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ABSTRACT

Integral reaction rate parameters, intracell thermal neutron
flux profiles, and material bucklings were measured for D,0-
moderated uniform lattices in the exponential facility at the
Savannah River Laboratory. Two different slightly enriched coaxial
uranium fuel assemblies were examined over a wide range of tri-
angular lattice pitches. Integral parameters are reported for
inner and outer fuel separately providing data for a more detailed
and rigorous comparison with computation than has been previously
available, Results are compared with RAHAB calculations using
ENDF/B-1IV cross sections. Large discrepancies in agreement between
calculation and experiment, outside of experimental errors and un-
certainties in the input cross sections, probably result from
the resonance capture models used by RAHAB,
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REACTIVITY AND REACTION RATE MEASUREMENTS
IN U-D,0 LATTICES WiTH COAXIAL FUEL

INTRODUCT ION

In recent years, a high degree of sophistication in repre-
senting the physics of thermal reactors has been achieved through
the develo?ment of detailed transport theory codes such as HAMMER
and RAHAB.'s? These codes are used extensively at the Savannah
River Laboratory (SRL) for reactor physics lattice calculations
in design and safety studies,

A fundamental goal of the calculational program at SRL is to
provide accurate representation of reactivity and reaction rate
ratios over a wide range of D;0-thermal reactor lattices (including
mixed lattices and enriched uranium lattices). This effort involves
the improvement of theoretical and model formalisms as well as the
use of the latest ENDF/B cross sections.

A broad base of experimental evidence is required to assess
the performance of the theoretical methods and differential cross
sections used for predicting integral reactor properties such as
reactivity or reaction rates. The most meaningful evaluations
occur for clean lattices with simple geometry and composition so
that errors of representation in the theoretical methods are mini-
mized. Two H;O-moderated lattices of slightly enriched uranium
rods?®:" and three D,0-moderated lattices of natural uranium rods3’®
traditionally have been used as benchmarks for these evaluations.

The purpose of this work is to expand the experimental data
base to include uniform lattices of coaxial fuel assemblies, The
neutron moderation within the fuel coolant annuli and the mutual
resonance shielding afforded by the concentric fuel tubes are
effects that do not occur in simple rod lattices. To emphasize
these effects, integral parameters for the inner and outer fuel
have been presented separately. The coaxial fuel lattice experi-
ments thus provide diagnostic data for a more detailed and rigorous
comparison with computation than has been available previously.



SUMMARY

Reactivity and reaction rate parameters were measured for
D;0-moderated uniform lattices in the exponential facility
(SE-SP)®5>7 at SRL. Two different slightly enriched, coaxial,
uranium fuel assemblies were examined over a wide range of
triangular lattice pitches. The lattice experiments with Type I
fuel (Table 1) were performed at 5.5-, 6.0-, 7.0-, and 8.0-inch
triangular pitches with D»0 purities of 99.50 to 99.35 mol %.
The lattice experiments with Type II fuel were performed at
6,36-, 7.0-, 8.08-, 9.25-, and 14.0-inch triangular pitches with
D,0 purities of 99.54 to 99.13 mol %.

Parameters that were derived from experimental data are
summarized as follows:

Epicadmium 23°U Captures
Subcadmium 238( Captures

2381 (n,¥) Capture Ratio Dag

235 Epicadmium *?%U Fissions

U Fission Capture Ratio §, = =T :
Subcadmium ¥ Fissions

s 238y Fissions
28

238y Fast Fissions A ——
U Fissions

238y Captures

Modified Conversion Ratio C* = 513 s
U Fissions
SAYARIN 0
Thermal Neutron Spectral R = ;
[176L /sscu]Subcadmium
Index u Thermal Reference
Material Buckling Bm® = Radial Buckling (Bg?) +

Axial Buckling (B,2)

Intracell thermal neutron activation and spectral index profiles
also were measured.

The measurements were compared with RAHAB® calculations
using ENDF/B-IV cross sections with the following results:

e Calculated material bucklings are consistently lower than
measurement for both fuel types. The discrepancies corre-
spond to errors in kgff of from 4 to 8% with the largest
disagreement at the lower pitches.
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e Calculated values of p,s for both fuel types are higher
than measurement. P,g for the outer fuel is overpredicted
by about 20%, the Type I inner fuel by about 4%, and the
Type Il inner fuel by about 11%.

e RAHAB overpredicts 8,5 for both fuel types by about 23%
for the inner fuel and about 14% for the outer fuel.

e RAHAB generally overpredicts C* for both fuel types by
about 8% for the inner fuel and about 4% for the Type II
outer fuel.

e RAHAB underestimates 8,4 for both fuel tyﬁes by about 11%
for the inner fuel and about 7% for the outer fuel.

e PRAHAB properly predicts the gqualitative behavior of
spectrum hardening but overestimates the magnitude of
the effect both in the fuel and in the moderator.
Calculated values of R exceed the measured values by
about 4% in the Type II fuel and by about 2% in the
Type 1 fuel.

e The agreement between calculated and measured intracell,
thermal neutron activation profiles is good.

The overprediction of pzg, C*, and 85 and the underprediction
of 628 are consistent with the underprediction of the material
buckling and keff by RAHAB.® The magnitudes of the discrepancies
are larger than uncertainties in input cross sections, experimental
uncertainties, or possible systematic bias in the experimental
methods. The most probable source of discrepancy is the theoretical
treatment of resonance capture in the RAHAB calculations.

EXPERIMENTAL DETAILS
Experimental Facilities

Material bucklings and reaction rate parameters were measured
in the exponential facility (SE-SP)®:7 at SRL.

The SP is an enriched-uranium fueled, graphite-moderated,
H,0-cooled reactor. The core consists of a graphite-filled cylinder
inside a 5-ft graphite cube. A 4-ft graphite cube on one side of
the SP forms a thermal column used to irradiate reference foils in
a purely thermal flux simultaneously with the reaction rate experi-
ments in the SE,
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The SE, a 3/8-inch-thick aluminum cylinder, 5 ft in diameter
and 7 ft high, is mounted directly over the SP, The sides of the
tank are covered with 1/8 inch of cadmium. The tank is supported
from above by structural steel beams, Grid beams at the top of
the SE, a bottom positioning plate, and top spacers were used to
support and accurately space the fuel assemblies at each of the
lattice pitches. A cylindrical graphite pedestal is mounted
between the SE tank and the SP reactor to minimize spatial
harmonics in the SE. A cadmium shutter (1/8-inch-thick) can be
inserted between the pedestal and the SE tank to permit the
measurement of the distribution of fast leakage neutrons that
enter the SE tank through the graphite pedestal and from scatter
off the walls in the reactor room. This distribution can be used
to correct the flux shapes measured in the SE without the shutter
in place. The SP-SE facility is shown in Figure 1. Storage tanks
and a closed piping system supply D,0 moderator to the SE tank.

4 caomium emcLosure

\) s ’"‘ L

EXPOMENTIAL TANK

FIGURE 1. SP-SE Facility
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Equilibrium flux spectra, characteristic of the measured
lattices, existed 1n the central region of the SE where the
experimental data were obtained. This was affirmed by radial
and axial cadmium ratio mapping measurements using gold pin
detectors. In each case, a region of constant cadmium ratio was
noted.

Description of Fuel Assemblies

The Type I and Type I1 fuel assemblies consisted of nested
inner and outer fuel pairs stacked on an aluminum inmer housing
to produce uniform, continuous, coaxial fuel columns. In Table 1,
the two fuel assembly types are shown in cross sectien, and the
geometries and compositions are summarized., The assemblies differ
in **°U content, in size, and in the volume ratio of fuel to
contained D,0. This ratio is ~2 for the Type I fuel and ~1 for
the Type IT fuel.

TABLE 1 TYPE TT

Assembly Geometry and Fuel Composition

Type I Typae II
Al Inner Housing, inches ve

Quter Diameterd 0.8706 1.6512
Inner Diameter D.5320 1.4730
Inner Fuel Slug, inches
Al Claddi
Outer Diameterd 1.9975 2.6787
Inner Diameter 1.166 1.958
Fuel
Cuter Diameter® 1.914 2.605
Inner Diametar 1.226 2.018
Outer Fuel Slug, inches
Al Claddin Outer Fue>1
Duter Diameterd 3.076 3.700 Inner Housing
Inner Diameter 2.400 3.108
Fuel
OQuter Diameter? 3.01e 3.640
Inner Diameter 2.460 3.165

Fuel Composition, wt %

235 0.86D 1.10
238y 99.101 98,877
23g 0.032 0.023

a. Includes rib volumes,

b. A thin {0.5 mil for Type I fuel; 0.41 nil for
Type 11 inner fuel; D.47 mil for Type Il outer
fuel) nickel flashing at the fuel-cladding
interface was homogenized in the cladding for
the calculations.

Inner Housing
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Description of Lattices

The SE lattice arrangements corresponding to each of the
activation experiments with the Type I fuel are shown in Figure 2.
Various numbers of enriched fuel spikes (~100 g/ft of 2354} were
included in the low reactivity 5.5- and 6.0-inch pitch lattices
to increase the flux level at the foil irradiation assembly
located at the center of the S8E. Errors in the reaction rate
measurements do not occur from the use of spikes at the periphery
of the lattice provided the neutron spectrum within the center
lattice cell where the measurements are made is unaffected by the
addition of the spikes. No appreciable spectrum distortion was
anticipated based on a previous studg of the spectrum effects of
adding spikes for a similar lattice. In all cases, the buckling
experiments were performed without spikes in the lattices.

The SE lattice arrangements corresponding to each of the
activation experiments with the Type II fuel are shown in Figure 3.
The lattices for the buckling measurements were the same as the
corresponding lattices for the activation except a standard Type II
fuel assembly was used at the center position. ’

Description of Irradiation Assembly

The foil-bearing irradiation assembly was identical to the
other lattice fuel assemblies except that an inner and outer fuel
pair with accurately machined central angle slots to accommodate
thin, bare, arc-shaped foils and thick filler pieces was located
near the center of the fuel column. The Type II fuel irradiation
pieces are shown in Figure 4. Although cladding was removed in
the region of the slots during machining, replacement aluminum
cladding pieces were fabricated and installed for the irradiatioms,
The foil-bearing assembly was placed in the center of the SE lattice
and rotated at 3 rpm on its axis during the irradiations to obtain
an azimuthal average of the radial flux in the cell.

Foil Details

Arc-shaped foils were placed between the filler pieces used
in the machined slots of the inner and outer irradiation fuel
pair (Figure 4). The foils were made to fit accurately the
central angle subtended by the slot so that the specific activa-
tion of the foil represented the average reaction rate in the
fuel. Fission product contamination of the foils was prevented
by interposing 0.001-inch-thick aluminum at uranium interfaces.
Epicadmium activations were obtained from 0.272-inch-diameter
foils placed inside small (0.375-inch-diameter % 0,100-inch-thick)
cadmium pill boxes contained in a recess in the lower filler piece
2.5 inches from the nearest measurement position.
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Inner and Quter Fuel Pieces for Foil Experiments

FIGURE 4.
with Type I Fuel

FIGURE 5, Inner and Quter Fuel Pieces Showing External Foil
Loading for Type 11 Fuel
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A well-thermalized position for activating reference foils
in a thermal neutron flux was established 10 to 14 inches inside
the 3-inch-diameter thermal column of the SP (Figure 1y. The
reference folls were mounted on two aluminum discs (A and B
spinners, Table 3} that were rotated at I rpm during the exposure,
Relative exposure histories for the reference foils in the thermal
column snd the sample folils in the SE lattice were identical
because the SP supplied irradiation neutrons simultangously to
both, The measured cadmium ratie {0.032-inch cadmium} for thin
{3.002~inch) gold at the thewmal veference position is approxi-
mately 2800, which gives an equivalent 1/v cadmium ratio of
3 » 10", No corrections for epicadmium activation were required
to the reference foil activities.

Bare and cadmium-covered 0.277-inch-diameter lutetium-copper-
lutetium and copper foils were suspended in the moderator on
1/ Z-inch-wide strips of 1-mil polyester tape supported on a 3/32-
inch-diameter aluminum wire frame (Figure 5). This frame was
supported at the ends by small aluminum cylinders epoxied to the
surface of the outer fuel cylinder., Templates were used to
provide precise placement of the foils on the tape before affixing
to the frame. The cell radius was calculated for each foil
positien based on geometrical considerations, !

Table 2 shows a typical foil loading in the fuel with a
summary of the foil materials, dimensions, and uses., A similar
summary for the folls used in the thermsl reference is given in
Table 3.

A description of the foil materials used in the experiments
and the gamma counting procedures are given in Table 4, The gamma
sotivities of the foils were counted with sodium iodide (Nal)
seintilliation spectrometers. Corrections were mads for the small
differences in foil-to-counter geometry betwesn the various shaped
foils. Since small foll-to-counter acceptance angles were used,
this correction generally was about 0.3%. The data output from
rhe counting squipment was in the form of punched paper tape and
teletype printout, The paper tapes were processed, and the data
were corrgcted for deadtime, background, foil weight, pamma
attenuation, and yadiocactive decay,
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MEASUREMENT PROCEDURES
238 Resonance Capture (P,.)

This section describes the experimental techmiques and
corvections utilized for each type of measurement. Measurement
results and comparison with computations are given in the section
entitled "Comparison of Results,"

Pzg is sn important parameter related to the resonance
escape probability and, therefore, to the reactivity and #?%Py
production in wuranium metal reactors, Py i5 defined as the
ratic of epicadmium to subcadmium *°®U captures in the fuel:

1
2381 ¢d matio - 1

Bag =

Comparison of measured values of 0,4 with calculations yields
useful information about the resonance treatment and slowing down

models in the codes,

Uae was measured by the indirect or subtraction technigue
that permits the epicadmium component of the *?°U captures in
the fuel to be determined without cadmium-covered “3*U foils,
The capture cross sections of both 2% and °%Cu follow the 1/v
law closely in the subcadmium region. Thus, the subcadmium ®3Cy
activity in the fuel can be used to represent the subcadmium *°°y
captures in the fuel if the two foil types are normalized in a
thermal flux at the thermal column reference location. Then

73 aUTh Ref v .
zggUFuﬁl - 53Cu?uel Sub~Cd Cu Fuel U Foil
Sub-Cd Sub-Cd sgcuTh Ref FCu Foil FU Fuel
Sub-(d
and
zaa, Fusl - zssUFual . zasUFuel
Epi~€d Total Sub-Cd
where
238 ” s 2%8 sl
ﬂSuhwad = subgcadmium { activity
. = . 53 ..
Cugmopa © subgadmium ©"Cu activity
238 . R : 238 s
ﬁﬁpi—Cd = gplcadmium U activity

calculated thermal flux depression
factor of the combined foil(s) and
aluminum fission product guards at
the foil site in the fuel (Appendix A)

Fou Poii TU poil ©
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FCu Fuel Fﬁ cuel caleoulated thermal flux depression
" 7 Fagror of a fictitious foll of fuel
material corresponding to the thick-
ness of the foil{s) and fiszsion
product guards at the foil site in
the fuel [Appendix A}

Osa 13 calculated from

£ [23$ﬁ§&ﬁl ]

Prg = = Bei~Cdd
i{i?tj{’:l 218 g?ue}
Fuoroiny” Sub-Cd
whers

£ = small correction (fi,n.y = g;§§3 fouter = 0.98) to
gccount for the increase in “77U resonance capture
caused by the l-mil gap at the interface of the foils
and the fuel wheres sluminum was placed to prevent
fission product contamination of the folls ([Appendix B}

The *?Cu cadmium ratio in the fuel is obtained from the bare
copper foils in the fuel and 0.27IZ-inch-diameter copper foils
placed in a small cadmium pill box in the fuel. A direct measure-
ment of the 'Y cadmium ratio withcadmium-covered *3%U would
regulirg a large cadmium-enclosed section to completely contaln
the foil in parent material. Thus, the indirect technique has the
advantage of reducing the effect of flux and spectrum distortion
produced by cadmium.

Bare depleted and natural uvraniuvm metal folls were used to
determine the total “?PU neutron captures in the uranium fuel at
each SE lattice pitch, Identical hare foils were simultaneocusly
irradigted at the thermal reference position to normalize the
subcadmium “7 % captures. The relative number was determined by
eounting the 2.3-day activity of

238y, B,y 289y

P u
2.33 4

produced from 7Ry by

avsy [0yl sy WéﬁéY;in+ 23y,
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The *°°Np gamma activities and the X, and Kp x-rays were counted
by Nal scintillators biased to accept energies in the interval
from 90 to 116 keV. A simultaneous count at an integral bias of
500 keV was used to correct for the fission product contyibution
to the counting rate in the 50-116 keV energy window (~2% correcg-
tion for depleted (0,019 wt %) uranium foils; ~10% correction for
natural uvranium foils}., HNo gamms rays of energy greater than

430 keV were observed in the decay of *?®Np; thus, events having
& minimum snergy loss of 500 keV provide a measure of the fission
activity. Details of the fission product correction are given in
Appendix €. No systematic differences were noted in the 2%y
capture activities deduced from the natural and depleted uranium
foil types.

The **%Np counting data were obtained in the time interval
from 2 to 4 days after irradiation to maximize the 2.3-day **"Np
decay activity relative to the background fission product activity
in the 90-116 keV window,

The usual corrections were made to the uranium feoll-counting
rates for room background, spontansous decay background, counter
deadtimes, and foll weight. The following additional corrections
were made:

® Foil thickness correction to account for the difference in
v-ray self-attenuation between the 4,3-mil-thick natural
uranium and the 3.2-mil-thick depleted uranium foils
{Appendix D).

# Axial elevation correction to reduce the foil activities to
a common elevation (Appendix E).

Bare and cadmium-covered copper folls were irradiated in the
fuel to determine the subcadmium °°Cu activity. Identical bare
copper folls were simultaneously irradiated at the themmal
reference to provide the nommalization for the P,, measurement.
The 50G-keV annihilation gammas associated with the positron
emission from ""Cu were counted at an integral bias of 400 keV.
The data were obtained beginning about 4 hours after irradiation
when contribution from the §.1l-minute °®Cu activity was negligible.

An auxiliary experiment was performed to obtain a factor of
1.088 to correct the average epicadmium specific activity of the
two 0.7272-inch-diameter X 0,0105-inch-thick copper foils used in
the cadmium pill box in the fuel to the equivalent epicadmium
specific activity for a single 0.500-inch-diameter x 0,0105-inch-
thick copper foll under 30 mils of cadmium {(dimensionally similar
to the arc-shaped bare copper foils contained in the fuel). This
correction simultaneously egtablishes the effective cadmium cutoff
energy for the £, measurement at 0.623 eV corresponding to 30 mils
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of cadmium in slab geometry and isotvopic flux with a 1/E energy
dependence. The factor was determined experimentally by irradi-~
ating foils in both geometries under cadmium on a spinner in the
center of the 5P reactor, The resonance shielding effects of the
lutetium and ***U foils included with the copper foils in the
cadmium pill boxes in the fuel were similarly accounted for by
including them in this guxiliary experinment.

238y Fast Fission {523)

Fast fission in 7% can centribute significantly to the
regetivity of lattices of plutonium-producing assemblies at low
moederator-to-fuel ratios., The measurabls guantity in any defini-
tion of the fast fission effect is §,4 defined as the ratio of
the fission captures in “3%1 to the fission captures in “°°U of
the fusl. &zs is used #s one of the diagnostic parameters for
divect comparison with lattice cell calculations.

The determination of 525 requires the measurement of the
fission rates in samples of “*% and 27°U in the fuel elements
of the resctor lattice. In practice, &, is obtained by irradi-
ating small paired natural and depleted uranium foils in the fuel
and then determining the number of fissions that have occurred
from the fission product gamma activities produced. The fission
product activities sgre measured by gamma counting with Nal scin-
tillation counters. However, a one-to-one correspondence between
the measured gamma-counting rates and the relative number of
fissions represented in the folls does not exist because the
fission product yields in ***0 and *°°U fissions are not identical.

The natural uranium foil fission product gamma aotivity is
Ay o= K [AX{t) » BY(r}]
whers
A = ?3%; fissions in a natural uranium foil

B

#

2381s Pigsions in a natural uranium foil

K

3

propertionsality constant depending on counter bias,
counter geometry, and counter efficiency

X{t) = “3% Fission product v disintegrations per “°°U
fission as a function of time t
Yty = “%°U fission product v disintegrations per 238y

Fission as a function of Time t



The depleted uranium foil fission product gamma activity is
238 238

ﬁﬁ Nﬁ
An = K { o= ARCEY +l o 8y (1)
B NN Nﬁ

where

N = atom density of the natural (Ny) or depleted (Np)
uranium foil

e Ap % {t) . =B
Defining v{t) = NG Plty = TOL and noting that §,, = K then

ey

B N V23S
3]
o ()
NN
N \238
D
e - y{t)
<NN> g

(Bradyy, = PO

This rvesult applies to a measurement in natural uranium fuel
with paired natural snd depleted uranium foil detectors. When
paired natural and depleted vranium foil detectors are used to
measure fps in enriched uranium fuel, as was the case for the
Tyge I snd Type II fuel, it is necessary to scale the *°°U and
3% atem densities by the expression

238 |
< \nr>
{éze}ﬁnr = iéza)Nat N

N 238
< Enr>
By

where
ﬁw = atom density of natural uranium (NN)
&ﬁnr = atonm density of the enriched uranium fuel

P{t) is a time-dependent factor relating the ratio of
measured foll gamma activities fo the true fission ratio. P(1)
depends on the fission product yields, foil thickness, exposure,
and time after irradiation. P{t) usually is measured in an
experiment using s double~-chambered fission counter with thin
films of depleted and natural uranium as fissioning elements and
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with natural and depleted uranium foils contained between the
During irradiation, the relative number of
fissions oocurring in the two films is determined by counting

fission chanbers,

pulses from both chambers.

activity of the foils is determined by counting with a scintilla-

tion counter,

Concurrent with the P{1) dJdetermination, a reference value
can be measured by the simultaneous irradiation and counting of
natural and depleted uranium foils for a particular reproducible

reference geomtry with natural uranium fuel.
ments in the 5B lattice with enriched fuel can be made by a

Then &, measure-

After irradiation, the relative gamm

simple simultaneous irradiation and counting of identical depleted
and natural uranium feils in the reference position and in the SE
lattice fuel; i.e.,

{5233Fu&1 = {84}

where

¥t}

Nat
Ref

e

o

bt

uranium foll to the specific gamma activity of the
natural uranium foil at the reference location

3

yit]

natural aranium foil in the lattice fuel

235 |1, \238 ¥ 238
N N N
0 4] E
Y(t}-<§“> <§“> -y ) ( Vnr)
N N N
w \FIE N \23BLIfN \283
§a> -y [y (:f—) < i‘:’”)
N N N N N

= ratic of the specific gamma activity of the depleted

ratic of the specific gamma activity of the depleted
uranium foil teo the specific gamma activity of the

This technigue was used for the measurements in the Typs I

The reference position consisted of two l-inch
diameter ¥ 4-inch-long natural uranium slugs buried in a 20 % 20 x
Z8~inch block of graphite moderator.
adjiacent to the 5P reactor where a well-thermalized neutron flux

snd Type I fuel.

was incident,

The graphite block was placed

A pair of 1/2-inch diameter natural and depleted

uranium foils identical in composition and thickness to those used
in the lattice was placed in a shallow circular recess milled into

the center face of one of the two 4-inch-long segments,

This

arrangement was easy to reproduce and eliminated edge effect errors
values are based on a
obtained by a direct measurement
fizsion chamber technique (Appendix F).

due to foil misalignment,
value of ($26)52% = 0.076
using the standard double

The v{t) ratios wers
depleted uranium foils at
time interval from 4 to 8

The (828)pye]

20,001

obtained by counting the natural and
an integral bias of 500 keV during the

hours afrer the irradiation.

for background, counter deadtime, and counter-foil geometry were

included.

- &7
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Modified Conversion Ratio (L%}

The attainable fuel burnup in uranium-heavy watsr reactors
ig sensitive to the initial conversion ratio, i.e., the nunber
of #¥%pu atoms produced per *35 atom destroved in fresh fuel.

An accurate knowledge of this quantity is impertant in predicting
the fuel sconomy. An easily measured parameter closely rvelated
to the initial conversion ratio is the modified conversion ratio,

" o
ma{2¢8}

&Fiﬁsgzgg}

(~% =
defined as **%U (n,v) sbsorptions normalized to **°U total
fissions. (% is readily obtained from the neutron balance edit
of the RAHAR code.

¢* ig determined by the relative “°°U fission rates and the
relative “7%U (n,y) absorption rates in natural uranium and
depleted uranium folls irradiated simultanecusly in the SE lattice
and in @ pure thermal flux at the SE thermal column reference
position:

Fuel 239
o _ { Np Pde}Fuel i [ZasUFiss]Th Ref
239, 1. 238
Th Ref [ P prad]?h Ref [ UFiss]Fuel
where
- Fuel _  Fuel
[2,0238) 1pp pog = Naag 89,(238)

e Fuel Fuel
(2155 (2350 1qy pog = Noss 80£(235)

Constants used for the determination of € are given in Table 5,

TABLE &
Constants Used in ¢ Determination

238[; 23551

¥, atoms/oo

Type I Fuel  4.742 x 10** 4,186 x 10°°

Type 1T Fuel 4,729 x 10%% 5 328 x 30%°
g 1.0017 .8759

Ty, DETRS 2.71 -

T¢, barps - 577



The ??®Np production ratios were obtained from the relative
*5Np activities of the natural and depleted uranium foils. The
relative *% fission rates were obtained from the same natural
and depleted uranium foils used to determine the *3%Np production
ratios. The fission product gamma activities induced in the folls
from **°y and 2% fissions were measured in the time interval
from 4 to & hours after irradiation by using Nal scintillation
counters biased at 660 keV. The fission product gamma activities
of the natural and depleted foils are given by

Ay = Ayys ¥ Agag

ﬁg 235 &g 138
Ay = ﬁz‘ Arzs Y1 R Azza
whers
éN,A§ = natural {N} or depleted (D) uranium foil activity

per 238 atom

[

Arzs,Auas 2330 or **Py fission product component of the
natural uranium foll activity per 238 atom

Rw,Ng = natural (N} or depleted (D} foil atom densities

The **%y fission component was obtained from the paired natural
and depleted foil activities by

N 238
N
AN"‘<§W> Ay

D
I - 4

-]

Ayas

where
is 288

N ; N
NN Nﬁ

o

The “**U fission component, A,,s, was corrected for flux
peaking at the paired natural depleted uranium foil site in the

fuel by

o) ~ Fryel . A %y ¢d Ratie - 11, , 1
(Aass - 235 | TTE) Cd Ratio 235 | TT¥E Ratio

Corr  Foiit

|



whers

¥
uel caloulated ratio of thermal flux depression factors

Froil to correct the subcadmium *%°0 fission product
activity for flux peaking at the foil site in the
fuel {Appendix A}

Thermal Reutron Spectral Index (R)

Reactivity effsects in a D:0-modersted uranium reactor are
sensitive to the thermal energy spectrum of the neutron flux in
the fuel. The activation ratio of subcadmivm captures in *7fLu
to subcadmium captures in °"Cu within the lattice cell is a
sensitive parameter related to the energy distribution of the
thermal neutron flux becsuss the cross section of *7®Lu contains
s resonance at 0,142 eV and *%Cu is a 1/v detector. Normalizastion
to the same ratio in a pure Maxwellian spectrum at the thermsl
reference provides a useful spectral index related to the thermal
neutron hardening in the lattice cell. For direct comparison with
experiment, the activation ratic is readily obtained from the
FOILED edit of the RAHABR code, and the tharmal reference vatio
can he caleulated from the Maxwellian spectrum and the °°Cu and
Y780 cross sections (Appendix 6.

The spectral index measurements wers nmade by simultaneous
irradistion of bare and cadmium-covered lutetium-copper-lutetium
foll sandwiches in the lattice cell and bare foil sandwiches in
the thermal reference:

ELattice _ [1761&,‘} Fuel [i?ﬁLu} {h Ref

i T
Co § supeca/ L sup-cd

R o=
By nef

Arc-shaped foills were used in the fuel, and 0,272-inch-diameter
folls were used on the fuel surfaces and in the moderator. Both
foil types were vepresented at the thermal reference position.
The 500-keV annihilation gammas from the positron decay of *“Cu
were counted with Nal scintillation counters blased at 400 keV
beginning about 3 hours after irradiation. The '77Lu was counted
during the interval from 2 to 7 days after irvadiation either
with an integral bias setting of 30 keV or in 2 30-250 keV window,

235 = * z
U Fission Ratio {8,4}

855, defined as the ratio of epicadmium to subcadmium **%U
fissions in the fuel, is a8 sensitive index testing the flux,
spectrum, cross section, and resonance shislding treatments of
this important isotope in the lattice.
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.. The &, measurements were made by activating bare, arc-shaped
P?33.A1 foils in the fuel and ©.272-inch-diameter foils under
cadmium in the fuel, The fission product gamma activity was
measured during the time interval from 2 to 4 hours after irradia-
tion by using Nal scintillation counters biased at 200 keV, Relative
foll weights were determined in an auxiliary activation experiment
where the foils were uniformly irradiated in a thermal flux and

the fission product activity was measured. Corrections for

counter background, counter deadtime, spontaneous decay, axial
elevation, and foil weight were applied.

&,y was determined as

335uﬁi$$i6n

28 T F :
Fuel [235UFi3510ﬁ L 285 Fission]
%?Gii Total Epi-Cd
whers
_Fpuei

g = caloulated rvatio of thermal flux depression factors
Foil  to correct the subcadmium *°°U fission product
activity for flux peaking at the foill site in the
fuel [Appendix A)

Intracell Flux Profiles

Accurate representation of the thermal neutron density
distribution is essentizl for predicting the fission power
distribution in the fuel and for providing a& check on the treat-
ment of thermal neutron diffusion in the cell. Intracell thHermal
neutron density profiles were determined from bare and cadmium-
covered "Cu (1/v) foil activations, The subcadmium component
was obtained by subtracting the epicadmium specific activity
{after elsvation correction) from the bare foil activity. Small
thermal flux depression corrections were applied to account for
the flux depression at the foil sites in the moderator and for
flux peaking at the foil sites in the fuel.

Corrections for radial leakage were made to the experimental
datas in the moderator to correct the intracell profile te flat
flux conditions for comparison with RAHAB caiculations, These
corractions consisted of dividing by Jo(Bpr), where SRE is the
radial buckling of the 8E, and v is the radial position of the
foil, The Bp? values for each lattice were obtained by fitting
gold pin activations at different radii in the SE to the J,(Bgr)
function. Values of Bp® are summarized in Tables 6 and 7 and
are discussed in the section on "Comparison of Results -~ Material
Buckling.”
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TABLE &

Susmary of Radial Bucklings for Type 1 Lattices

Lattiea P{tok,

inohes Bgt, m*
5.5 9,50
6.0 9.36
7.0 g, 30
8.4 9,48
TABLE 7

Summary of Radial Bucklings for Type 11 Lattices

Latticn Pitch,

inphes Eﬁi, w2

6.35 8.50

7.0 9.06

8,08 §.36 )
9.75 9.17

14,0 g, 20M

.  Estimated
Material Buckling (By?)

The satisfactory prediction of reactivity for simple bench-
mark experiments is taken as the most important criterion in
testing a reasctor physics code and its associsted nuclear data
library.

Material bucklings were measured by flux-mapping technigues
in the cylindrical exponential facility {SE)}. Radial and axial
curvatures were determined independently and combined to obtain
B’ = Br® o+ BZZ, the material buckling egquation.

The ratic of cadmium-covered to bare geld pin activations
was determined throughout the exponential, so that regions where
flux curvature was snergy-dependent could be avoided.

A separate irradiation was made with z cadmium shutter between
the critical source reactor (SP) and the SE, thereby eliminating
from consideration photoneutrons resulting from the gemma field of
the SP. The shutter correction also eliminated contributions
from neutrons that originated in the SP and were reflected from
walls into the 5E.
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Two methods of profiling were used to determine axial buck-
iings, depending on whether the material buckling was larger or
smaller than the radial buckling:

e Exponential profiles (Byp® > Bp®) were measured with z small,
boron~lined, gamma-compensated, traveling ion chamber attached
to # constant speed, vertical drive mechanism mounted on top
of the SE tank., The ion chamber traversed the lattice imnside
a 7/8-inch~10 aluminum dry well, The output current and
vertical position of the detector were continucusly transmitted,
and digitized current readings, taken at Z-¢m intervels over a
total distance of 680 om, were transferred to computer data
cards. The axial buckling was determined as the curvature of
the best fit to the expsrimental data points by varving
narameters in a hyperbelic cosine function. The perturbation
of the flux shape from the traveling menitor itself was
negligible,

e Cosine axial flux profiles (Bp® > Br%) were measured by
irradiating gold ping of standardized shape and mass. The
gold pins were arranged at 8-cm intervals on stringers of
70-cm length: three such stringers were used for each experi-
ment.  In such cases, the data were fitted to a cosine function,
The gold pin activations were measured by using Nal scintillation
counters and include background, decay, and counter deadtime
corrections.  The traveling monitor could not be used for these
more reactive lattices because of the large perturbation
induced by the ion chamber.

Both the traveling monitor gulide tube and gold pin stringers
were located near the centerling of the exponential tank. Pre-
vipus experience has shown, however, that the axial buckling is
independent of the radial positionsg at which the flux profile is
measured, provided the edge of the SE is avoided,

Radial flux profiles were measured by irradiation of standard-
ized gold pins., Pins were located st from 12 to 20 interstitial
positions within a given hovizontal plane, and 3 such arrays of
pins at different elevations were included for each lattice pitch.
The counting of the pin activations was similar to that described
for the axial wmeasurements. The measured radial flux shapes were
fit to & J, Bessel function to determine the radial buckling.



RAHAB CALCULATIONS

The experimental data were compared with caleulations per-
formed by the RAHAR code on an 1BM 360 computer, RAHAB uses multi-
group integral transport theory and a modified Nordheim resonance
treatment to calculate lattice paramaters, neutron distributions,
and peutron reagction vates in individual, one-dimensional iattice
cells, Extensive printout options allow direct comparisons of
cplenlated and experimental quantities. Input to the code consists
of a geometrical description of the reactor lattice cell and of
cross section libraries for the various reactor materials. The
wost recent cross sections from the Evaluated Nuclear Data File
{ENDE/B-IVY were used in the calcoculations,

COMPARISON OF RESULTS
Thermal Flux Profiles

The subcadmium copper activation profiles in the fuel and
moderatoy are comparsd with RAHAB calculsations in Figures 6 and
7. The experimental data and the RAHAB computation have been
normalized to one another by requiring the volume-weighted
activations in the fuel to sgual the computed valte, The agres-
ment between calculations and experiments is good, indicating
that RAHAB can be used for the prediction of the thermal flux
and fission power distribution within the cell,

Speetral Index Profiles {R)

The comparisons of RAHAB-predicted spectral indices to the
measured spectral indices are shown in Figures & and 9, RAHAB
predicts the gualitative behavior of spectrum havdening but
oyverestimates the magnitude of the effect not only in the fuel
but also in the moderator. The discrepancy may be a result of
an oversstimate of the magnxtude of the 1/E flux component near
the 0.14-eV peak of the ‘’®Lu resonance. Experimental values of
the spectral index in the fuel (R} as a function of lattice pitch
are cvompared with caleoulation in Figures 10 and 11,



SR TR RSN SR R AR S A HE M o
o Amppuneg a3 woul
L b
[+
410y
o8
ten g oaaing
o 1°
jan 4 pwcg el 0
- Buishoyy J aaugy ~im
H H ] i \ H o
@ %N g @ e N g w9
o ol s8] o oo i - - - o o5
o 7 T T H “ i ©
fod
i s o e ek e e e e v m e om et e o e e an e o e e e ke s e o e e oot P
fal AIDPUICE §3D 2RUUF
)
T
ed o

VOHDAUDY N,

<2 I A A A A T R B A £
f)
e 0 o o e e e e o o e o s e e o oo et o e
¥e) . ALppunog (8D iy =4
— 2
2’ 1© T
7] . .<l B i
< § T
. Y H
& [ E
faxs [ P
- o _W
e Lt
= e &
Y g SRNG
& A,
. jang el o
@ D
e T |
a o w AT
GTR G w6 o % e % § o 2w
Al od o Rt o} od — — o P e o o
y o
p H H i -
La ]
o] o o
F S b b
2 .
pm— . wt et e ot~ e oo emt ne aan e i ann v e e eewTonms am ot v evs o ey eeaesesnn i v e
<3 k4 RIODIE e 1B
= b £E3
[
e
o 0
o
£
[} =3
j g TR Tt
o S N s
i
o
e
el
i

A

d.

WNHUpDIGNG  padDULION

H '6 -~

Cell Radiug, cm
B.00-inch, 99.37 mol % D0

Ceil Rodiug, om
7.00~1nch, 99.47 mol % 0,0

d.

.

Intracell Subcadmium Copper Activation Profiles for

Type I Fuel

FIGURE 5.

- 35 -



e
< o
o fa ]
S S o ¥R B e A T S B S i B
i ao o 3 2 s .,m
» e nmu N £ T A -
asd
o i oy i T 19g
S 5 e
o =f o
o 2
- ) nﬁnl—..n »
Py S
£ 4& [&]
o o
- e
& "o
T - ™
P M
~ - o
. .
o) e

o3 Lo
] f
Fon) fam
% B <
a ! T H * & ' : * ' )
i S o o e e e e Ly 60 Ll v e e et an e e s e o armen s e %
AR (P AL < P —fe £ Sinpinog 127 el
B o € 1
M ! I P70 Fy P ST BT MW I Rt m
o Y 3% b
Tk ]
& o i bF:
e
» - P ” I
= £ el %
& o N s
B 4 o .
st 3 .ﬂ: z.ms
SR A P bt boho =S L i : ke o
] o 3 B £ X o =) w2 e =] & ©f P <+ o T op w3 o] @} T #1 3 w? ke 3
= wiowd - - - 5 - & 4 W e v 5 -~ -~ ke « a " s - & - - s
N »
P (9]

SOHOAIDY AL, WIWPDIGRG DAZHDUION

Intracell Subcadmium Copper Activation Profiles for
~ X6 -

14.00-inch, 99.14 mol % 0.0
Type 11 Fuel

FIGURE 7.

2.



Spectral index (R}

L9 ! } 1 i 7 7 T T I
LB /3 ~ o
L7 A : ~ :/’lzx |
N i
§ a
6 - g, - N
N §i
i H
55 ol b: -] " §§
- b
& 3
} ‘J’i
i G {‘ 4 b %;
T ] ! [ 3 \;
bl
L3 i§ * " : : ° |
S 3 & iy i e} b -~ I}
i i
LE : ; Lo i i | ! ] i
O 2 4 & 8 K3 2 4 ) 8 0
a. 5.50-inch, 99.56 mol % D0 b. 6.00-inch, 99.45 mol % D50
(7 , . , y 1 S
A 1A
Mo ! // ' _
R0 1 gg - - O Esperiment i
§§ e RAHAB :
i i
14 =l S @
3 g
8! &
3k § 4L 3
A L h
Gl
. “* g
i
3.2 - - _ ° i jooe N ;
b 12 - B2 g
LRI § £l 8 !
i )
10 i i i L i
O 2 4 & & 3 G pd 4 & 8 He]

Cell Radius, om

Cell Radius,cm

¢, 7.00-inch, 99.41 mol % D;0 d. 8.00-inch, 99.37 mol % D0
FIGURE 8. Intracell Spectral Index Profiles for Type I Fuel

- 37 -



Spectral Index (R)

2

& .

i

| nmee SR ooy :
H 4

s Gl Brasdry

FRRN S g
Tyl Radys, om

§.35-inch,

99.37 mol % D,0

o

b.
99.54 mol % 020

) [ G i3
Celt Bagdius, om Call Madius, om

7.00-inch, ¢, 8.08-inch,
99,48 mol % D.0

e < 2 4

Do Exparimens |
s BAWSE .|

ey Cedt Bowndiey
i

Mtk Fuel

A - 3 R ¥ A

Ceti Radug, m

d, 9.28-1inch,
89.27 mol % 0,0

FIGURE 9,

intracall

Celt Rodws, om

e, 14.00-inch,
99,14 mol % 0.0

Spectral Index Profiles for Type 11 Fuyel

-~ 38 .




i !
Exneriment
{o B3 o inoer Fuel Tube
@ Outer Fuel Tube
5 “If RAHAB Calculation
\"% e loner Fuel Tube
4 N\ == Qutar Fuel Tube
x ™ ,
= - f
ﬁ !5 o \
k] e
5 s i ~ .
~ 5,
5 A
g > {
iy .
oy "y
1,7 ™. -
P
e
. . -
fodl f % -
! | N
% 8 7 8
Lattice PHoh, inches
FIGURE 10, Comparison of Measured and Calculated R for
Type 1 Fuel at 99.75 mol % D,0 .
£o 8 oy T ; E r
§ Experiment
' o inner Fuel Tube
.7 \ 9 Outer Fus! Tube 1
W RAMAB Colculation
*\ §> e ey Fuel Tube
o 1 A e Guter Fuel Tubea -
x 4 “ §
% ) M,
&
k7] S
= ol % \N -
B ™
= } .,
] ; ey
P HE 3 i % \\\M % e
Y
e o, S
(3 ;
L2 { f s J 1 ; i
g 7 8 2 4] il iz ] 14
Lattica Pitch, inches
FIGURE 11, Comparison of Measured and Calculated R for

Type 11 Fuel at 99.75 mol % D,0

- 3G .



2285 Fast Fission {&,,)

RAHAB underestimates 8,3 for both fuel types by about 11%
for the inmer fuel and about 7% for the outer fuel., The compari-
sons are shown in Figures 12 and 13, These results are consistent
with an observation by Kemshell® that fast fission ratios are
significantly (~10%) underpredicted for most lattices The dis-
crepancy may be a result of error(s) in the 238 fast fission
cross, s&ctxon, the 2?%J inelastic cross section, and the *°°U
and %%y fission neutron spectra.

38 rigsion Ratio {8:¢)

RAHAB overpredicts the ratic of epicadmium to subcadmium
233 fissions (8;s). For both Type I and Type II fuel, &,
{inner fuel) is overestimated by about 23% on average, and &5
{outer fuel) is overestimated by about 14% (Figures 14 and 15).
This magnitude of discrepancy is not likely a result of any small
di fference in the thermal cutoff energy between calculation and
experiment. The discrepancy is believed to be a result of the
resonance treatment method used in RAHAB. The calculation treats
the %%y resonances individually and neglects the effects of
overlapping of **%Y and neighboring **°U resonances.

23841 Resonance Capture (pza)

Measured and calculated 0, are compared in Figures 16 and
17. For Type 1 fuel, 0,4 {outer fuel) is slightly overpredicted
by azbout 4% average, and pus (irmer fuel) is consistently over-
predicted by about 22% on average. For Type II fuel, p,, (outer
fuel) is overpredicted by about 10%, and p,, {inner fuel) is
cverpredxcte& by about 20%. These dlscrepanc1es suggest that
epithermal 2384 neutron capture is bezng overpredicted by RAHAB,
Any reduction of the epithermal 238y capture cross sections to
force agreement does not appear warranted by current differential
cress section measurements: therefore, the major part of the
discrepancies is most likely attributed to the resonance capture
treatment by RAHAB,

Modified Conversion Ratio {C*)

Comparison of measured and calculated C” is summarized in
Figures 18 and 19. RAHAB av&restimates C* (inner fuel) for both
fuel types by about 8% and C* (outer fuel) by ahout 1% for Type I
fuel and about 4% for Type II fuel, Because C* is dominated by
thermal vatheyr than resonance effects, the magnitude of disagree-
ment in C* between calculation and experiment is less than in p,q.
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Material Buckling (Bp?)

The results of the buckling measurements for both fuel types
are given in Tables 8 and 9. Bucklings and kefs values calculated
uging the integral trangport theory code RAHAB with ENDF/B-IV
cross sections alse are included. The calculated material bucklings
are consistently lower than experiment for both fuel types (Figures
20 and 21). The discrepancies correspond to errors in kege of
from 4 to 8% with the largest disagreements at the lower pitches
{increasing fusl-to-moderator ratio).

For both the axial and radial measurements, the standaxd
deviation in flux was approximately 0.5%. This uncertainty in
flux induces an uncertainty in buckling that is dependent on the
magnitude and nature of the curvature. The standard deviation in
axial buckling ranges from 0.10 to 0.20 m™%; and for the radial
buckling, the range is from 0.20 to 0.35 m™%, These statistical
uncertainties in flux and buckling are primarily associated with
uncertainties in gold pin mass, .gold pin position, and position
of fuel assemblies. Repetition of buckling measurements after
unloading and reloading of fuel and pins indicates the bucklings
can be reproduced to within 0,10 m™%,

The major source of systematic error in these experiments is
expected to bhe the application of exponential theory te a3 lattice.
The detailed effects of this approximation on the buckling measure-
ments have not been investigated, However, an SE buckling measure-
ment was compared o & critical measurement of the same lattice.
The test lattice was very similar te lattice Types I and I1, The
buckling of the test lattice as measured in the critical facility
was lower than the 8B value by 0.20 m™%., No adjustment in the
data of Tables & and 2 was made on the basis of this information;
the error ranges in those tables reflect only the statistical
uncertainties in the measurements, In all cases, however, the
discrepancy between measured and calculated values of the material
buckling are significantly larger than either the experimental
uncertainties or the possible blas between critical and exponential

nessurenants,

The radial bucklings for Type 1 and Type II fuels exhibit
no regular or easily predictable dependence on lattice piteh,
The explanation for this, as may be deduced from Figures 2 and
3, i5 that the effective core radius or alternately the geometry
af the core leakage boundary for a given fuel type has no
systematic dependence on lattice pitch,
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TABLE 8

Comparison of Measured and Caleculated Matarial
Bucklings for Type I Fuel af 99.75 mol % 0,0

Latrice pitch, inches 5.50 6,00 7.00 8.08
Axial buckling, =2 ~14.42 £0.20 ~8.94 £0.20 -2.53 x0.10 -0.2B *0,10
Radial buckling, m"? 9,50 0,30 9,36 £0.30 9,30 £0.25 9.48 0,20
Materisl buckling, w™?
Mpasured ~-4.92 £0.36 0.42 0,36 6.77 £0.27 9.20 %D.22
RAHAB-ENDF/B-1V ~10. 95 -4, 57 .88 6.30
kere (RAHAB-ENDE/B-IVY  0.921 0.933 0,942 0.951
TABLE 8
Comparison of Measured and Calculated Material ‘
Bucklings for Type 11 Fuel at 98.75 mol % 0,0 ’
Lattice pitch, inches 6.35 7.00 8,08 §.25
Axial buckling, m™"® “5.72 #0020 -1.36 20,20 2,46 20,10 4,01 20.10
Radial buckling, m™2 8.50 20,22 9.06 20,22 9.36 20,20  9.17 0,20
Material buckling, m™?
Hegsured 2.78 0,30 7.70 20,30 11,82 20,22 13.18 x0.22Z
RAHAB-BNDF/B-IV ~2.64 3.24 8,57 10,81
Katg (RAHAB-ENDF/B-IV) 0.828 0,940 0.851 0.960
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Conclusions

In generazl, the discrepangies in the reaction rate measure-
ments between experiment and RAHAB do not show a pitch dependence
{Tahles 10 and 11}, Also, the calculations do less well in
predicting inner fuel parameters.

The overprediction of pyg, C*, and &5 and the underpredic-
tion of d;s are consistent with the underprediction of material
buckling and kgpg by RAHAB., The magnitudes of the discrepancies
are larger than uncertainties in input cross sections, experimental
uncertainties, or poessible systematic bias in the experimental
methods, The most probable source of discrepancy is the theoret-
ical treatment of resonance capture in the RAHAB calculations.

The deralled reaction rate parameters and material bucklings
presented here constitute a set of data that should complement
existing benchmark D0 lattice data. Coaxial tube fuel assemblies,
such as Type I and Type 11, provide a more-detailed set of reac-
tion rate data for comparison of calculation to experiment than
is possible for simple rod lattices, Also, the Type I and Type 11
fuel at the lattice pitches considered represent fuel-to-moderator
ratios that are significantly larger than for other measured D:0
latticss. For example, the 6.35-inch-pitch Type II lattice has a
ratio of uranium to deuterium {470} that isx a factor of ten larger
than that of the highest U/D ratioc of the MIT rod lattices.® The
significance of this is that the Type 1 and Type TI lattices
enhance the relative number of captures in “°°U and thus present
& more rigorous test of calculational methods for resonance capture.

EXPERIMENTAL REPRODUCIBILITY

The parameter measurements at the 6,35-inch pitch with Type I
fuel were repeated {Experiment 6) at the end of the experimental
program to check reproducibility. The 6.35-inch-pitch case was
chosen bscause, at this high fuel-to-moderator ratlo, resonance
capture effects are accentuated and geometry reproducibility is
more critical. The earlier measurements {Expsriment 3) had been
completed with a U0 purity of 995.37 mol %, although the purity
at the time of Bxperiment 6 was 99,13 mol %. Small calculated
corrections were used to convert the results to a common purity
of 99.7% mol %, The comparison is summarized in Table 12, The
messursnents were duplicated within a 20 range {values of ¢ given
in Table 117,
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TABLE 10

Comparison of Measured and Salculated Reaction Rate Paramaters for Type { Fuel st 38.75 mol ¥ 0,0

Porametar Piteh  Euxpt.

Bzn

o+

s

5.
&,
7
&

N

Do Fugd Quter Fuel Aasambly Avg.
5td. cale./ Std. cala, s cala./
pev. Caln.  Exph. Expt,  Dev. Cale., Eapt. Eept., Cale. Bxpt.
2550 +0.019 1.0088 1,180 2,432 0,016  2.504  1.030 2.47%3  2.%678 1,083
1.971 0013 2.396  1.216  1.928 0,080 1,952  1.0%12 1.942 2,102 1.082
1.388 #0812 1,687 1.2 1,291 10,028 1.338  1.030 1.323  1.448 1.0%4
.08 #0016 1.299 1,248 0,905  20.034 0,988 103 G.94%  1.097 1.156
Aeg 1,215 Avg  1.044
.65 8,016 1,777 1.073  1.p4B £0.024 1634 0,993 1.64%  1.5684 1.02%
Toaa?  #0.014 1,570 1,085  1.481 10,025 1.42%  0.982 1.448  1.475 1.0M8
1.180 20012 1,308 1,100 Y.142 0 20,0917 1,170 1.02% 1,158 1.817 1,053
1.059  +0.011 1,154 1,098 0.998 10,015 1.026 1.0%8 1,024 1.399 1.037
Avg  1.087 dvg  1.007
8,258 40,003 0.313 1.237 0.20% x0.004 0.L2ES 0 1,117 0,222 0357 1158
0,203 #0027 0.24% 1,227 G157 #0.003 5178 1,134 8.173  0.202 1,168
0,182 +0.0018 0,174 1,225 0.10% 20002 0.127 1010 0.120 0.%138 1.150
0105 0,007 0,132 1,280 0.0787 +D.0615 0.0901 1,145 0.0874 0.%104 1.190
Avg 1,235 . Avg 1,127
$.134 3,005 0,125 6.931  0.0978 :£0.004 0.0%03 0.973 0,107 0.182 $.953
2,128 £0.00% 0,117 0,914 0,078 0.0035 0.0822 0.936 8302 §.0943 0,925
4,12 20,8058 G.I08  0.901 00777 £0.083  G.0734 0,945 0.0921 0,0853 0,926
0.11%  +0.0048 0,104  §.904 0.0740 0,003 O.BEES 0,926 0.0876 D.0BO3  0.917
Avg (.13 Avg 0.945
1,987 30017 1811 1,031 1,628 0,024 1.873  1.028
1,759 $0.017 1.74% 0,994 1,575 10,023 1.604  1.018
1.656 0,018 1,855  0.39% 1,477 0,022 1.504  1.018
1.547  10.0%% 1,580 1.078 1,807 0,021 1,438 3,023
Avg  1.013 B Avg  1.022
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FARLE 13

Comparison of Measured and Caloulated Reaction Rate Parameters for Type IT Fuel at 99.75 mol ¥ 0,0

Farams Sy

41

C*

Inner Fusl Cuter fuel Aagembly Avg,
St Ot sed. Ogle, / Corler, 5
Piteh  Rupr.  Dew. Cgle, Expt. Expt,  Dew, Jale.  Empe, Ezpt. Cole,  Expt,
£,35 2,701 0,026 3.235  1.198 2. 3W7  :0.076  Z.888  1.126 2.507 Z.900 1.157
7.00 2,145 £0.013 2.5%8 1,193 1.B78  +0.03¢  Z.058 1.09s 1.979 2,248 1.13
808 1.563 0,013 1,836 1.213  1.330 :0.024  1.462  1.118 1404 1.824 1.15827
885 1,229 «0.01% 1,494 1,316  ©.983  £0.029  1.713 1.132 1.673  1.8%3 1,168
16.0 £.815  £0.019 0.945 1,160 0,617 +03.043  0.6488  1.08] 0.68% 0,758 1.3
Avg  1.186 Avg  1.106
6,35 1,381 20,013 1.470 1.096 1.269 .tQ.OZS 1.340 1.058 L3058 1.39 1.086
7.00 .18 »0.012 1.289  1.0%0  1.094  10.016  1.183  1.054 1,135 1.208 1.083
8.8 1,006 0,010 1.096 1.089 0,922 $8.014 0,962  1.0423 0.85% 1.013 1.056
9.2% 0,897 0009 0.972  1.084  0.810  0.012  0.844  1.042 0,847 0,83 3.0582
4.0 0.755  $£0.008 0.78Y 1.045 O.686 10,010 0.678  1.004 0,702 .8 1.023
Avg  1.0®) Avg  1.843
5,35 0,252 20,003 0.307  1.218  6.7199 #0004 (.231 1,161 0,220 0.260 1.182
7.00 0,395 £0.002 0,242 V.24 0155 11003 6.377 0 1.142 0,170 G.20% 1.182
B.08 0,748  $0,0035 8377 1.196  G.108  £0.082  0.125 1.157 0,123 0.144 1371
9.25 0,18 #8.001 0.137 1.223  0,0869 10.001% 0.0838 1,159 4.0823 0,110 1.192
1.0 00888 +0.001 0.0783 1,208 0.0447 20,001 00804 1,143 0.0818 0.0603 I
Avg  1.2V7 Ayg 1.1%2
6,35 0,115 20,004 0,102 0.887  0.0843 50,003 0.0773 0.917 (.0%62 0.08722 0.906
2.60 0104 0,008 0,092 $.525  0.0731 £0.003  0.0705 0.96% 0.0850  0.0805 7,947
.08 0,102 +0.004 0.0909 0.897T  0.0672 :0.083  0.0640 0.952 0.080%  0,6742 3.926
8.25 0,103 £0.004 0.0884 0.858 0.0675 #0.003  0.0804 0.89% {.0805 0.070% G, B8}
16,0 60954 0,008 0.088% 0,911 0.0820 £D.0025 0.0573 0.924 0.0741 G.0680 4.218
Avg 0.893 Avg £.930
6,35 1,737 +0.017 1.800 1.036 1.BB&  x0.023 1.673 1.05%
F.080 1644 #0.016 1738 1,088 1,539 10,023 1,897 1.038
8.08 1.58% 0,018 1.84%  1.038  1.41% 0,087 1.506 1.0}
$.25 1.830  0.015 1,885 1.038  1.378  :0.027  1.440  1.048
4.0 1.392  0.004 1,459 1,048 1,267 #0.019  1.318  1.040
Avg  1.043 Avg  7.048



TABLE 12

Experimental Reproducihility - Type 11 Fuel,
§.38<inch Piteh, 99.7% mol € 0,0

Experiment
3

&

36

Bap ot G 834 ki
Iy Outer  Iever  Outer Iuner Outer Duwr Quter Dowr Juter
2,734 2,400 1,386 1.281 0.251 0.1% 0,104 Q.0780 1,726 1.582
2,897 2.373F 1,336 1,258 0,254 0,202  0.108 0.0773 L.7i6  1.556
1018 31,011 1,007 1,038  0.9288 0.870 (.93 1.008  1.006 1.0%7
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APPENDIX A — THERMAL FLUX DEPRESSION FACTORS

Corrections were applied to the measured subcadmium foil
activities to account for the thermal flux peaking {(or depression)
that vecurred at foil sites in the fuel and moderator and to
reduce the measured subcadmium setivities to values for infinitely
thin foil detectors. Thermal flux depression factors were used
for this purpose, The thermal flux depression factor, F, is
defined as the ratio of the specific activity of & finite thick-
ness foll to that which an infinitely thin foll of the same
material would have had under identical irradiation conditions.

To correct for flux peaking in the fuel, the subcadmium activity
of the foils in the fuel was multiplied by the ratio

FFuei
Froit

whers

Frgiyp = thermal flux depression factor of the combined
foilf{s) and aluminum fission product guards

Fruyel = thermal flux depression factor of an equivalent
thickness fictitious foil of fuel material

This ratico then corrects the actual average flux in the foil to
the proper value corresponding to the average flux in the fuel.
For foils in the moderator, the subcadmium activity was multiplied

by the ratio

Fp.0 . 1
Froi1r  Fpeit

and Fp,g 5 1

The corrections were determined from the formalism of
DP-817.'% The wodel assumes an isotropic and monoenergetic
neutron flux incident on a slab absorber within a cavity. The
average flux depression within the slab is given by

- 2 B X))
§Slab - X
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whers

X o= Koy, {§ is the atom density of the foll per unit arvea,
and ¢, is the cross section at 2200 m/sec.)

B, (X} = exponential integral
The function is plotted in Figure A-l. The thermal flux depres-

sion factors used in the experiments using Type II fuel ave
sumparized in Table A-1,

1]
L

8
B 0SS -
A

.
(.80 s Hon
X -

FIGURE A-1., Thermal Isotropic Flux Depression Factors

TABLE A-1

Summary of Thermal Flux Depression Factors for Type I1 Fuel

Foll Fryat

Gup, om Material hicknese, om Xpyel  Xpodl  Fuueq Frogy Froil

0,053 ou 0.0267 0.0162 0.0086 10,958 0,976 0,983

0,015 Bepl U 0,0081 O.0075  ©.0011 0.972 0.997 0,982
P g oA

p.ogg  CRired Nat o, 40, 0.0137 0,0051 0.965 0,985 0,879
and Depl U

0, 0%0 28581 0.,0127 4.0008  0.0034 ©.973 0,990 0.983
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APPENDIX 8 - FOIL GAP CORRECTION FOR o, MEASUREMENT

Factors of .99 and 0.98 were used to corvect the 28y

resonance capture activities in the inner and outer fuel respec-
tively for the increase in resonance capture caused by the l-mil
gap at the detector foils., These factors were derived from a
foil gap experiment using Type I fuel in which known gaps ranging
from 1 to 21 mils were introduced by aluminum spacers placed on
both sides of bave depleted uranium detector foils. The Type |
fusl and foll-bearing irrasdiastion assembly are similar to the
Type I{ so that the corrections derived are applicable to the
Type I measurements. The experiment was done at a 5,5-ingh
pitch to accentuate resonance capture effects. The **’Np sub-
cadmium activity component of each foil was derived from
previously measured values of £,, (immer fuel) and £, (outer
fuel} for the l-mil gap case after correction for the difference
in the thermal flux peaking. Analytically,

[23@ ]1wmi1 gap [nypa I Fuel }
2iny x-mil gap _ Ploub-Cd + Epi-Cd | fFoil 1-mil gap
REIT: N [} “p }}~mi1 gap [nype 1 Fuei}
' “% 1 Meas froil x-wil gap
where
fragq = thermal flux depression factor of the combined foil

and aluminum spacers

ffypﬁ I Fuel © thgrm&l flug dép?e$sinn’factﬁr of an equivalent

thickness fictitious foil made of Type I fuel
The normalized ***Np epicadmium component of each foil was plotted
versus foil gap thickness and extrapolated to zero gap to obtain
the correction facters as shown in Figures B-1 and B-2,
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APPENDIX C — FISSION PRODUCT CORRECTION FOR o, MEASUREMENT

The fission product activity in the 90-116 keV window for
the natural and depleted uranium foils in the fuel was extrapo-
lated to zero by the following correction:

@n~1is B0-~11 8
Mp ¥ {Aﬁ? * Aﬂ??) - R<A>SOG)

Meas

UFP
where
5p-11% e
(Agg * Augp) = measured activity in the 90-116 keV

Meas window [consists of components due to
23%p decay {Aﬁ;"ils} and deca¥ of
uranium fission preducts (AJfp )]

90-116

Appp

= “;ggg““*z ratio of uranium fission product activity
EP in 90-116 keV window (AJFp''®) to the
uranium fission product aetivity at an
integral bias of 500 keV (AS8°)

in general, R is a function of counter geometry, exposurse time
aftey irradiation, and foll thickness, The ratic R was determined
for the actual counting conditions and irradiation times of each
experiment by including natural and depleted uranium foils in a2
comnon flux at the thermal reference position and counting these
foils with the natural and depleted uranium foils from the lattice,
The activities of natural and depleted uranium foils in a thermal
flux are given by

AZTTHIS o p80-118 L a00-116 £-1
: Np “urp -1
288
B N 23%
$6-116 3] 983186 b 90,116
S <f¢“> (ANP )(-@} Aurp ©2
25068 w580
= A {C~3)
23 %0rp

w508 . 235
A ¥ PV (C-4)
Ny UFP
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where
- - >508 >389
Jomiie Agg tie Ay s Ay represent natural (N} or
depleted (D) uranium foil activity per *°®u atom in the
80-116 keV window or at the integral bias >500 keV,

- > . ; Lo
Aggsggg, Azggng represent natural uranium foll figsion
product activity per *7°U atom from ?°°U fission in the
90-116 keV window or at the integral bias >500 keV.

A;;»x:a represents the natural uranium foil *3°Np decay
activity per **%U atom in the 90-116 keV window,

NG
densities for **5U or

238
, Ny o, Ny, Nj represent natural or depleted atom

238u

Eguations C-2 and C-4 can be rewritten as

so~118f N, V38
SR ey e
and
N \23e
ss509 { My 520
where

238 2%8
Ny Ny

Subtracting Equation (-5 from C-1,

g4-118 so-116 /N, V%8

N (gﬁ-) = A0 - ) (c-7)

D urp
Subtracting Eguation -6 f£rom C-3,
<N 234

%580 25¢0 N > 540

&, - Pras = Aygs {1 - 43 {(C-8)
N oo \Fy UED
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¥

Forming the ratio R' of BEquation C-7 to (-8,

N \23e
98118 _ ,90-116] N 58-116
A Ay q Adss

b - UEP (c-9)

238 -SR]
»509  >su0 f Ny AL qs
Ay Ay g UFP

Making the gssumptions that the same ratic applies to
fission products {i,e., the fission product distribution for
“3%y fission is closely identical to that for **%U fission) and
that the “°°Y fission product distribution does not depend
strongly on neutron energy, then

b

R

2383

490-118 490118 A 30-11%6
Rrzs 238 {Azss YT
L UFP upp uEp UFP
- TOUEREES T OTLETE - 5417
Azan Azua [Az3s MESTTINS
UEp LUFP UFP UFF (C-10)

The ratio R is obtained more accurately from the natural and

depleted uranium foils in the thermal column irradiation than
would be obtained from the natural and depleted uranium foils
in the lattice fuel for two reasons:

@ In a purely thermal flux {no ®*®U resonance capture), the
desired fission product activity is larger relative to the
“3°Np activity, which for this determination is an undesived
background.

e The *?°Np activity in a thermal flux irradiation is quite
insensitive to foil geomstry imperfections.



APPENDIX D — FOI, THICKNESS CORRECTION FOR p,, MEASUREMENT

A y-ray self-attenuation correction must be applied to
account for the difference in y-ray absorption with foil thick-
ness when the natural and depleted uranium foil activities in the
Opa measurement are compared, This correction is particularly
important to the uranium foil-counting data in the 80-116 keV
window boecause of the large mass absorption ceefficient of uranium
in the 80-116 keV region. To estimate the effect of self-atfenuation
in thin uranium foils, the simple model shown below is used. The
distance, d, from the foil to the detector was sufficiently large
so that only the path through the foil normal to the surface is

considered,

The correction is derived by assuming a uniform distribution
of gamma activity in the uranium foll of thickness x,. The activity
of a thin element dx{Agy} is given by Agy = dx. The measured
activity contribution of dx{Agy)y at the detector is given by

~LiX
(Agdy = K e dx

dx
i

Nal
Detector o e

*——mx}-ﬁ-—
i S
o
Foil
where
k = k {time, sxposure, gedmetry]
i = linear absorption coefficient for

uranium in the 30-116 keV window
The measured activity of the foil (Ay) is then

o

Ay = K f oM ax = é« (1 - e "%

O
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The actual or true activity of the foil without attenuation
is given by

ﬁ.,f # k.x.o
80
AT ) U&Eﬁ o
SR R LS

W is determined from a simple transmission experiment for the
90-116 keV energy window by shielding an irradiated ?*°U foii
with different thicknesses of unirradiated **%U absorber.

The linear absorption coefficient is given as the slope of
the straight line fit on a semilog plot of the counting rate
versus added absorber (Figure D13}, For uranium in the 50-116
keV window, u = -0,0627 mil~', The attenuation corrections for
the natural and depleted uranium foils in the P2: wmeasurements
are given in Table D-1.

TABLE 0-1 :
Gamma Attenuation Corrections

Depleted  Nabural

Draniwm leanium
Fpil thickness, wils 3.2 4.3
Vg
= 1.107 1.146
1 - e V¥

The effect of seif-attenuation is a small correction (~3.3%)
for the difference in thickness between the natural and depleted
uranium foils used in the measurements.
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FIGURE D-1, Uranium Metal Gamma Attenuation in 90-116 keV Window
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APPENDIX E — AXIAL ELEVATION CORRECTION

Corrvected foil activities were reduced to a common axial
glevation by corrvection factors derived from the measured axial
flux profile in each experiment, The shape of the axial flux
was measured by activation of 15 gold pins (1/4~inch x 1/16-inch
diameter) placed ar I-inch intervals on a bead chain that was
suspended near the center hex. For the cases where Byp® < Bgp?,
the gold pin activations were fit to a siwple exponential decay
function over the ~3-inch region where ths experimental foils
wers located, and this function was used for the foil elevation
corrections. For the more reactive lattice case where By* > Bp®,
the elevation corrections were obtained directly from a smooth
curve £it of the gold pin activations.
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APPENDIX F - MEASUREMENT OF <5283§§§

The value of {628}§2§ was determined by simultaneous
irradiation of foils at the reference position and direct measure-
ment of P{1) using 2 double-chambered fission counter with thin
films of depleted and natural uranium as fissioning elements and
with natural and depleted uranium foils contained between the two
fission chambers. During irradiation, the relative nusber of
fissions (R} oceurring in the two films was determined by counting
pulses from both chambers., After irradiation, the relative fission
product gammz activities of the foils in the fission chambers and
at the reference position were determined by counting with a Nal
seintillation spectrometer. Since the foils and the films in the
double~chambered fission counter were in the same flux, the same
relative numwber of fissions occurred in the folls as in the films

and P{t} is given by

- 235 ! 238 5
N N
0 D
i - F N - y{t}
N N
P{f) = N T y EER
Pl ORI
» %N - N -
whers
¥{t} = ratio of the specific gamma activity of the depleted

uranium foils to the specific gamma activity of the
natural uranium folls contsined in the fission counter

F = ratio of the specific fission rate in the chambers
containing the depleted uranium film to the specific

fission rate in the chamber containing the natural
uranium film

N = atom density of the natural (Ny) or depleted (Np)
uranium foils
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With simultaneous irradiation of foils at the reference
iocation and in the fission counter, the valus of {623)§§% is
given by

Nat fa -~ Flib « v{ey 1y (&) - a
©20)per = [? - b][y(t} - a] {b - Y'{t}]

wherse

v'(t) = ratio of the specific gamma activity of the depleted
uranium foil to the specific gamma activity of the
natural uranium foil at the reference position in the
i~inch diameter uranium rod

(N >23€S
D
bEAw
N

Thin patural uranium and depleted uranium films for the
fission chamber were prepared by slectrospraying approximately
0.008 g onto 5/8-inch-diameter stainless steel backings., After
deposition, the films were fixed by baking at 200°C for 1/2 hour
in an oven.

The relative masses of the thin uranivm films used in the
fission counter were determined by an auxiliary fission rate
measurement in a pure thermal flux in the 5P thermal column.

The welative mass ratios were determined from the known isotopic
composition of the uranium used in the preparation. of the films,

The isotopic composition of the depleted uranium foils for
the v{t) measurements was determined by activation of the foils
in a fully thermalirzed neutron flux, thus eliminating fission
product activity from fast fission in **®U. Natural uranium
foils of the same size and thickness were included in the acti-
vation to provide a normalization to a known 235 {sotopic
abundance. The natural and depleted uranium used in the prepara-
rion of the thin films for the fission counter were taken from
the same stock material used for the foils.

Four experiments were performed to determine {ézgjgig.
The fission counter was located inside a3 Type I fuel outer slug
that was in turn surrounded by seven Type 1 fuel imnner slugs.
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This arrangement was designed to improve the depleted uranium
counting rates by boosting the fast flux at the fission counter,
The entire assemblage was surrounded by graphite to improve the
thermal fission rate in the Type I fuel flux boosters and located
near the side of the 3P reactor. Hach of the four experiments
was compieted with a different combination of depleted and natural
uranium films in the fission counter, The fission product gamma
activities of the natural and depleted uranium foils in the fission
counter and in the l-inch-diameter reference rod were measured
with a bias of 500 keV during the time interval from 4 to 8 hours
after irrvadiation. The experimental results are summarized in
Table F-1. An average value of {5ag}§@% = (3,076 £0,00] was
ohtained. No corrections have been made for the small differences
in flux depression and gamma attenuation between the 2-mil-thick
natural wranium folls and the 3-mil-thick depleted uranium foils,

TABLE Fo1

Suymmary of Fast Fission Measurement Data

Experiments
7 7 Z y :
yit) 0.1367  0.1408  0.1432  0.1413
vt 6.08622  0.08754  0.08633  0.08610
P 0.1498  0.1509  0.1568  0.1580
{525}’;?; 0.076 0.075 0.076 0.078

The measured value of (§2a}§§§ iz checked for accuracy by
using the reference technigue to determine &5 for an isolated
linch-diameter natural uranium rod in a thermal neutron flux,
The measurement was made with a simultaneocus lrradiation of
1/2-inch-diameter natural and depleted uvranium foils in the
(égg}%é% geometyy and l-inch-diameter natural and depleted
uranium foils of the same stock in an iselated l-inch-diameter
by G~-inch-long natural uranium rod, The l-inch-diameter rod was
positioned in the center of a 12 % 13 % l4-inch air cavity
surrounded by 4-inch-thick graphite placed adjacent to the SP.
The fission preduct gamma activities were determined by counting
with an approximate 1.3-MeV bias during the time interval from
2 to 4 hours after ivradiation. A measured value of 0.053 £0.005
is in good agreement with a careful measurement by Bigham'' of
0,050 £0.001,
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APPENDIX G ~ DETERMINATION OF 97h Ref

An index related to the thermal neutron energy spectrum
is obtained experimeﬁtaily by activation of copper and lutetium
feils. The ratio attlce) of the subcadmium a¢tivities of
7704 and %iu from ?3115 in the lattice cell normalized to the
same ratio {grh pes) from foils in a pure Maxwellian spectrum at
the thermal reference is used for direct comparison with RAHAR
calculations.

This type of experiment can be simulated by calculation.
The relative foil activations for *°Cu and '7®Lu at each cell
geometry subregion arve presented in the RAHAB code edit option.
The equivalent ratio (g, per) FOr a Maxwellian flux (used for
the normalization) was calculated from the same muitlgroup Cross
sections used in the RAHAB calculastions,

The Maxwellian distribution of velocities 1s given by

*

dn v* o
dn & = ——r @ dv
VT Vg

where dn is the number of neutrons per unit volume in the velocity
range dv at the velocity v, and p is the total number of neutrons
per unit volume. The velocity v, is the most probable velocity.
The Maxwellian distribution of flux [dinv)] is given by

2

: %)

dn ¢ v
= diny} = ~*~(wm~ e dv
(v ﬁ;vn}
. . , . v
or in terms of a dimensionless variablie V albvee
o
Z
~%F
o = 3y g

Vi
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Dividing the thermal region into small energy groups or bands,
the flux in group 1 is

PV AP RN
i ST 1 1
The reaction rate contribution of group i is

where ¢j is the average cross section of the i th group. The

toral reaction rate or activity is then ) ¢304.

Table G-1 contains a listing by energy group of the velocity
Vi, the group width &V;, the neutron flux ¢4, the cross section

o3 {for *7®Lu and ®°Cu), and the product $j05. The accuracy of
(2699
8Th Ref = —e——— = 694.24
¢.0,]
€§ A {:u 4

was verified in a test problem at a 48-inch pitch using Type 11
fusl, R~ 1,00 at the cell boundary, and R = 1.0032 at 46.9 inches
from the center of the cell.
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TABLE &1

Uetermination of gpy gae

Engpgy
Group

B4
57
a8
a4
a0
&1
42
&3
ol
(35
66
&7
68
13
76
3

7%
74

6
7
78
8
80
B

a%
a4

vy
4.747%
4, 2725
3, 8550
3.4500
3.31725
2.8878
2.6800
2.4550
23778
2,3225
1. 280
1.845
1730
1505
150
1.8¢
1.3
120
1.16
1,40
0,80
&, &0
[
G560
4,58
¢, A4
8,3
.20
3,18

898
0.588
0, 44%
6.38
4,34
0,295
. 255
.22
5,18
§.185
¢.143
914
6.13
0,12
0.11
0.1
.1
5.1
0.1

.1

¢z

3 x 1Ww0m®

4,1 x 1077
7.85 x 1078
7.417 x 10°°
4,008 x 197"
1.4812 % 1078
3.5009 x 1677
§,7827 x 1p7¢

1.0893%6 x 307°
1,532%4 x j07*
2.15534 x 107*
2.7138% & 1072
3. 18820 = 3073
5, 45091 » 157F
3,585727 x 10°°
3, 865186 x 107°
408388 = 107°
4,09411 x 107F
1.96901 x 107°
1,6787% x 1072
£.28302 % 1070
2,68874 x 1078
3.310131 = 1072

1.50688 x 3107
9, 7351 = 107%
8.4537 x 1o
z.4676 x 187}
7.686 x [97%
9.9 x 107F

2?6!;“ 53%
9;, barms  $, U dg, barms %y, O
43,0 4 x 1077 G.949 -
74.5 3x 1078 1,093 .
1435.0 1.12 x 1g7° 1.290 1.0 x 1978
294.7 2,315 x w? 1.487 1.10 x 107
£84.0 2,7417 x 107t 1.681 6.74 x 7Y
1743.8 2.44307 1.820 2.620 x 107}
48851 17.1370 2.053 T.187 x 167
11304.2 75,8733 1.228 1.5112 x 107°
12265.9 133.86196 I.396 2.6101 x 157F
8128.4  134.5710 2,559 3.9218 x 107°
5309, 114.4463 2.719 5.8604 x 107
3837.1 104.1325 2.888 7.8375 x 107%
3048.5 96,6131 3.058 5.6914 x 107¢
2554.5 89,7673 3,230 1,11788% x 10!
2381.2 B4. 7046 3,401 1,2098% x 107}
2142.1 82,7955 3,579 1,38334 x g7}
2026.8 82,1684 3,773 1.52083 x 1p7}
1960.0 80,2446 3.988 1.63373 x 1471
1938.6 76,8638 4,228 1.67810 x 107F
19538 71.8783 4.341 1.6705¢ x 107}
3014.0 65,3143 5.196 1.68507 x 107}
212%.3 57.3235 6.035 1.62928 x 197t
2204 .8 48,2208 7.066 1.4547% = 107t
2555.9 %8.5165 B.370 1.26134 x 187
2655.3 28, 768% 14,087 9.8198 x 1072
3589, 4 19.575% 12,476 6.8040 x 107¢
4655.5 11,4830 16,088 3,873 x 1070
65863.1 5,2752 27,768 1.7500 x 1g7d
13601, 4 1.3466 45,116 4,466 x 1077
Ie 1514.185 2.18106

§Th Ref = 694.34
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