17a).
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Squared relative R 28 R 28
errors R 25 R 28 R 28 f C
£ f c - 25 o 25
Source f f
Statistics and isoto- |, 1.1676 | 9,95.107%| 9.10™% | 52.107°| 111076
pic composition
, 239
Half-live of — "Np - - 2.50+16% - 2.25.10°
and positioning
Calibration 4-10% |4.10% |25.10°% 8.10% |4.25.10%
Flux monitoring 1.10% [1.107% - - 1.10°4
‘1 . -6 - -4 -5
Stabilization 2x25+10 2x25+10 - 1. 10 50+10
Total 5.52°10 2|7 - 107% |2.84.16% | 9.52.10 %] 8.11-10*
% error 2.4 2,7 1.7 3.0 2.9

Tab.1l

Errors in Reaction Rates and Reaction Rate Ratios




238 M
Al c Co Cr Fe H |Mg~ | Mn Ni 0 Si i | 23y U Ng *
Central 129.1 { 9.32 | .19. | 34.53(121,9 [17.92 | .64 |1.94|18.54 {145.3| 1.88 .4 120,31 81.04 { .39
core zone .
Blanket - 14 | - 11.08| 40.4| - - - 98.4 - 046 01| 1.63|399.4 | -
. s ) 20, 3
Tab,2 Atomic Densities in 10~ /cm
Material k
Al(+Mg) C Cr(+Mn) |Fe(+Co) H Mo Ni 0 Si Ti 238U 235U
Platelet
U 20% - - 11.7 38,92 - - 12.72 - - - 324.2 | 81,24
A1,0, 387.7 - 11.7 38.92 - - 5.67 | 581.1 - - - -
SS + CH, - 37.31| 10.1 |371.7 71.68 | 1.58 | 50,11 - 6.45 1.63 - -
Al 25% 131.2 - 12.2 38.92 - - 5,67 - 1.08: - - -

Tab,3

Atomic Densities in 1020/cm3 in the Unit Cell




. SNEAK set | PMB set ABN set |Heterogeneity
Experiment homogeneous | homogeneous | homogeneous correction for
g 3 g SNEAK set
28
¢
55 0.0338iQ.0010 0.0297 00,0295 0.0301 -1.5 %
O¢
28
Gé )
25 0.130 i9.004 0.137 0.136 0.122 -1.8%
O¢
k 1. 0.984 0.980 1.004
eff
Tab.4 Central Reaction Rate Ratios
R SNEAK set SNEAK set ABN set
Experiment
heterogeneous homogeneous homogeneous
25
Rf 8.03 + 0.03 8.40 8.47 8.25
28
Rf 8.92 + 0.03 9.16 9.30 9.04
28
RC 7.87 + 0.03 8.28 8.35 8.18
. , , , -4, 2
Tab.5 Experimental and Theoretical Bucklings in 10 /cm




Theory / Experiment
Integral Experiment
SNEAK set PBM set ABN set SNEAK set
homogeneous homogeneous homogeneous heterogeneous
gz8 J/'Rczs(z) dz (5.23 + 0.10).108 1.057 1.048 0.940 1.058
core
8
928 _/[ Rczs(z)dz (2.56 + 0.06) +10 0.999 1.003 0.985 1.011
blanket
25 25 9
g Rf (z) dz (1'006i 0.023) -10 1,000 1.000 1,000 1.000
core
925 Rf25(z)dz (7.90 + 0.20)-106 1.018 1,022 1.088 1.030
blanket
25
(1 +a ) IBRZ 0.77 + 0.03 1.039 1.034 0.957 1,042
k . 1. 0.984 0.980 1.004 0.985
eff
Tab.6 Measured Space Integrated Reaction Rates in sec cm ° and the Ratio of Theory to Experiment
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