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Abstract

Some of the reactor physics investigations carried out in the
fast critical facility SNEAK, assembly 3A~2, were repeated in
the coupled fast-thermal reactor STARK whose central fast zone
was loaded with the same core composition. The experimental
program comprised measurements of differential neutron spectra,
reaction rate ratios, reactivity worths of material samples and

Doppler sample measurements at core center, For some reaction

rates the fine structure within the lattice cell as well as
macroscoplc traverses have been determined.

The experimental data are compared with the SNEAK 3A-2 results
and discussed on the basls of multigroup calculations with
different cross section sets. The results of this comparison
show that most of the SNEAK 3A-2 data obtained at core center

are reproduced with reasonable accuracy in the STARK experiment.

Zusammenfassung

Einige der an der schnellen kritischen Anordnung SNEAXK 3A-~2
durchgefiihrten reaktorphysikalischen Untersuchungen wurden

im gekoppelten schnell-thermischen Reaktor STARK wiederholt,
dessen zentrale schnelle Zone mit deyr gleichen Core-Zusammen-
setzung beladen war. Das experimentelle Programm umfasste
Messungen des differentiellen Neutronenspektrums, von Reaktions-
ratenverhdltnissen, Reaktivitdtswerten von Materialproben sowie
Doppler=-Probenmessungen im Corezentrum. Flir einige Reaktions-
raten wurden die Feinstruktur innerhalb der Gitterzelle sowie

makroskopische Traversen bestimmt,

Die Messdaten werden mit den Ergebnissen von SNEAK 3A-2 ver-
glichen und auf der Grundlage von Multigruppenrechnungen mit
verschiedenen Querschnittsdtzen diskutiert. Die Ergebnisse des
Vergleichs zeigen, daf die meisten der im Corezentrum von

SNEAK 3A-2 erhaltenen Daten im STARK-Experiment mit ausreichender

Genaulgkeit reproduziert werden.






1. Introduction

The main obijective of the present investigations was to repeat

in the coupled fast-thermal reactor STARK 427 some of the integral
experiments performed previously in the fast critical assembly
SNEAK 3A-2 427 by adopting a fast—-core composition virtually
identical to that of the SNEAK core. In this way, empirical in-

formation should be gained on how well the real and adjoint spectra
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of an all-fast system are reproduced
with a rather small test zone. In particular, the question should
be answered as to which experiments can be advantageously carried
out in the STARK facility without introducing substantial syste-
matic errors. This guestion is of practical interest since STARK
requires only 1/5 to 1/10 of the fuel inventory necessary for the
corresponding all-fast system, its operation costs are much lower
and loading changes can be made in a shortexr time. Furthermore,
it was intended to give some general assessment concerning the
accuracy of predictions made with standard multigroup methods.
The composition of SNEAK 3A-2, a 510 1 uranium-fueled core with
polythene admixture to simulate a steam coolant, has been chosen
for this investigation since its fuel concentration is typical
for a fast breeder and because this system has been studied both
experimentally and theoretically in much detail. In addition,
some remaining discrepancies of the SNEAK 3A~2 experiment should

be cleared up.

The dimensions of the SNEAK 3A-2 core, 44.7 cm radius and 80.5 cm
height, are large enough that real and adjoint spectra in its
central region closely approach the equilibrium spectrum, whereas
larger deviations are expected in the smaller core of STARK 6.

In the present experiment, however, 1t was not intended to improve

the spectrum match by a possible optimization of the buffer region.



2. Description of the Assembly

The STARK facility has been described in detail in previous papers
4?,;7, In principle, it consists of a central fast core {(37.2 cm
diameter) which is surrounded by a 5.6 cm - thick natural uranium
buffer, a light water moderated driver and an outer graphite re-
flector as shown in Fig. 1.

In th .1 x 5.1 cm” s

n the presen ainless s
of the fast zone were filled with 3.14 cm - thick platelets of

20% enriched uranium metal, AlZOB’ aluminum frames (25% of normal
density) and stainless steel frames with 0.5 mm - thick pelythene
foils according to the loading pattern of Fig.2 which is identical
to that of SNEAK 3A-2. However, due to the somewhat smaller re-
petition length of the tube lattice (5.40 cm instead of 5.44 cm

in SNEAK), the homogenized fast zone of STARK contained about 1.5%

more core material per unit volume (cf. Tab.l1l).

® i

Adjacent to the 60.5 cm~high core reg
thick axial reflector zones were arranged which containe
and platelets of natural uranium metal. As in earlier as
the height of the fast core was chosen in a manner to ob
same axial buckling as in the driver, such that one-~dimensional
calculation methods can be applied t6 the entire system. The total
fuel mass of the fast zone was 57.36 kg U235p 19.86% enriched:

the H/U-ratio was 0.177.

The thermal driver contained Al-clad fuel plates with 20.83 g UZBS,
20% enriched; they were arranged with a 6.2 mm spacing inside the
inner part of the annular light water tank, while its outer part
was filled with graphite. The fuel mass needed for the driver to
make the entire system critical was 5.987 kg 8235 at the normal

operating temperature of 80°¢c.
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3. Multigroup Calculations

The multigroup calculations used as a basis for discussion of the
experimental results were carried ocut with the Karlsruhe nuclear
code system NUSYS 4§7, To describe the entire assembly, standard
one-dimensional 26-group diffusion calculations were performed

in which the reactor was treated as a system of homogeneous

cylindrical zones equal in area to the actual zones of the reactor.
Composition and geometry of this model are given in Tab.1., In the

. . . . . 2
axial direction a zone-and group~independent buckling, B =~ = 13.99-

-4 -2 . . Lo
10 cm ~, was assumed which corresponds to an effective core

height Heff = 84 cm, in accordance with fission chamber traverse
measurements (cf., Sec. 4.2). In these calculations the system was

made critical by variation of the outer radius of the thermal Zzone,
The following cross section sets were used in the computations:

1. The Russian cross section set of ABAGJAN et al. 457, referred
P

a
to as ABN set, which is based on a 1/E-weighting spectrum.

2. The KFK-SNEAK set prepared in Karlsruhe 437 and referred to as
SNEAK set. This set is based on a re-evaluation of cross sections
for a number of materials and is weighted with a smoothed
collision density spectrum of SNEAK 3A-2., Other materials are

taken unchanged from the ABN set.

i1

7 which differs from the SNEAK set in two
respects: First, U238 capture data in the energy region from
lo to 800 keV (groups 6 to 11} have been slightly decreased

according to measurements of PUNITZ et al. 4@7 and, secondly,
235
u

-~ ITIADMD . 4
3. The H2@PMB set /

capture and fission data in the region from 21.5 to 400 keV
(groups 7 to 10) have been slightly decreased leaving o = Oc/df

unchanged.,

238

4. The M@XT@T set /9/ where the U capture data of MOXON et al.

4f97 are used in the energy region from 0.5 to 100 keV,

. e .23
set with reduced inelastic scattering cross sections of U 89

In our calculations the earlier version {26-GR,LALINR} based

5., The KFKINR set 4?;7 which is an improved version of the M@XT@T



on the SNEAK 3A-2 weighting spectrum has been used,
The energy group structure of all sets is identical to that
of the ABN set and is shown, for example, in Fig. 3. For the
thermal zones (No., 2 to 7) always the ABN data were used in

the thermal group.

In succeeding evaluation and perturbation calculations reaction
rates and reactivity worths of dilute material samples were

computed (cf. Sec. 8). Also the power contribution of zone m

26
§ E a0 av
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Yo = 26 ’ (3.1)
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reactor
its relative importance
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the overall neutron generation time
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and the partial effective delaved neutron fractions of fissionable

isotope M (M = UZBS, U238)

M
M 26 M M
B3i * T, ¢ dV
Blen™ = O e BXia Vo b (3.4)
reactor
M , o o o . =M o .
(in = gpectrum Of delavyed group i, ij = {18810n Cross section

of M) were calculated by these codes,"The symbols used in Egs.

{(3.1) to (3.4) have the conventional meaning.

Some results of these calculations are given in Tab.2 and in

Fig.3 to 6 where real and adjoint spectra are shown at various



radial positions. Tab.3 gives the kinetic parameters B? P
Ai and A used for the evaluation of reactivity measure«eff

ments.

In addition to the first-order perturbation calculations,

the dependence of the reactivity worth on sample size was
derived from a special code 41;7 based on a collisicn
probability formalism. It allows to calculate the reactivity
worth of a finite sample in a surrounding homogeneous medium,
considering resonance self-shielding within the sample (cf.
Sec. 8).

To investigate the fine structure of reaction rates in the
fast zone (Sec.7), various cell calculations were made with
the one~dimensional heterogeneity program ZERA 4?;7 which
also employs the collision probability method. This code
calculates spectra and reaction rates in the individual zones
of the cell and produces cell-averaged cross sections that

can be used for further homogeneous reactor calculations.

Finally, a zero-dimensional Plncaicalatian was run with the
Karlsruhe 208=group cross section set /14/ to facilitate a
direct comparison with differential neutron spectrum measure-
ments in the center of the fast zone (Sec.5). In all calcula-
tions, unless otherwise noted, the system was made critical

by radius or buckling variation so as to avoid systematic
spectrum changes that would arise from an adjustment of v,

the number of fission neutrons, in normal static keffmcalculam

tions.
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4.1, Approach to Critical

As in earlier assemblies 4i5m1§7, the approach to critical
started from a configuration where the thermal zone was filled
with moderator and about 80 percent of the estimated critical
fuel mass, while the fast zone contained no fuel. The loading
process continued by first introducing fuel elements into the
fast zone until it was completely loaded and then filling up
the thermal zone until criticality was reached. Thus, the
cadmium safety plates acting upon the thermal zone (Fig.l)
were kept fully effective during the entire loading process
and the increase in multiplication could easily be watched

in a l/M~experiment using BEchounters on top of the driver

azone.

Criticality was reached with 287.4 fuel plates at the normal
moderator temperature of 8o°c., This corresponds to a critical
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To study the macroscopic power distribution, fission rates

of U235 and 0238 were measured with small cylindrical fission
chambers {(Sec. 6.2) that were inserted into a2 fuel element
provided with a vertical channel, or into channel V (Fig.l)

of the natural uranium zone. The chambers had been calibrated
against parallel-plate absolute fission chambers in the central
position of the reactor (Sec. 6.1). In this way, axial and
radial traverses have been obtained throughout the fast core

and the natural uranium zone (Fig. 7 and 8).

In the driver zone the thermal and epithermal neutron fluxes
were measured in radial direction by irradiating pairs of

gold and copper foils as described in 41@7, From the flux
traverses the U235 fission rate has been evaluated on the basis

of known thermal and epithermal £ission cross sections 4I§7;



the resulting data are included in Fig.7.

The axial U235 fission rate traverse in the driver (Fig.9)

was measured with a miniature fission chamber (FC-08, 20th
Century Electronics) which was inserted into the water gap
between the fuel plates. This chamber was also used to normalize
the Au+tCu-foil data to the fission chamber measurement in the

center of the fast zone.

The following effective core heights were found by fitting
cosine functions to the unperturbed central parts of the axial

fission rate traverses:

U235 fission in fast zone (r = o): Heff:SSﬁZ cm,
U238 fission in fast zone (r = o): Heff284iz cm,
U235 fission in thermal zone (r=34.8 cm): Heff=86i2 cm.

Within experimental error the results agree with those of the
earlier STARK assemblies éi6§17gl§7@

By spatial integration of the axial and radial fission rate
traverses the total reactor power and the power fractions Y
of the individual zones have been derived; they are listed in

Tab.2 for comparison with the values calculated from Eg.(3.1).

The ratio of the power density in the fast core fuel platelets
relative to that in the matrix of the thermal fuel plates was
found to be

51/34 = Oe35p

which is substantially below the maximum permissible value
wl/w4 = 1,16 at 70°C stated in the safety report [37.



4,3, Temperature Coefficient

The temperature coefficient of reactivity for the thermal

zone was measured by continuously raising the moderator tem-
perature at a rate of 4°¢ per hour in the range from 50 to

75°C. The resulting reactivity change Ap was counterbalanced

by control plates R2 and RB {(Fig.1l) such as to keep the reactor

at a given power level. Reactivity calibration of the control
units was accomplished in the course of the experiment by stepwise

withdrawal of the plate and measurement of the asymptotic period.
By normalizing the resulting Ap vs. ¥ -curve to an earlier
measurement on STARK 2 4?@7, which extends over a much wider
temperature range, the reactivity gain due to a temperature
drop from BO to 20°C was inferred:

Ap (80+20°C) = 1,04 % 0.015% = 0.776 £ 0.010 %k.

The temperature coefficient around 80°C was found to be

=2,2¢/°% = o0.016 % x/°C.

4.4, Calibration of Control and Safety Units

The integral reactivity worths of the three control plates

(Rl’ RZ’ RB)' various groups of safety plates (Sl' SZ’ SB) and
the fuel~-poison safety rod 54 (Fig.l) were measured by the

rod drop method. The neutron signal from a B-ionization chamber
was converted to reactivity by a digital inverse kinetics code

as described in an earlier paper é§§7 using the kinetic para-

meters of Tab. 3.

Since the deviation from point reactor behaviour is rather
strong in STARK, a special correction procedure was employed
4127 which rejects the information contained in the prompt
jump and renders reactivity values nearly independent of de-

tector position. The reactivity data of Tab.4 show some mutual



shadowing when all plates are dropped simultaneously. The total

shut-down reactivity was found to be -4.5% k.

Differential calibration curves of various control plates
were measured by the continuous run method /18/. Results for
plate R3 are shown in Fig, 10 where also a comparison with

the other methods is made.

In Tab.2 a comparison is made between experimental reactor

parameters and one-dimensional diffusion calculations.

For the power contribution of the fast zone a satisfactory
agreement with the calculation ig found, while the power
contribution of the buffer is underestimated in accordance
with observations in previous assemblies 415,1§7@ Among the
various calculations, that with the KFKINR set comes closest
dat

to the

a, In general, criticality is over-
estimated by the calculations; a better agreement can hardly
be expected with the simplifications made in reactor geometry

(homogenization of air gaps etc.).

Ag a check of the one-dimensional model, a comparison was made
with a two-dimensional diffusion calculation which gave a very
good agreement in keff (within 0.04% k). Also the shape of

the fission source distribution in the reactor midplane was
found to agree well with the one-dimensional calculation.



5, Differential Neutron Spectrum

The neutron spectrum in the center of the fast zone has been

investigated by three experimental methods:

1. Proton recoil spectrometry using hydrogen-£filled propor-
tional counters for the energy range from 10 keV to 1.4 MeV,
2. He3 coincidence spectrometry for the energy range above 0.1 MeV,
3. the sandwich activation method for some resonance energies
the eV- an

in

The experimental data are compared with calculated spectra

derived from 26- and 208~group cross section sets.

5.1. Proton Recoil Measurements

Spectrum measurements in the energy range from 10 to 700 keV
were made with spherical proportional counters (3.94 cm dia-
meter) filled with 1, 2 and 4 atm Hs, respectively, while a
similar counter with 3 atm CH4 was used for energies fro? 400
to 1400 keV, The counters were placed in a 5 x 5 % 16 cm™ wvoid

zone at the center of the fast core.

ow 60 keV the y-n pulse shape discrimination technique 5397

- .
Bel vV

wae o ved which a51lmws an slmeacs comnlotre canasrardan of
was employed which allows an almost complete separation of

neutron- and y-induced events. For the small fraction of un-

separable events a correction was made on the basis of measure-
ig.

diagram of the electronic system.

u

1 shows a schematic block

[

ments with a pure y-source. F

The proton recoil distributions were converted to neutron spectra
by an unfolding process using calculated response functions as
described in 45&7; the energy calibration was accomplished by
means of a monoenergetic Pu239 a=source. The resulting differen-

tial neutron spectrum is shown in Fig. 12 and 13,



5.2. Measurements with a HeBBSpectrameter

To investigate the high energy part of the spectrum from 0.1
to 5.5 MeV a He3 sandwich spectrometer was used which allows
discrimination against y-background and an exact correction
for the energy loss of protons and tritons in the H93 gas

volume. A description of the method is given in 43279

The spectrometer consists of two surface barrier detectors

(450 mmz sensitive area, 400 u depletion depth). The 10 mm-wide
gap between the detectors together with a 40 u-thick anode

wire serves as a proportional counter to measure the ionization
in the Heg gas., The system is enclosed in a 1 mm-thick steel
cylinder and filled with 2 atm HeB and 10 Torr CH4°

The energy calibration of the solid state detectors was carried
out with a U233 o-source placed in the evacuated spectrometer.
In a second step the amplification of the proportional counter
circuit was adjusted such that the thermal peak of the Hezm

reaction (764 keV) appears at the correct position,

The spectrum measuyements were again made in a void volume in
the central element. To eliminate the background due to (n,a)-
and (n,p)-reactions within the detectors a second measurement

was run . where the spectrometer was filled with He4.

5.3. Measurements with Sandwich Detectors

For spectrum measurements in the low energy region the sandwich
activation technique was employed, using the same substances

as in SNEAK 3A-2 /23/. The sandwich foils were irradiated
between the platelets inside the central element and their
y=activities were measured with NaJ scintillation counters.

The observed activity differences (outer minus inner foll),
which are a measure for the capture rate at the main resonance,
were converted to neutron flux on the basis of known resonance
parameters and an absolute calibration of y-detectors as des-
cribed in 45;79 The experimental results are shown in Fig. 14,



5.4. Spectrum Calculations

The general behaviour of the neutron spectrum in STARK 6 is
illustrated in Fig. 3 and 4, where 26-=group real and adjoint
fluxes from a one-dimensional diffusion calculation are shown

for some radial positions r. The general space dependence is

very similar to that of the STARK assemblies discussed in earlier
reports /15,18/.

Fig.5 shows the relative deviation of the STARK spectrum at

r = 0 from the equilibrium spectrum calculated for a one-zone
fast system of the same core composition with the same cross
section set. In the whole energy range above 10 eV, deviations
stay within ¥ 3 to 5 percent, depending to some extent on the
cross section set used. Below 10 eV appears a 15% excess of
slow neutrons coming from the thermal driver which, however,
do not measurably contribute to the reaction rates at core
center. The deficit of high energy neutrons (E>0.5 MeV) is
due to the lower fission source in the buffer and could bhe

compensated for, in principle, by adding a certain amount of

U235 fuel to the edge of the fast core.

A similar diagram for the adjoint flux @: is shown in Fig. 6.
Here deviations are found of the order of * 6% that turn out
to be almost independent of the cross section set used. The

more pronounced minimum of the adjoint in STARK is due to the
8

presence of excess us’ in the buffer and the influence of
its fission threshold as discussed in 4fz7e In general, spectrum
and adjoint match are not so good as in the previous assemblies

STARK 4 and 5 /17,18/.

To check the influence of heterogeneity on the neutron spectrum
a calculation was made with the cell program ZERA (cf. Sec. 7.2).

The results are discussed in Fig.l15 which shows the relative
C het hom, ,
flux deviation, (ﬁi ~¢i‘ }/{Zi

homogeneous calculation for a one-zone system of the same

, from a corresponding
overall composition.

It turns out that for energies E> 100 eV the spatially averaged
*

cell spectrum agrees within 2 percent with the homogeneous



calculation: at lower energies, however, heterogeneity leads
to a strong spatial variation of ¢ihet and to an average cell

spectrum softer than that of the homogeneous model.

For the following discussion of proton recoil and He3«spectrum
measurements in the energy range from 0.01 to 5 MeV the influence
cf heterogeneity can be completely neglected. In Fig.12 the
measured differential spectra are compared with a zero-dimen-
sional lecalculation using the KXarlsruhe 208-group cross section
set; pairs of two neighboring groups of the calculation have

been collapsed to obtain a group width comparable to the enerqy

resolution of the experiment.

The He3 data are seen to follow closely the calculated spectrum,
especially for energies above 0.5 MeV. Also for the proton
recoll measurement a satisfactory agreement is found within the
* 10 percent experimental error. Thus, for STARK 6 a much better
agreement is obtained than for the previous assemblies STARK 4
and 5 /18/ which contained larger amounts of U238; there the
experimental spectrum above 0.5 MeV showed a more pronounced

slope than the 208-group calculation.

In Fig.13 both the experimental data and the 208~-group spectrum
have been condensed to 26 groups for comparison with one-
dimensional STARK calculations using various 26-group cross
section sets. Differences as high as 20 percent occur between

the ABN set on one hand and the improved sets (SNEAK, M@XT@T,
KFKINR) which are mainly due to the influence of the weighting
spectrum on the elastic removal cross section /18/ as illustrated
in Fig. 16. The calculations with the improved sets vield similar
spectra while, in general, the 208-group spectrum and the ex-
periment lie between these and the ABN calculation. Fig.13 shows
that the experimental data agree better with the condensed
208-group spectrum than with any of the original 26-group cal-

culations.

A substantial deviation between the ABN calculation and those
with the improved 26~—-group sets appears in group 6 (0.4<E<0.8
MeV), which includes the large oxygen resonance at 442 keV,



While in the ABN set a simple 1/E-weighting spectrum is used,
in the improved sets a variation of the weilghting spectrum ¢ (E)

for the SNEAK 3A-2 core according to

‘ - Y (E) -
v (E) TZZZTETu (V{E)~ const.), (5.1)

is adopted, assuming the collision density U(E) to vary smoothly
with energy. As shown in Fig. 13 and 16, the 208-group calculation
as well as the experimental data in groups 6 and 7 do not confirm
the improved weighting according to Eg. (5.1). This is due to

the fact that the assumption Y (E)= const. is not justified for

the relatively wide oxygen resonance, as shown by the detailed

208-group calculation.

This situation does not change very much when the iterative

REM@ correction 4§7 is applied to the elastic removal cross
sections of the 26-group sets, since it is also based on a
smoothed Y(E). Instead of this procedure, it was attempted to
improve the 26-group calculation by replacing the transfer cross

sections I, with values devrived from the 208-group spectrum

i=+i+]
by usual condensation (Fig.l16). The application of this concept

A )

to a calculation with the 26-group SNEAK set yields a spectrum
that comes guite close to the result of the 208-group calculation

(Fig.17).

gion {(E<1 keV) heterogeneity effects cannot
). A comparison of the sandwich foil acti-
vation data with homogeneous and heterogeneous calculations

with the KFKINR set is made in Fig.l4. The experimental data

are seen to agree well with the cell-averaged spectrum of the

heterogeneous calculation.



5.5. Comparison with SNEAK 3A-2

In Fig.18 a comparison is made between the differential neutron
spectra measured at the center of STARK 6 and SNEAK 3A-2,
For this comparison the SNEAK 3A-2 proton recoil data have been

reevaluated emploving the unfolding method now in use.

For the proton recoil measurement in the energy range from 20
to 800 keV the ratio of group fluxes in both assemblies turns
out to be constant within ¥ 10 percent, i.e. the same spectra

are observed within experimental error.

Also the sandwich foil data at low energlies show a good agree-
ment with the SNEAK 3A~2 experiment. Thus, no difference of
central neutron spectra in both assemblies can be seen by

present experimental techniques.

6., Reaction Rates and Spectral Indices

Reaction rates were studied mainly for two reasons:

1. To obtain absolute reaction rates in the center of the fast
zone for comparison with calculated spectral indices and for
calibration of other esxperiments.

2., To get some information on the spatial variation of the neutron
spectrum within the fast zone on the basis of measured reaction

rate traverses.

6.1. Absolute Fission Chamber Measurements

The absolute fission rate measurements in the central position
of the fast zone were performed with KIRN-type parallel-plate

fission chambers. The chambers (2.5 cm diameter, 0.4 cm plate

distance) had 0.3 mm-thick aluminum walls and were operated as
flow counters with an argon-methane mixture. The layer of

fissionable material, about 200 uq/cm2 thick, was prepared by
electrodeposition on a 0.2 mm-thick stainless steel disk /247.
The amount of fissionable material deposited is known within

t 1 to 2 percent from the concentration of the stock solution

-

and has been checked by low geometry o-counting and also, on



the basis of known thermal cross sections, by intercomparison

of chambers in the thermal column of STARK.

For the fission ratio measurement two parallel-plate chambers

containing different isotopes were arranged back-to-back inside
a lox 5 x5 cm3 void wvolume spared out in the central element.
Thus, the sensitive areas of both counters were exposed to the

same neutron spectrum at the center of the cavity, which is

in
ko)
@
e}
ot
i
3
th
ot
3
®

supposed to be close to the patiallv averaged ¢

heterogeneous core structure (c Sec., 7.2).

A comparison of experimental results with 26-group calculations

ig made in Tab.5.

6.2, Spatial Variation of Fission Rates

To study the spatial dependence of the neutron spectrum inside

the fast zone, fission rates and thelr ratios were measured

~235 238 N 237 q 239

for the isotopes U s U ., Np , and Pu using cylindrical
th

fission chambers of 6 mm diameter (FC-4, 20 Century Electro-

nics) which contained about 500 ug/cm2 of fissionable material.

Some of these chambers have been calibrated by comparison with
the KIRN=-chambers in the center of the fast zone.

The chambers were introduced into a special fuel element with

an axial channel obtained by filling it with platelets provided
with 12 mm-wide central holes. Axial traverses were measured

by moving the chamber with an automatic driving mechanism,
radial traverses by changing the position of the special element

within the fast core.

6.3, Comparison with Multigroup Calculations

Fig.7 shows the radial variation of some measured fission rates
per atom, nfx(r), compared with calculated values which have
been derived from the 26-group fluxes ¢i(r) (i=1,..26) of the

onedimensional diffusion calculation:

x 26
ne(r) = % f o, ¢



where
R , . o . . . . .
Op; = infinite dilute fission cross sectlcnz for material ¥,
X , , , -
£17 = self shielding correction factor J enerqgy droup 1.
. . 4235 .. .
The calculated curves are normalized such that the U ission

30
rate nf“g agrees with the experimental data in the thermal driver.

The U235 fission rate in Fig.7 shows, as a result of the strong

absorption of low energy neutrons, a steep gradient in the
buffer zone and at the edge of the fast core, which goes over
into a relatively flat curve in its central region. The experi-
mental data agree well with the calculation for r<10 cm, but
in the outer region they are definitely higher. A similar
deviation was found in previous STARK assemblies and was ex-
plained by the fact that eV-neutrons penetrate deeper into the
fast core than given by the diffusion calculation 455,1§7.

For the threshold substances relatively flat fission rate

traverses were found which are consistent with the calculations
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To discuss spectrum changes in the fast zone the radial variation
of fission ratios

o /oY = n/nY (6.2)
relative to U235 and U238 ig shown in Fig.19 and 20, normalized
to unity at core center. In addition to the experimental data,
calculated curves obtained from four different cross section
sets are plotted which show a common shape inside the fast zone
but characteristic differences near its edge and in the buffer
zone.,
The fission ratios of threshold substances relative to U235
(Fig.19) follow closely the calculations with the KFKINR and
the SNEAK set in the interior of the fast zone (r<15 cm)},
while deviations occur in the buffer that are due to the U235°
discrepancy mentioned above. The fission ratios near the center

show a slight curvature indicating that the spectrum hardens

somewhat towards the center and that some deviation from the



equilibrium spectrum remains even at r = o. This is expected
from the calculated STARK spectra, Fig.5, which show a
characteristic 3 to 5 % neutron deficit at high energies
{groups 1 to 6).

237/U238

The Np fission ratio follows a flat shape with a

slight increase towards the buffer as expected from the

calculation.

As a spectral index sensitive to the low energy region, the

fission ratio Pu239/0235

earlier STARK assemblies, the calculated curves show a

is plotted in Fig.20. Similar to

characteristic maximum in the buffer zone. This behaviour

can be explained by the fact that thermal neutrons are more
strongly absorbed in the natural uranium than the eV neutrons
that cause fission in the lower Pu-resonances 4T5,1§79 Towards
the interior of the fast core also the eV neutrons die out

and the fission ratio goes over into a constant value charac-

teristic of the fast spectrum. The experimental data in Fig.20
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agree well with the calcula within the rvegion r<15% cm

t e rec
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while in the buffer zone Gfé /dfz” is higher than calculated

(187 .

D

The axial dependence of fission ratios, Fig.21, shows constant
<20 cm) with

values in the interior of the fast zone (|z
typical changes near the edge caused by the presence of the

natural uranium reflectors.

The fission ratios measured with absolute chambers at core
center are compared in Tab.5 with homogeneous 26-group calcu-
lations using different cross section sets. The use of the
homogeneous model is justified by the heterogeneity calcu-

lation, Fig.l15, which shows that, at least for this assembly,
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ell- he homogeneous
spectrum within the important energy range E >500 eV. In the

following discussion we further assume that the fission cross
sections and the fission chamber calibration are not affected

by systematic errors.
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The experimental fission ratio U /U appears to he con-

sistent with the SNEAK, M@XT@T and XFKINR calculations,

while the ABN set underestimates this quantity considerably.
The ratios of threshold substances relative to 0235 come out
too high with the ABN set and too low with the M@XT@ET set,
while the other sets show a much better agreement. Hence one
may conclude that the overall shape of the spectrum (ratio

of the high energy part E>» 1 MeV to total) is best represented
by the SNEAK and KFKINR calculations.

The fission ratios between two threshold substances, U234/

U238 and U236/U238

at high energies, E>0.5 MeV. The experimental data are found

, are sensitive to the slope of the spectrum

to be 4 to 6 percent higher than the values calculated with

the improved sets, but agree well with the ABN calculation.
Considering the group contributions to the fission rate,

Qi Zfi’ shown in Fig.22 and excluding systematic errors, one

is led to conclude that the slope at the high energy end of

the spectrum must be steeper than given by the improved 26-group

sets.

This general observation is consistent with the results of

the differential spectrum measurements and the 208=-group
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tative information, the fission rates of Fig.20 have been
reevaluated on the basis of a 26-group KFKINR calculation in
which the group transfer cross sections
by values derived from the 208-group welghting spectrum as
discussed in Sec.5.4. The resulting fission ratios, which are
included in Tab.5, are found to be in satisfactory agreement

with the experimental data.



6.4, Comparison of Fission Ratios with the SNEAK Results

A comparison between fission ratios measured in STARK 6 and
SNEAK 3A-2 is made in Tab.6. The STARK 6 data have been

corrected for two effects:

1. difference in the fast core composgition of the two assemblies
1 in Tab.6),
2, deviation of the STARK 6 spectrum from the equilibrium

(correction factor F

spectrum (correction factor Fz)m

Fl has bheen derived from 26-group diffusion calculations carried
out for two systems, namely STARK 6 and a modified system with

the exact composition of SNEAK 3A-2 in the fast zone. Similarly,
¥2

those in an all-fast system of the same composition. The re-

was found by comparison of reaction rates in STARK 6 with

sulting values Fl and F2 turned out to be nearly independent
of the cross section set used such that the uncertainty of the
total correction (& 0.2%) appears to be much smaller than the

experimental error.

The comparison in Tab.6 shows remarkable differences between
the fission ratios measured in STARK 6 and in SNEAK 3
233/U235

mzi
38, 235
namely +6% for the U -vatio and -10% for the U /U -

ratio, which are both beyond the estimated experimental error.

N

Considering the good agreement in the measured experimental
spectra (Sec.5.5) and the results of the multigroup calcula-
tions, this discrepancy can only be explained by the fact

that different sets of fission samples, which might disagree

in the absolute calibration, were used in the two experiments.

Therefore the fission ratio measurements in STARK 6 were re-

peated with the o0ld set of fission standards used in SNEAK 3A-2,
The resulting U238/U235 - and 0233/U235

EA

~ratios were now found
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an 11 percent discrepancy
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between the old and new U23 standards was found while the
other samples are in better agreement., Since the calibration

of the new standards is confirmed within * 1.5 percent by

additional checks (comparison of 8238/Unat in a fast spectrum



235

and of Unat/U in the thermal column), we have to assume that

the calibration of the o0ld sample was in error,

7. Beterogeneity Studies

7.1, Reaction Rate Measurements

The fine structure of U235 and U238 fission rates and of the

UZ 8 capture rate was studied in the normal lattice cell of
the fast zone as well as in two bunched configurations,

Fig.23 to 25, each comprising a central region of 21 fuel

Lad

elements, To facilitate a comparison the same experimental
technique as in SNEAK 3A-2 43;7 was emploved,

Pairs of uranium metal foils ofx2 0.1 mm thickness, 25 mm

diameter, with different enrichment (0.2 and 20% U235) were

placed between the platelets of the two central cells.

-
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For measurements inside the U{20%) fuel a special u
platelet provided with a 25 mm diameter hole was filled with
detector foils and 1.4 mm-thick disks of 20% enriched uranium

metal.

The foils were counted on an automatic sample changer /26/

with two NaJ scintillation detectors. The induced fission
product y-activity above 660 keV served as a measure of the
relative fission rate in the foil, from which isotopic values
were derived by unfolding the data of different foil enrichments.
The 0238 capture rate was measured by y-X-ray coincidence

counting at 106 keV as described in /26/.

For an absolute calibration of fission rates one pair of foils

was irradiated in the same run between the sensitive areas of
. , . 235 238
two parallel-plate fission chambers coated with U and U .

which were located in an outer fast-core position.
, 238 . , , .
The U capture rate has been calibrated by irradiating a
0,.2% depleted uranium foil, that was attached to an absolute
lo e B4
fission chamber, inside the thermal column of STARK and

& 3 D
[

U



using the known ratio of thermal cross sections as a basis for

calibration.

As in the SNEAK experiment, the y-peak near 100 keV was used

to stabilize the gain of the counting equipment, although it

was found that this technique may lead to systematic errors in
the measurement of the U238 fission rate. By evaluating the
reaction rate traverses at different times after the irradiation
within a period of about two days, it was found that the relative
variation of the U238 fission rate traverse increased syste-
matically with decaving y-intensity, while no time dependence
could be seen for the U238 capture and 0235 fission rates,

This effect is explained as follows:

In the measurement of the natural activity of the 0.2% depleted
uranium foil, which has to be subtracted as a background, the
peak stabilization centers on the 95 keV X-~rav line, as it is
the case also for the enriched uranium foils. For strongly
activated 0.2% uranium foils, howevey, the stabilization centers
on the vy~ and X-ray lines near 106 keV coming from the sz39
decay; this leads to an increase of the integral discriminator
threshold for the fission vy measurement and a corresponding

reduction in counting efficiency. The variation of efficiency
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1as bheen determined experimentally and was found to be -15

o
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e

percent,

To eliminate this threshold variation, a correction was applied
o the integral counting rates of the depleted uranium foils,
assuming the counting efficiency ¢ to vary linearly with the

mean enerqgy of the y-peaks in the window at 100 keV:

NO + aN?7
e = XY
N NS?
¥
where
N? = npatural y-activity near 100 keV,
37 _ _ ; , 237
NY = y-activity near 100 keV due to the Np decay.
Using this correction with a = 0.83, a time independent shape .
238

of the U fission rate traverses was obtained and the
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originally decreasing U238/U235 activity ratio became constant

within experimental error.

Although it seems possible to correct for the sensitivity
variation by the above procedure, even at low counting rates
(N37z Ns):fOf high-precision measurements one would prefer to
avoid these difficulties by using an external y- source of

sufficiently high energy for stabilization.

7.2. Comparison with Cell Calculations

The fine structure of reaction rates was calculated by the
cell program ZERA 43;7 which employs a collision probability
method to solve the multigroup transport equation in a one-
dimensional periodical lattice structure, assuming a constant

transversal buckling.

A comparison with experimental data is complicated by two

major problems:

t core structure shows a two-dimensional lateral

0

1. The real fa
heterogeneity which arises from the fact that the platelet
dimensions (5.07 x 5.07 @mz) are considerably smaller than
the lateral cell dimensions (5.4 x 5.4 cmz) given by the
repetition length of the matrix (Fig.2). This geometrical
structure has to be approximated by a one~dimensional slab

lattice extending in axial direction.

In our ZERA calculations two concepts were emploved (Tab.7):
First, the material of the core platelets was homogenized
in lateral.directions to form slabs of the actual thickness
with reduced atom densities (case I}, second, slabs with
atom densities of the actual platelets were used {(case II).
In both cases, the stainless steel of the element tubes was
distributed uniformly over the entire lattice. Thus, in the
first case the overall composition, in the second case the

optical thickness on the cell axis is conserved.

It exists the possibility to conserve both overall composition

and optical thickness by adopting case I and increasing the

linear cell dimensions by a factor of (5:4)2 / (5307)2i as



done in the calculations with cell-averaged cross sections,

Tab.8 and 9.

One expects that case I is more adequate to describe the over-
all neutron balance (e.qg. keff) while concept I1I appears to be
more appropriate for a description of the reaction rate fine

structure on the cell axis,.

The uranium of the relatively thick detector foils (= 140 mq/cm2)
cannot be neglected against the amount of fuel contained in a
normal lattice cell, such that changes in the neutron spectrum
and self shielding are expected. For a comparison with reaction
rate traverses this effect has been taken into account by
considering the detector foils as an integral part of the
lattice by adopting the real atom densities on the cell axis
for the entire slab (case III}): the resulting change in multi-
plication was compensated by a buckling variation to obtain
Kege = 1-

In Fig.26 to 28 the experimental cell traverses inside the fuel

™
&l

are compared with a ZERA calculation using the SNEAKX se
\.5

s

- &

The detector foils were treated as integral parts of the cell
(case III)} by introducing special zones with the actual foil
thickness and composition from which the individual reaction

rates in the foils have bheen derived.

Normalizing these calculated traverses to the experimental data
in the interior of the fuel region, a good agreement in shape
is observed (¥ 0.2 percent) for the three cell configurations,

except for some deviations at the edge of the fuel zone.

Using the KFKINR set instead of the SNEAK set, almost no change
in the shape of the traverses can be found. However, larger
deviations are observed when the atom densities of case II
{(unperturbed cell) are used; calculations with the atom densi-
ties of case I {(not shown) largely underestimate the variation

of reaction rates.



From the normalized cell traverses, Fig.24 to 26, the mean

reaction rate in the fuel plate of thickness a,
a a
=% _ 1 X =% _ 1 X y
ne = 2 S nf(z)dz, n, = 3 S n_(z)dez (7.1)
0 ]

is derived, assuming the calculated shape as a basis for inter-
polation between experimental points. From these integral

quantities average reaction rate ratios, Efzg/afzs and

gczg/gfzs, have been obtained that are plotted in Fig.29 as

a function of the thickness of the unit cell. These results
are compared with the experimental data of SNEAK 3A-2 and with
ZERA calculations using the SNEAK, M@XT@PT, and KFKINR sets

and the atom densities of case II and III.

The fission ratio Efza/afzsinczeases with the degree of bunching
due to the rising self-multiplication. The dependence of the
experimental fission ratios on the degree of bunching is well
represented by the calculation with the atom densities of the
perturbed cell (case III), while the calculation with the

normal atom densities (case II) underestimates the slope, due

to the difference in average fuel enrichment. Although the
experimental results of STARK 6 are about 18% lower than the
original SNEAK 3A-2 data, they are still a few percent above

the various calculations.

The calculated capture-to-fission ratio 5C28/5f25 decreases
with the degree of bunching and shows, in contrast to the
fission ratio, almost no dependence on the particle density
concept used. The experimental data of STARK 6 are in excellent
agreement with the KFKINR calculation and show less scattering

than the original SNEAK 3A-2 data.

The measured reaction rate traverses throughout the entire
cell are shown in Fig.23 to 25. For all lattice configurations
the experimental data in the regions outside the fuel show a

more pronounced spatial variation than the ZERA calculation.



7.3. Comparison with SNEAK 3A-~2

In Fig. 23 to 25 a comparison is made between the shapes of

the reaction rate traverses measured in STARK 6 and SNEAK 3A-2
by the same method. Considering first the reaction rates nf25
and nC28, one finds similar cell traverses in both experiments.
Except for some data at the surface of the fuel, where the
strong gradient may affect the measurement, a standard deviation
of ¥ 0.7% is found for anS and * 2.5% for nczg, which corres-
ponds to the estimated experimental error if one considers the
strong influence of self-shielding on nC28. In general, the
STARK 6 data in the fuel show less statistical scattering around
the calculation than the earlier experiment.

For the UZBB fission rate a satisfactory agreement is found in
the normal and the double bunched cell, while for the bunched

cell the SNEAK data show a somewhat stronger spatial wvariation.
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the original SNEAK 3A-2 data. This discrepancy is largely due

Comparing the average reaction rate ratios in the fuel, Fig.29,
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to the difference in absolute calibration of fission standards
(cf. Tab.6), as shown by the reevaluation of the SNEAK 3A-2
data (Fig.29) on the basis of the present absolute fission
standards.

. . , 28 ,—- 25 .
The average capture to fission ratios, Gc /Gf , measured in

STARK 6 are about 8 percent lower than the SNEBAK 3A-2 data,
while only a 0.3 percent difference is expected from the calcu-
lation (cf. Tab.6). This large discrepancy can only be under-
stood by the different calibration methods used for the two

experiments:
238

In SNEAK 3A-2 the U capture rate was calibrated by comparison
L . 243 ,
with an absolute Am standard and corrections were made for

the y-self absorption in the detector foils 5527, whereas in
STARK 6 a calibration against the U235 fission rate has been
made in the thermal column (Sec.7.1). The latter method was
preferred since the Am243 calibration was found to be dependent
on the differential discriminator setting used in the counting

equipment.



7.4. Reactivity Effect of Bunching

The reactivity change caused by bunching the cell structure
in certain regions of the fast core was measured by counter-
balancing with a calibrated control plate. For small changes
the measured reactivity variation Ap of the multizone system
is linked to the static reactivity change (Ak/k)b dbde to

bunching of the infinite lattice by means of the equation

C v o v. oS b dV
D 5 d X f)

Ap = ab(%k_)b 5 O:b = bunched zo:e (7.2)
S i?j: (pi XiVij ¢J dv
reactor
which is based on the concept of reactivity partition. The

reactivity fraction oy of the bunched zone can easily be

derived from a 26-group perturbation calculation (cf.Sec.2).

Tab.9 gives a comparison of the observed Ap and the resulting
(A k/k)b with various ZERA calculations., One finds that a
usual static ZERA calculation with a constant geometrical
buckling chosen to make the normal lattice critical, under-
estimates the measured effect by an order of magnitude,

The same occurs if a homogeneous calculation is performed with
cell-averaged cross sections derived from a previous ZERA

calculation.

As demonstrated in Fig.29, the gain in neutron balance with

bunching due to the increase of nfza/nf25

of nCZS/nf25 is properly described by ZERA. Thus, to arrive

and the decrease

at the calculated reactivity values one has to assume that
this gain must be nearly compensated in ZERA by an increase
in radial leakage with bunching which is much larger than in
reality. This may be due to the fact that the leakage cross
section DB2 of the diffusion approximation is used in the

ZERA code,

In addition to the previous calculations, the reactivity
effect of bunching (A k/k)b was estimated, assuming a radial
leakage independent of the degree of bunching. The calculation
was made with cell-averaged cross sections, but replacing the

diffusion constant Di for all lattice configurations by that
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of the homogeneous mixture. The results are seen to agree much
better with the experiment than those of the normal ZERA

calculation.

8. Material Worth Measurements

The reactivity worths of some typical material samples have
been determined in the center of STARK 6 using a square-wave
pile oscillator technique. In most cases, measurements were
done for two or more sample thicknesses in order to allow an
extrapolation to zero sample size such that a comparison can
be made with first-order perturbation theoryv. To study the
influeﬁce of the local environment, the samples were placed
in a void volume and also at two characteristic positions

directly between the platelets of the normal cell structure.

8.1. Experiments

The oscillator equipment described in 4f§7 consists of
2

a
1.45 m-long stainless steel tube filled with 4.66 x 4.66 cm
platelets of the fast core materials according to Fig.l into
which two aluminum containers were embedded, one for the sample
and the other used as a dummy. This oscillator rod was driven
by a pneumatic device in a square-wave manner such that the
sample was oscillated between the center of the fast core and
a position outside the blanket (z = 42.5 cm). The usual

oscillation period was 27 = 64 sec.

The neutron signal caused by the sample oscillation was measured
by a B-ionization chamber in the graphite reflector and was

stored as a two=-period train in a multiscaler analyzer. Conversion
to reactivity was accomplished by a computer program using

Fourier analysis and the inverse kinetics method with the para-

meters of Tab.3. As shown in a previous paper /28/ this
evaluation technigque allows to eliminate transient effects due

to neutron scattering and the motion of fuel contained in the
oscillator which acts as a time-dependent delaved neutron source.

The standard deviation of A k obtained in a typical run (20 min



at 10 Watts reactor power) was =« 3 = lOm7k which is close to

the theoretical value /29/ determined by reactor noise.

As discussed in 4f§7, the experimental reactivity change Ap
represents the difference of the sample worth at core center,
p(o), minus the residual worth p* in the out-position at

z = 42,5 cm and one has

o(0) = Ap + p (8.1)

Because of the limited stroke of the oscillator equipment, the
residual worth p* is negligibly small only for the fissile  and
predominantly absorbing materials, while it is of the order of
10 percent of Ap for typical scattering materials. A correction
for p* has been made on the bhasis of the semi-empirical model
described in éi§7, using experimental data together with calcu~
lated reactivity worth ratios obtained by first-ordexr pertur-

bation theory.

Tab.l0 gives the masses of the various samples and their reac-
tivity worths per gram measured at core center. Usually the
samples were platelets or foils of 4.6 x 4.6 cmz outer dimension,
except for B, Eu and Pu, which were enclosed in aluminum con-
tainers of the same size. The data of Tab.l0 are average values
of at least two independent runs; the data of B, Eu and Pu

have been corrected for the effects of the Al-container, the

U=-data for the nickel coating of the platelets or foils,

In general, sample worths were studied in two environments

(Fig.30):

1. Void environment:
The sample was placed vertically inside the empty container
(4.6 x 4.6 % 4.6 cmg) such that it was exposed to the
spatially averaged cell spectrum filtered through the 1 mm

stainless steel walls and the aluminum walls of the container.
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Cell environment:

The sample container and the dummy were filled with platelets
according to the normal or a slightly modified cell structure
{(Fig.30); the dample replaced the Al-frame at a position
either adijacent to the U(20%) (pos.l) or the CH, foil (pos.2)

2
without changing the arrangement of the other platelets.

Comparing the sample worths in the two cell positions (Tabh.10),

no

spatial dependence was found for the maljority of materials;

the exceptions are:

1.

2.

3.

In

The worth of depleted uranium is 4% more negative when the

sample is placed adjacent to the CH2 foil, probably due to

a reduction of resonance self-gshielding.

The worth of Pu is 4% higher at the Cszposition; a similar
effect for U235 was not observed.

The worth of CH2 is 4% higher at the CH2

can be understood on the basis of the experimental sample

~position, which

size dependence of Fig. 34.

general, the cell measurements show 3 to 5% higher reac-

tivity worths than the measurement in the void environment.
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scattering in the container walls. A similar effect was
und in the SNEAK 3A-2 measurements /2/, d¢f. Tab. 12.

r a comparison with first-order perturbation calculations

is necessary to correct the experimental data for the effect
finite sample size, i.e. the influence of self-shielding and
lE-multiplication. This has been done for the measurements
the void region by extrapolating the reactivity worth per

am to zero sample mass (Fig. 31 to 34), using the calculated



sample size dependence as obtained with the collision proba-

bility code described in 4127.

The extrapolated reactivity worthsg per gram were converted to

isotopic values, in case of U by combining the data of enriched
and depleted uranium, in case of BIO by correcting for the small
aeffect of Bll on the basis of the multigroup calculation.

The resulting isotopic reactivity worths are given in Tab.ll,

ek 4 poln 1 : . c ”235
which also inc ata relative to U as a £
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substance.

8,3, Comparison with Multigroup Calculations

In Fig. 31 to 33 the experimental data are compared with integral
transport calculations /I2/ on the basis of the KFKINR set;

the calculated curves have been normalized by a common factor

to the U(93%) measurement, The comparison shows that the ex-
perimental sample size dependence is quite well represented
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the calculated sample worth
was found to be important only in the case of the strongly
absorbing materials (B, Eu, Ta), where the softer heterogeneous

spectrum leads to a more pronounced sample size dependence,

In Tab.1l the extrapolated sample worths are compared with
first-order perturbation data obtained from 26-group diffusion
calculations with different cross section sets. In these cal-
culations, a small amount of sample material (1019 atoms per
cm3) was added to the homodeneous core mixture within the per-

turbed zone at core center 4i§7.

To be independent of the normalization integral F of pertur-
bation theory (cf. Eg.(3.2)), which is largely dependent on the
critical mass of the particular system, primarily the reactivity
worths relative to U235, px/pzs, are discussed., These quantities
may be considered as indices characteristic of the spectrum and

adjoint behaviour at the sample position.



A comparison among the calculated values of Tab.ll shows quite
strong variations with the cross section set used., The deviation
from experiment is largest for the ABN set. In general, the
discrepancies are greatly reduced when using the improved sets,
although deviations remain for some of the scattering materials.
The best overall agreement with experiment is found for the
H2@PMB and the KFKINR sets, in accordance with observations in
STARK 5 /18/.

In the following, a short description of some individual
results will be given:

BlO

1, , Bu, Mo, Ta:

For these predominantly absorbing materials a strong sample

size dependence is observed which agrees reasonably well with

the heterogeneous calculation (Fig.32 and 33). The extrapolated
values for Blo, Mo and Ta agree within a few percent with the
KFKINR calculation, while the Eu-worth was found to be 10 percent

higher than calculated.
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The measured Pu-worth is ceonsistent with calculations on the

238

basis of the improved 26-group cross section sets. The U
worth in the void region was found to be 15 percent more nega-
tive than the KFKINR calculation; this discrepancy reduces to

8 percent for the measurement inside the cell.

3. Hydrogen:

The measured hydrogen worth is underestimated by all cross
section sets; the calculation with the KFKINR set comes closest

to the experimental value.

4. Scattering materials:

For the group of scattering materials, whose reactivity worths
depend strongly on the slope of the adjoint flux, deviations
of 10 to 20 percent are typical. Normally, the measured worth
is higher in absolute value than the calculated one. This
indicates that the slope of ¢7E) at both sides of its minimum

ig greater than given by the calculation<éfz7e



83.4. Comparison with the SNEAK 3A-2 Measurements

Tab.12 gives a comparison of reactivity worths measured in
STARK 6 and SNEAK 3A-2 for samples of the same mass. In the
case of CH2 the STARK 6 data were taken from the measured

sample size dependence, Fig.34,

To discuss the question whether reactivity worths in SNEAK
can be predicted from a STARK experiment, in Tab.l12 the ratio
of reactivity worths in both assewmblies, pSTARK/pSNEAK, is
considered, a quantity which would be a constant if spectrum
and adjoint had the same enerqgy dependence.

For a group of materials (Blo, Ta, Pu, U238), where scattering

effects are of minor importance, the ratio pSTARK/QSNEAK
turned out to be 0.49 ¥ 0.02. For the group of scattering
materials, however, ratios are found that are usually higher
(0.56 for CHZ

moderation gives positive as well as negative group contri-

and 0,62 for Fe)., In these materials neutron

butions, depending on the slope of the adjoint, such that in
case of Al and C, compensation leads to a rather small net

effect,

As shown in Fig.4, the energy dependence of ¢+ in STARK has

a more pronounced minimum than in SNEAK 3A-2 which is caused
by the presence of the natural uranium buffer as discussed in
Sec.5.4, Hence, moderation effects in STARK are expected to be
higher in absolute value, in accordance with most experimental

data of Tab.12.

It may be concluded that for fissile as well as predominantly
absorbing materials the reactivity worths in an all-fast system
can be predicted from a STARK experiment with reasonable accuracy,
whereas for the group of scattering materials such predictions

can only be made with correcticns based on reactor theory.



9, Doppler Effect

9.1. Measurements

The temperature effect on reactivity for samples of 0.4%
depleted uranium oxide and of plutonium oxide has been
determined in the center of STARK 6 using the same scquare-
wave pile oscillator technique as in Sec.8. The sample and
an equivalent dummy were embedded in the oscillator element
whose empty regions were again filled with core material to

reduce spectral disturbances,

The Doppler samples are identical to those used in the SNEAK
3A-2 experiment. They can be heated electrically to about

1000 °K and the temperature distribution c¢an be monitored by
a set of thermocouples. A detailed description of the samples

is given in 4397.

The observed variation of reactivity with temperature is shown

in Fig.35 for the uo, sample, in Fig.36 for the Pud, sample.

For plutonium an add;tional measurement was made wi;hin a boron-
loaded environment comprising a region of the eight surrounding
elements, similar to the experiment described in 15;75

Within this zone the U235 has been replaced by an amount of boron
that has about the same neutron absorption at Doppler enerqgies.
Thus, this substitution leads to a depression of the adjoint flux
at low energies around the sample such that the Doppler effect
arising from absorption is reduced without changing the spectrum
in the sample. The experimental data for Pu, Fig.36, show a
negative Doppler effect in the normal core that changes to a
small positive effect in the boron environment.

Tab.13 gives the measured Doppler reactivities for a temperature
change from 300 to 1000 OK as well as the ratios of the STARK 6
data relative to those of SNEAK 3A-2. Comparing these ratios with

the ratios of the U235 and Pu worth measurements one finds that

the U238 Doppler effect normalized to U235 is 20% greater than in

the SNEAK 3A-2 experiment; for Pu a deviation of +45% is found.
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This discrepancy cannot be explained by spectral effects since
both spectra agree very well in the low keV region as shown

in Fig.14, It is rather thought that the deviation is caused
by the imperfect experimental conditions in STARK: due to its
large axial extension part of the Doppler sample in its out-
position occupies a region where the scattering contribution
to the reactivity worth cannot be neglected. Axial expansion
with rising temperature thus leads to an increase in the
reactivity difference for the two sample positions. To avoid
this systematic error it would be necessary to increase the

stroke of the oscillator equipment by at least 10 cm.

10. Conclusions

From the comparison of the STARK 6 and SNEAR 3A-2 experiments

the following principal results are summarized:

1. The differential neutron spectrum measurements at core center
of both assemblies give the same results. The calculated

. e PR = = om TN Py . e e o R PRI |
Spectra (- 4% LOr L o4iU &V) 18 TOU0 small To De

Py

deviation o
detected by present experimental techniques. The spectrum
above 30 keV is in good agreement with the 208-group calcu-
lation, while all 26-group sets show certain deviations due
to the influence of the weighting spectrum on the elastic

removal cross section.

2. For the spectral indices at core center deviations up to 3%
are expected from multigroup calculations, in accordance
with fission chamber measurements performed with the same set
of samples. A comparison between the present fission standards
and the old ones used in SNEAK 3A-2 showed an 11 percent

discrepancy in the calibration of the U238 samples. The original

238 U235

difference between the measured and calculated U / ratios

in SNEAK 3A-2 is substantially reduced when using the new set
8

N
of standards.
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3. A satisfactory agreement is found for the measured shape
of U235 fission and U238 capture rate traverses in the
central lattice cell of both assemblies.
The discrepancies between measured absolute reaction rates
and the ZERA calculation in SNEAK 3A-2 are considerably
reduced when the new fission samples are taken as standards.
The present experiments are in good agreement with the ZERA
calculation in the fuel, if the actual atom densities on the

cell axis are used.

4, Material worth measurements for the fissile and the pre-
dominantly absorbing materials agree within %3 percent,
except for a common normalization factor F. For most scattering
materials, however, larger deviations are found that are ex-
plained by the * 6 percent deviation in the energy dependence

of the adjoint flux.

5. Doppler measurements could be made in the center of STARK 6

, e s . . =7
with sufficient statistical accuracy (» 10 'R). The Doppler
. 235 .
data for U normalized to the measured U worth deviate

from the SNEAK results by 20 percent, while deviations of

239 . .
45 percent occur for the Pu data. These discrepancies are
explained by systematical errors due to the limited stroke
of the oscillator in STARK.

one finds that for most quantities the influence of the cross
section set used is much lafger than the effect due to the
deviation from the equilibrium spectrum. In deneral, the best
agreement is found with the 26~group KFKINR set improved by
introducing group transfer cross sections derived from a

preceding 208-group spectrum calculation by usual condensation.

From this it may be concluded that, with the exception of the
reactivity worths of the scatterers and the Doppler effect, all
important quantities measured at the center of SNEAK 3A-2 can be

predicted from the STARK experiment with systematic errors



smaller than the present experimental uncertainties.

Calculations have shown that the spectrum and adjoint match
in this STARK assembly can be considerably improved by adding
enriched uranium and some moderating material to the edge of

the fast core without changing the natural uranium buffer zone.

The present comparison between STARK 6 and SNEAK 3A-2 can be
considered as typical for a fast breeder core composition with
the same fuel concentration (0.88 kg U235 per liter). For sodium
and gas-cooled systems, the equilibrium spectrum will be con-
siderably harder such that in STARK a larger excess of low

energy neutrons (E<10 keV) is expected, similar to the situation
in the assemblies STARK 3 and 4'45279 However, the contribution
of these neutrons to the principal reaction rates at core center
will only be in the order of 1 to 2 percent. Furthermore, there
exists the possibility to reduce this low energy tail by adding

boron to the buffer or to the edge of the fast zone.
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Tab. 1 Atom densities ilﬂzo/cmB) of STARK 6 and SNEAK 3A-2 used for
homogeneocus calculations

Assembly STARK 6 SNEAK 3A-2
Zone No. 1 2 3 4 5 6 7 e
Zone Fast core, Natural |Graphite + | Thermal | Graphite | Graphite + | Graphite Central

uranium | tank walls core tank walls | reflector zone
Quter 18.60 cm| 24.20 cmi 30.50 cm R 3) 46 .00 cm 50.00 cm 86.00 cm -
ggg%g§_"‘ ""'"“‘“:‘*3.""""“"=:=_ - piresiisutecps: —-:._.....'.::::..‘:::: =:==2I=:ZZ=~=__.—»:—==: — e E;:ﬂ o T ST T e e, o T T, o s i, o
Al 130.96 92.643 130.07 72.60 129,10
C 9.60 492.25 169.31 852.55 428.9 852.55 9.32
co 1) 0.21 0.19
Cr 36.50 ' 34.53
Fe 126.52 121.85
H 18.76 3.680C 360.80 5.267 17.92
Mg 0.71 0.64
Mn 2) 1.04 1.94
Mo+NDb 0.47 0.39
Ni 19.28 18.54
O 147.29 193.94 145.29
Si 1.88 1.88
Ti 0.44 0.40
U-235 20.625 3.437 1.0162 20.31
Uu-238 82.26 473.94 4.0592 81.04

%; Co was added to Fe 3) Values obtained from radius variation {k_ = 1) ¢
Mn was added to Cr ABN : R = 41,019 cm MOXTOT: R = 40.%55 cm
SNEAK : R = 40.356 cm KFKINR: R = 40.061 cm
H2@gPMB: R = 40.297 cm




Tab. 2

Experimental reactor parameters compared with 26-group diffusion calculations

Measurement | ABN~set| SNEAK-set| H2gPMB-set| M@XTZT-set| KFKINR-set

Criticality data: .
Fuel mass, fast core 52.36 52.36 52.36 52.36 52.36 52.36 kg U235
Fuel enrichment,fast core 19.86 19.86 19.86 19.86 19.86 19.86 atom$
Fuel mass,therm.core (20°C) 5.737+0.04 5.716 | 5.306 5.270 5.183 5.126 kg U232
Fuel mass,therm.core (800C) 5.987+0.02 - - - - - kg U23°
Deviation of calc.keff from - +0.06 +1.32 +1.43 +1.70 +1.88 %k
experiment
Powexr contributions:
Fast core, Y; 14.2 +1.0 13.57 12.94 12.80 14.02 14.01 %
Uranium zone, Yg 12.2 +1.0 11.17 10.88 10.93 10.93 11.29 %
Thermal core, Y4 73.6 +1.5 75.26 76.18 76 .27 75.05 74.70 %
Reactivity contributions:
Fast core, Q - 14.88 13.48 13.37 15.11 15.02 %
Uranium zone, Gz - 12.46 11.78 11.88 11.97 12.37 %
Reactivity worths,fast zone:
Central element vs.void +0.17+0,01 +0.17 - - - - %k
Worth of safety rod s, -0.66+0.01 | ~0.68 - - - - gk
Reactivity worths,therm.zone:
Worth of outer fuel plate - 0.064 3 - - - - 3k
Worth of temp.change 80--20°C | -0.776+0.015 +0.67+) | - - - - 3k
Worth of 1 control plate ~-0.38+0.005 ~O°40+? - - - - $
Worth of all 12 control plates|-4.5 0.5 -4.,2 * - - - - gk
Kinetic parameters: —4
Generation time - 1.056 1.073 1.077 1.058 1.063 10 “sec
ngf/seff - 0.8689 | 0.8844 0.8837 0.8828 0.8761
Bore/Begs - 0.1311 | 0.1156 0.1163 0.1172 0.1239
Bots - 0.747 0.738 0.738 0.738 0.739 1072

+)

Extrapolated from STARK 3 measurements.




Tab. 3 Kinetic parameters of STARK 6 used for the reactivity
evaluations (diffusion calculation with ABN-set)
. mlm _
Isotope k kkésec / a, = ﬁeffk/eeff
y? 33 1 0.0124 0.029297
2 0.0305 0.191788
3 0.111 0.169571
4 0,301 0.344228
5 1.13 0.099294
6 3.00 0.036270
y?38 1 0.0132 0.001630
2 0.0321 0.017747
3 0.139 0.020450
4 0.358 0.050858
5 1.41 0.029150
6 4.02 0.009717
5
y?33 Y a,_ = 0.870448
k=1
6
U238 y o = 0.129552
k=
Delayed neutron fraction:
R = 0.7468 + 10™“°
eff
Prompt neutron generation time:
A = 1.0565 - 10”% sec.
Tab. 4 Integral reactivity worth of control units
Plate, Rod drop Continous_run Rod drop
Rod p/8 [ #7 V- - P/8/F per plate/
Rl - 50.940.4 = 50.9
RZ - 45.8+0.4 - 45,8
R3 - 55.7+0.4 - 57+1 - 55.7
Rl+R2+R3 -164 +4 -~ 54,7
6 S -345 +12 - 57.5
3R+9S ~600+60 - 50
S - 88 + 2




Tab. 5: Fission ratios OfX/O_Fy in the center of STARK 6
Isotope Absolute 26-group diffusion calculation KFKINR,
ratio Fissi {(...) = calc./exp. 2i —=i+1
1ss1ion : taken from 208
chamber ABN SNEAK H2@PMB MBKTPT KFKINR |group calculaf
232,235 . 00566
Th*>“/U - 0.00568 0.00549 0.00550 0.00527 0.00558 0.0
U233/U235 1.575+0.025 1.439 1.579 1.632 1.580 1.603 1.606
(0.914) (1.002) (1.036) (1.003) (1.018) | (1.020)
u234,u%3% | 0.18140.004 | 0.1975 0.1748 0.1757 0.1647 0.1732 0.1884
(1.091) (0.966) (0.971) (0.910) (0.9569)] (1.041)
u?36,u23% | 0.0619+0.0015 0.0650 0.0596 0.0597 0.0561 0.0596 0.0619
(1.050) (0.963) (0.965) (0.906) (0.963) (1.000)
u?38,u235 | 5.0270+0.0005] 0.02914 | 0.02765 | 0.02769 | 0.02613 . 0.02704 | 0.02738
(1.079) (1.024) (1.026) (0.968) (1.002) (1.014)
pyu?3? y23s 0.9926 0.9647 0.9936 0.9553 0.9907 1.0036
pu240,/y235 - 0.2080 0.1848 0.1857 0.1842 0.1964 0.2093
u?34,u238 | 6.70 +0.14 6.778 6.325 6.345 6.304 6.405 6.881
(1.012) (0.944) (0.947) (0.941) (0.956) (1.027)
v236,4238 || 2,29 +0.05 2.230 2.156 2.157 2.145 2.203 5 261
(0974) (0941) (0942) (0937 (0.962) (0.987)




Tab. 6 Fission ratiocos € /Oy measured with absolute fission chambers in the center of
STARK 6 compared to those of SVEAK 3A-2
Isotope STARK 6 %) Correction factors STARK 6 (corrected) SNEAK 3A-2 §ﬁ%§%B§E§§
ratio new fission|old fission Fy Foy new fission|old fissionjold fission oid fission
‘ standards standards |[(compOsition) | (eg.spectrum)| standards standards standards standards

232/U235 - - 1.006 1.033+40.004 - - 0.00655 -
U233/ 235 1.575 (1.522) 1.000 0.997+0.001 1.570 1.517 1.48 1.025
y234 23> 0.181 - (1.005) 1.022+0.003 0.186 - - -
y236 235 0.0619 - 1.006 1.034+0.005 0.0644 - - -
u238,y23> 0.0270 (0.0306) 1.006 1.036+0.004 0.0281 0.0317 0.0313 1.013
pu?3d/y?33 - 1.000 1.002+0.001 - 1.007 -

tn?32/u238 - - 1.000 0.997+0.002 - - 0.209 -

234/ 238 6.70 - 1.000 0.986+0.003 .6 - - -
y236 238 2.29 - 1.000 0.998+0.002 2.29 - - -

Recalibration of old fission standards:

Sample: New sample mass: New / 0ld mass:
A-123 273.50ug U233 0.951
A-322 322 ug u??’ 0.984
A-522 426 jug U238 1.117
®) ..
Error limits cf. Tab. 5.



Tab. 7 Atom densities (lOZO/cmi) used for heterogeneity calculations

laterally averaged densities {case I) actual densities oncell axis {(Case II)
Material

SS-%-CH4 55 A1203 J20% Al 25% SS+CH2 S8 A]_?O:% U 20% Al 25%
Al 394.16 132,92 447,49 150.90
C 75.096 | 0.503 85.257 1 0.572
Cr 59.664 | 164.94| 12.418112.418,12.895 67.737 |187.26 | 14.098 | 14.098 | 14.639
Fe 201.97 | 558.11 ) 42.14342.14342.143 229,30 1633.63 | 47.846 | 47.846 | 47.846
H 149.88 170.16
Nb 0.654 1.542 0.255 10.255 |0.255 0.742 1.750 0.290 0.290 0.290
Ni 27.542 | 75.109 | 6.195 |13.343/6.195 31.268 | 85.272 | 7.033 15.149 | 7.033
0 590.49 670.39
Si 2.661 7.641 0.426 |0.426 |0.1528 3.021 8.675 0.484 0.484 1.734
Ti 0.824 2.660 0.935 3.020
y?35 82.240 93.368
238
U 327.99 372.37




Tab. 8 Reaction rate ratios in the normal cell of STARK 6 (calculations with SNEAX set)

. . .o IIomcgeneous, | Homogeneous, | Homogeneous
Uzai%ggtfg;l Fissé?n ZERA one-zone cell-aver. )
ctl chamber system STARK 6 STARK 6
fuel-averaged
values:
522 / 72’ 0.0278 - 5.02858 - - -
—28 =25 e _ ‘ - - -
n, / ne 0.125 0.1334
cell-averaged
values:
-28 —=25 - ,
ne / ne 0.0273 0.0270+0.0005)| 0.02781 0.02864 0.2797 0.02765
-28 =25
n_ / ne (0.137) B 0.1880 0.1383 0.1388
H§4 / H%S a 0.181 +0.004 _ 0.1786 - 0.1748
nz® / n2’ - 0.0619+0.0015]0.06055| 00616 0.0593 2.0596
— - @] Ja e
ngo / nés _ _ 0.1866 0.1892 0.1847 0.1848




Tab. 9

Reactivity change due to bunching of

a central zone in STARK §

Reactivity change Ap

Bunched Hom, ,calc, Reactivity| (Ak/k), for infinite lattice
Hom. ,calc. with cell av. , . ZERA ZERA
Zone Measurement|with cell-av.| cross sections fragtlon Measurement static with constant

cross section| (T=const.) b keff-calc. leakage (D=const.)

normal cell O 0

Lo

g 9 central

B elements | 3.4+0.7 ¢ - 2.36 & 0.03476 0.73+0.15%k

321 central + 0.0138%k + 0.51%k

g elements | 6.3+1.0 ¢ 1.20 # 4.81 & 0.0707 0.67+0.11%k

o

e

o

5 9 central

g elements | 7.0+0.7 ¢ - 6.17 & 0.03476 1.51+0.15%k

.0

ol central - 0,2012%k + 1.33%k

~| elements |13.8+1.0 ¢ 0.24 ¢ 12.5 ¢ 0.0707 1.4740.11%k

o

0

it}




Tab.10 Reactivity worth of samples measured at the center of STARK 6
Material| lass Experimental reactivity worth /8/a/ cell(lylcell (2)
/q/ Void volume Cell(l) Cell(2) void | void
Al 172.90 | -0.47 107°
. 43.25 | <0.62 - 107>
glo®! 2.807| ~0.565 . 107°
0.972 | -0.632 - 1072 | -0.647 - 1072 | -0.648 - 107%|1.024 [1.025
0.644 | -0.665 - 1072
0.327| =0.712 - 1072
B,C 6.27 | =0.1076 - 1072
36.38 | +0.229 - 107%
12,15 | +0.218 - 1072
CH, 6.293| +0.1443 - 1072
4.413 ] +0.1395 - 1072
1.955 | +0.1378 - 1072 | +0.1374 - 1072 | +0.1427 - 10720.997 |1.036
cr 92.55 | =0.693 - 107>
36.07 | =0.672 - 107
Eu 3.562 | -0.568 - 107>
Fe 127.64 | =0.752 - 107°
51.11 | -0.861 - 107°
Mo 102.27 | -0.321 - 107%
33.95 | -0.365 - 10”4
Ni 114.62 | =0.113 - 107%
57.31 | -0.124 - 1074 | c0.122 - 107% | -0.122 - 107%|0.984 [0.984
Ta 107.09 | -0.934 - 1072
53.74 | -1.063 - 10 % | -1.003 . 1071 | -1.097 1074 1,028 |1.032
18.51 | -1.298 - 107°
pu®) 4.926 | +0.244 - 1073 | 40,260 - 1073 | +0.271 - 107>|1.066 |1.111
2.470 | +0.237 - 107>
U (93%) 17.675 | +0.1739 - 107>
7.181 | 40.175 - 1073 | +0.182 - 1073 | +0.182 1073 [1.040 |1.040
3.630 | +0.175 - 1072
U (20%) [125.12 | +0.252 - 1072
U (0.4%) |248.10 | -0.145 - 107%
123.85 | =0.155 - 104 |-0.137 - 1074 | -0.143 -107%|0.884 |0.923
61.60 | -0.161 - 107"

“Jcomposition of B sample: 92.15 at.% B, 7.85 at.% B

x)

239

Composition of Pu sample: 91.48% Pu ’

0.03% pu4?

]
4

240

7.68% Pu’"’, O

1
4

.80% Pu24l,




Tab.11 Reactivity worth ratio of samples (extrapolated to zero sample mass)
Experimental values Calculated worth ratio p/sz
Material| EXtrapolated Sample worth 0/0°> ABN SNEAK H2@PMB M@XTHT KFKINR égié@R
/ix/107 g7 | /ix/1030
Al - 0.48 - 2.2 ~,0039 -0,00216!~0.00367 | -0.00382 -0.00287 -0,00314 0.805
Bl) - 597 - 1000 - - - - - - -
C + 1.6 + 3.3 +0.0059 +0.00435|+0.00218 | +0.00274 +0,00352 +0,00414 0.702
CH2 +99.7 + 232 +0.421 +C.270 +0.,290 +0.319 +0.290 +0.355 0.843
Cr ~ 0.49 - 4,26 -~0.0077 ~-0.00936|-0.,00846 | -0.00876 -0,00785 ~-0,00823 1.068
Eu -53.8 -1357 ~2.463 - - - - -2.236% | 0.908
Fe - 0.71 - 6.57 -0.0119 -0.00828(~-0,0110 -0.0116 -0.,0101 -0.01065 0.895
Mo - 3,72 -59.3 -0,1076 -0,0865 | -0.0947 -0.0999 -0.0983 ~0.1087 0.982
Ni - 1.14 -11.1 ~(,0201 -0.,0177 | -0.0192 -0.0195 ~-0.0189 -3.0192 0.955
Ta -16.80 - 504 ~0.916 || ~-0.694 |-0.789 | -0.836 -0.838 |{0-8%0,, | 0.972
2) 0.92¢ 1,011
Pu +17.3 + 688 +1.248 +1.324 +1.204 +1.247 +1.216 +1.210 0.970
U (93%) +13.07 - -
u (0.4%)| I }:§d3 - -
U235 +14.13 + 551 +1.000 +1.,000 +1.000 +1.000 +1.000 +1.000 1.000
238 -~ 1.339 -52.9 ~0.0961. || ~0.0710 | -0.0861 | -0.0866 ~0.0 ~0.07 0,830
U - 1.226 -18.53) ~0.08803) 757 98 | 51957
- + 114 +0, 208 +0,133 +0,.144 +0.158 +0,143 +0.1753 0.843
310 - ~1085 -1.969 | -1.491 |-1.709 | -1.809 -1.821 ~1.909 0.970
-2.024%) | 1,027
235 - 30 -
worth of U [4k/10 atoms/: + 551 +609 +563 +549 +628 +616 1.118
1) Composition of Blosample: 92.15% 8103 7.85% BU 240 24
2) Composition of Pu sample: 91.48% Pu? 7.69% Pu’9, 0.80% pu??l, 0.03% pu?i?
3) Cell measurement 4) Heterogeneous calculation




Tab.12

Comparison of sample worths

measured in STARK 6 and SNEAK 3A-~2

N Sample %eact%vity éio"6$/g7 ?eactivity 450—6$/g7 Ratio pSTARK , SNEAK
mass in void environment in cell environment
¢ 9/ STARK 6 SNEAK 3A-2 STARK 6 SNEAK 3A-2 ggé?ranm@egsgiono(ggégﬁset)KF§%§géﬁ
y433 17.8 +187 +353 +195%) 4411 0.529 | 0.474 | 0.500 0.500
y?38 62 ~16.8 -32 - - 0.525 0.530 0.534
262 ~15,2 -29.8 - -26.0 0.510 0.530 0.534
998 - ~27.1 - -
py’) 8.5 +244%) +506 +266% +532 0.482 | 0.500 | 0.491 0.492
gto 0.3 - - - ~17300
1.0 ~6910 -14850 ~7080 ~14680 0.465 | 0.482 | 0.488 0.488
2.9 ~6180 - - ~12800
Ta 53 -107 ~228 ~110 -223 0.469 | 0.493 | 0.490 0.491
Ni 114 -11.3 ~22 -12.2 - 0.51 0.516 0.520
Fe 128 - 7.5 -12 - ~12 0.62 0.576 0.590
CH, 2.5 +1380 - +1410 +2520 0.560 | 0.513 0.586
3.6 +1390 +2310 - - 0.602 0.613 0.586
c 48 +23 +61.4 - +72.4 0.37 0.377 0.426
Al 160 - 4,7 -1.2 - -0.7 - 0.86 1.04

1) sample mass 7.18 g

2) sample mass 4.93 g Pu

: |
3) (91.48% Pu®3?, 7.692 Pu??C, 0.80% Pu??l, 0.03: puli?



Tab. 13 Comparison of Doppler Measurements in STARK 6 and
SNEAK 3A~2

Doppler reactivity from 300 to lOOQOKLfb«6£7

Sample
STARK 6 SNEAK 3A-2 STARK/SNEAK
U0, (0. 4%) =~ 10+0.6 - 16 0.62+0.04
PuOZ -4,5+0.5 - 6,2 0.72+0.08
Material worth measurement
2 INE N
UZBS STARK/SNEAK
0.50+0.02
238
v 0.55+0.01
Pu

Data of Doppler Samples:

QQZwSamEle:

PuQ, Sample:
Lo

854 q UO2 (D0.4% depleted)

length 9.0 cm, diameter 3.5 cm

451.7 g Pu02 + 360.5 g A1203
length 15.0 cm, diameter 3.5 cm
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Fig. 36: Doppler reactivity vs. temperature for a Pu0, sample

oscillator measurement (normal environment)

.
% oscillator measurement (boron environment)



