-

REGEN ED  ornuTM-t3a40
23

s e e s ST SE NN SR ST RS ST
- = = . ___ ____ ___
... ... . - =
... . _ __ ____
.- . . .
.. . - . - - o ot
- = . = - S o e
f s = =
- - . - - .
... - = e
- . . - =
. - - -
.
B o e
-
B e
.-
e o . .
o N .
pei 4 = e ) T
E S
= i ¢ & & > ey
s R . e e
o e i ne e e R T aE e oL -
e L e e s e e s T
e s e SR aE s
- E B = L e e e
o s
= . -
P .
e s - - -
Braa o oan e s e ne s e e SR e s ]
E - . - e =
i ] > o . g -
. 5 - - L
i 4 = m T 40 -
2 S § 2 Fan . re-n. . L] [}
.. ... . -
.. _ - . . . . -
... _ ______ ___ ] .
... ... = -
e . s s s
- . = . - ]

... = @ -

e e
. =

 LOCKNEED MARTIN’

e

ez
c e e

. - . -
e o T R e R R e s el Sen e
... _ v | |
. . - = jué =
4 T
idRaa e : pmieds e s g e ra n I u m e a
[ === =2 5 = = @ = .

L . ... e e

Hempeea e e -
Paecrmae s e s S ey
... .= - . . - .
E- ... - - = = = .
- . . . - = |
B . = = TEas el e s e
... ____ ___ _ . . .

= - s

= -
... _ .

C Sre e - . - -

SEioesaEnne e e . - e

- = = = = e e

- - . - - = i | a O r
. - - .. - - = . [ |

... e . .

P .. - - e e e e

=
2= T maeee e an
- e - - = |
= e e e e e seaaa s e
... - - _ - s

e
s

"
i
i
;
i
0
;‘
il
o
i
a
-
.
i

...
... . . s
... .- . - - |
L L e - - .
... _ .

= - - =

= -
e - . -
. et e «
e e s e e s i s s (&
... St

s e s e e
=

- = - s
S = - e
... . - -
... @ -
... . _
o - . . - |
- . . -
= e s s
- .. . . -
- . . . - . ]

i

- .
- - T
- .

i
o
o

b

-

!

- .. . =
e - CEnnaeni e e e e
c: o =

s

e

i
i
;
i
i
i
i
i
-
-
i
i

. = = .
- ... - = . e

X o e e e e o o) -
- e . E el .

- e e e EmaaE

. - - . = -
e Lomenan
o o -0
e -

IETeSL o e e e e e e
. . - -
.. - @

- - .. - = = |
. . S e
... - - - = = .
o = ... _ @ @ ]
... = = e s e e
- - = SrEae demi R e s
. - = = . = = = =

- - .-
- ... ... . . .
...

i
s
(L
i
.
1
o
i
.
i
o
o
i/
o
e
L
i
i
i
o
i
o
0
L
o

-
= e cen
e e oEtEna o e

.- . . - o

Sene oo
e

-
i
o
il
i
-
L
i
o
e

i
N
i
o
i
)
i
4
i
i
i
il
i
i
i
4

- -
2 e - ;
. .. .. .
... . - el e
- - - - . - - teaa
- a - .

. .. - . -
; . - - -
e s =
. ... - Teaa e
E-_-._-.=- . .. -

- . = . o e

:t:a;éﬁ .- - . = - Shomeen s

- . e s
e e - = - - -

S
e e

o

- - s
SR oeartE S Tr kR nh R S o R e R )
E % benRyER By
e ; e By - . = =
. mmaie s fai e el

| .

2o & = g af Cwlgs® F 5 =
- EUGRIIEED AT BV BOLIVE EAHGH | Y .
e L et

- =
- = .

Bt et =
s s n
T

Eevd S s e
st ot - - = =

i

o sttt nbad pintoy SeeRd o o

R e s e e e

[ .. - - =]

PR AL L e e
i - - -

e v rege

-
i
o
i
e
i
ey
o
b
.
i
i

,,

L e e

.. e

b e = = - E

P - - - .
- OREn T - - =
- vl IMEN Ur - -
2 WEEARMLIEE WE RIS E e e
L s .,
... . _ _
...
B ... ot
... . ____ . _ _ __ _ |
S = e e e s g
soowilel o) - o S e
. - - .- - .
... . - . ]
. - . = . ]
. . - - . = S
- . - = = - . - . o
- - . .. -]
o Aenemalanae el s sp i e




This report has been reproduced directly from the best available copy.

Available to DOE and DOE contractors from the Office of Scientific
and Technical Information, P. O. Box 62, Oak Ridge, TN 37831; prices
available from (423) 576-8401, FTS 626-8401.

Available to the public from the National Technical Information
Service, U.S. Department of Commerce, 5285 Port Royal Road,
Springfield, VA 22161.

This report was prepared as an account of work sponsored by an agency
of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference herein to
any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the
United States Government of any agency thereof.




DISCLAIMER

Portions of this document may be illegible
electronic image products. Images are
produced from the best available original

document.




ORNL/TM-13349

Instrumentation and Controls Division

THE CENTRAL VOID REACTIVITY IN THE OAK RIDGE ENRICHED
URANIUM (93.2) METAL SPHERE '

J. T. Mihalczo

J.J. Lynn
J. R. Taylor

Date Published—March 1997

Prepared by the
OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37831-6285
managed by
LOCKHEED MARTIN ENERGY RESEARCH CORP.
for the
U.S. DEPARTMENT OF ENERGY
under contract DE-AC05-960R22464







CONTENTS
LIST OF FIGURES. ... eeese e seee e seee s essee s ses s v
LIST OF TABLES ......oooooo oo seeee e sees s eeees e snere e vii
ABSTRACT ..o oo eeeeee e eeeee e ees e sses s seeree e ix
ACKNOWLEDGMENT.........coo oo eoees e e eees s ssess s ersese s ix
1. INTRODUCTION ..o eeeee s eeee s eee e seees e ss e eeeseseseseeee s 1
2. DESCRIPTION OF THE URANIUM SPHERE .........ovooooeoroeseeeoreeeeereesseseeeeseesen 1
3. MEASUREMENT OF THE STABLE REACTOR PERIOD ............oooooccoeorrceren 4
4. CENTRAL VOID REACTIVITY WORTH.d........roroeco.... S R 5
5. CALCULATED CENTRAL VOID WORTH. ......oorccooeeo oo 12
6. EFFECTIVE DELAYED NEUTRON FRACTION FROM CENTRAL WORTH..... 14
7. CONCLUSIONS .......ooso oo eeeeee oo s eeee e esereee s sees s 14
8. REFERENCES...........coooeoceoo oo oeeoeseoes oo seeees s eeeee oo ees e eee s ese s seees e 16

i







Figure 1.
Figure 2.

Figure 3.

Figure 4.

Figure 5.

LIST OF FIGURES

Photograph of Three Major Sphere Sections Disassembled .............cccccceeenn. 2
Photograph of the Assembled Sphere..............ccoooiiiciii 3
Sketch of the Modified Central Plate of the Central Section (all dimensions in

inches, dimensions underlined are measured)...........cccooveeerireenrveeenieeerneeeene 3
Enriched Uranium Metal Parts for the Central Worth Measurement................... 4
Distribution of Measured Central Worth Values.............cccccocoovvvninnniniannn. 12






Table 1.
Table 2.

Table 3.
Table 4.
Table S.
Table 6.
Table 7.

LIST OF TABLES

Measured Radial Dimensions at 70°F and Masses of the 3.4420-in.-Radius

Uranium Metal Sphere Parts..............ccccooviiiiiiriiiiiieceieei e eece e eeaens 2
Stable Reactor Period Measurements for Central Void Reactivity Coefficient

MEASUTEMENES .....coiiiiiiiiiiiieeceee et tre e et ece e e e att e e seseesesanneeseesmnanaesans 6
Six-Group Delayed Neutron Parameters of Uranium Isotopes..................... ..... 10
Calculated Fission Ratios in Uranium (93.20) Metal Sphere............c.cccceueeeeeee. 10
Central Void Reactivity Worth in a Uranium (93.20) Metal Sphere................... 11
ONEDANT Calculated Central Void Reactivity Worths.........c...cccccoieiiinecens 13

XSDRNPM Calculated Central Void Reactivity Worths............ccoceevveevnenicns 14







ABSTRACT

The central reactivity void worth was measured in the Oak Ridge unmoderated and
unreflected uranium (93.20 wt % °U) metal sphere by replacement measurements in a
small (0.460-cm-diam) central spherical region in an 8.7427-cm-radius sphere. The
central void worth was 9.165 + 0.023 cents using the delayed neutron relative abundances
and decay constants of Keepin, Wimett, and Zeigler to obtain the reactivity in cents from
the stable reactor period measurements using the Inhour equation. This value is slightly
larger than measurements with GODIVA I with larger cylindrical samples of uranium
(93.70 wt % 2°U) in the center: 135.50 + 0.12 cents/mole for GODIVA I and 138.05 +
0.34 cents/mole for the Oak Ridge sphere measurements, and the difference could be due
to sample size effect. The central worth in Ak units was calculated by neutron transport
theory methods to be 6.02 + 0.01 x 10* Ak. The measured and calculated values are
related by the effective delayed neutron fraction. The value of the effective delayed
neutron fraction obtained in this way from the Oak Ridge sphere is 0.00657 + 0.00002,
which is in excellent agreement with that obtained from GOVIDA I measurements, where
the effective delayed neutron fraction was determined as the increment between delayed
and prompt criticality and was 0.0066. From these Oak Ridge measurements, using the
delayed neutron parameters of ENDF-B/VI to obtain the reactivity from the stable reactor
period measurements, the central void worth is 7.984 + 0.021 cents, and the inferred
effective delayed neutron fraction is 0.00754. This central void worth and effective
- delayed neutron fractions are 14.2% higher than those obtained from use of the Keepin et
al. delayed neutron data and produce a value of delayed neutron fraction in disagreement
with GODIVA I measurements, thus questioning the usefulness of the relative abundances
and decay constants of the six-group delayed neutron parameters of ENDF-B/VI for
uranium for obtaining the reactivity from the measured reactor period using the Inhour
equation.
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1. INTRODUCTION

A nearly spherical uranium (93.70 wt % **U) metal assembly (GODIVA I) has
been previously reported.! An exactly spherical (i.e., all major parts machined to the same
radius with the same center) enriched uranium (93.20 wt % 2°U) metal system was
assembled to delayed criticality in 1971 at the Oak Ridge Critical Experiments Facility at
the Y-12 Plant for a variety of reactor physics measurements.> This paper describes the
measurement of the stable reactor period with and without a central spherical void region
filled with uranium. These stable reactor period measurements are used to obtain the
reactivity worth of a small spherical void at the center of the sphere. These central void
worths are compared with previous measurements of the worth of a central cylindrical
region at the center of GODIVA 1.* These measurements and neutron transport theory
calculations of the central worth are then used to obtain the effective delayed neutron
fraction, which can be used to evaluate the six-group delayed neutron parameters (relative
abundances and decay constants) of ENDF/B-VI data* as compared to those of Keepin,
Wimett, and Zeigler.’

2. DESCRIPTION OF THE URANIUM SPHERE

This uranium metal sphere with an average radius of 3.4420 in. consisted of five
major parts: upper polar cap, upper plate, central plate, lower plate, and lower polar cap.
The upper and central plate were pinned together with uranium metal pins, as were the
lower plate and lower polar cap. Pins were inserted by a shrink-fit process into the parts
pressed together. The measured dimensions and masses of the three major sections are
given in Table 1. Table 1 gives the mass for the central section with only a 0.360-cm-diam
diametral hole. A photograph of the major sections disassembled is given in Fig. 1, and,
when assembled, in Fig. 2. The average isotopic enrichments of the uranium in weight
percent were: 2°U = 93.20, 2*U = 0.9843, U = 0.03593, and, by difference, 2*U =
5.77977. For these and other measurements the central plate was modified as shown in
Fig. 3. Both the 0.070-cm. wide, 0.116-cm. deep thermocouple groove and the 2.54 in.
diam. radial hole were filled with enriched uranium. The central section plate had a
0.5010-in.-diam hole slightly past the center. A 0.5010-in.-diam insert for the hole was
fabricated in three pieces, as shown in Fig. 4, so that a 15.614-g, 0.4600-in.-diam uranium
metal sphere could be inserted and removed from the 0.4600-in.-diam central cavity in the
sphere.” All other holes shown in Fig. 3 were filled with plugs for the measurements. The
dimensions given in Fig. 4 are specifications, and those from production are usually within
0.0001 to 0.0005 in. above or below that specified. Those underlined are measured
values. The center of the Oak Ridge sphere was 0.020 in. above the center of the small
spherical cavity, so the reactivity worth is that for a spherical near central void displaced
0.020 in. off center.

" Dimensions given in inches and masses in grams because that was the way they were measured.




Table 1. Measured Radial Dimensions at 70°F and Masses of the
‘ 3.4420-in.-Radius Uranium Metal Sphere Parts*

Variation from
Section® 3.4425-in. Radius® Vertical Height® Certified Mass®
0% in.) (in.) ®
Top +1.2 at pole to 0.5 at bottom 2.1332° 11,883.24
Central -1.7 at top to -2.9 at bottom 1.8914 20,81495
Bottom +0.2 at top to +0.8 at pole 2.8608° 19,624.59 .

*Dimensions are given in inches and masses in grams because these are the units of measurement.

®The central section now consists of the central and upper plates pinned together, and the bottom
section consists of the lower polar cap and lower plate pinned together.

“Measured with a sweep gage at 70°F at the Oak Ridge Y-12 Plant. There is near-continuous variation
between end points. Average radius is 3.4420 in., or 8.7427 cm.

%The radius obtained from the sum of vertical heights divided by 2 is 3.4427 in., or 8.7445 cm.

°The masses of the sphere sections with all penetration holes empty. The sum of these certified masses
i 52,322.78 g.

¢ Polar height.

Figure 1. Photograph of Three Major Sphere Sections Disassembled




Figure 2. Photograph of the Assembled Sphere
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Figure 3. Sketch of the Modified Central Plate of the Central Section
(all dimensions in inches, dimensions underlined are measured)




.230 *99%5 Radius

4860920 Sphere Diameter

Break Corner .005
Typical /

Kzso +00%5 Radius §8-32 Top — 3/16 Dp.7
| }

»
gs g s
“ 8 —\" “E
g3 83
i _ i

—1263t e l PN YT L o NI

PCsi1 PCs2 PCs3

Figure 4. Enriched Uranium Metal Parts for the Central Worth Measurement

(all dimensions in inches)

3. MEASUREMENT OF THE STABLE REACTOR PERIOD

The central reactivity worth (in cents) was obtained from stable reactor period (T)
measurements with and without the small sphere present in a nearly delayed critical
configuration of the sphere. The sphere configuration of Table 1 (~30 cents subcritical)
was made critical by the addition of 0.2500-in.-thick 0.8750-in.-diam uranium mass
adjustment buttons to the surface, usually five on the upper polar cap and five on the
lower polar cap for most of the measurements. The measurements were performed as

follows. The system was assembled with the small central uranium metal sphere in place
to above delayed criticality by use of a small removable reflector. When the power
reached the appropriate level, the small reflector was quickly removed. The positive
stable reactor period was obtained from the reaction rate as a function of time in seven
external detectors that were either neutron counters or neutron sensitive ionization
chambers. For the four neutron counters, the count rate was measured as a function of
time; and for the three ionization chambers, the output current was recorded on strip-chart
recorders as a function of time. All detectors were external to the sphere at distances
from 6 to 15 f and were surrounded by at least 2 in. of paraffin moderator. The stable
reactor periods were obtained graphically. The shorter reactor periods were measured
over at least two decades of purely exponential change. The longer stable reactor periods
were measured for at least a time period of 30 min of purely exponential change. The
sphere was then disassembled by either raising the upper polar cap or by lowering the
lower section. The small, central uranium sphere was removed, and the system was
reassembled with the small reflector in place to a flux level from which the reactor period
could be measured after the small reflector was removed. This process was repeated 43
times to reduce the experimental uncertainty. The configuration of the sphere was with all
other holes filled and varying numbers of surface mass adjustment buttons.




The stable reactor periods obtained in the measurement are given in Table 2, where
the results are given in pairs (sample in, sample out). Whether the upper polar cap or the
lower section was removed to shut down the assembly is indicated in the second column
of Table 2. The number of uranium mass adjustment buttons on the sphere surface is also
indicated in Table 2. For most of the measurements the sequence of measurements was
not alternating but as follows: assemble the sphere, for example, with void in the center
and the stable reactor period T, measured; disassemble and insert sample, reassemble, and
measure T; disassemble, reassemble, and measure T3; disassemble and remove sample,
reassemble, and measure Tj; etc. In this way, T, and T, give one reactivity worth, and T
and T, give another. The reactor periods vary because of the statistics of the measurement
process, small temperature changes in the assembly over the day or from day to day, and
variation in the reassembly of the sphere. These 43 comparisons with seven instruments
for most of the measurements yielded 296 measurements of the reactivity change or worth
of a central void. The average reproducibility of absolute value of the reactivity of the
assembly upon disassembly and reassembly on the same day was 0.18 + 0.18 cent and that
from day to day was 0.27 + 0.22 cent.

4. CENTRAL VOID REACTIVITY WORTH

The stable reactor periods can be converted to reactivity using the Inhour equation
and the differences in reactivity for each pair of measurements used to obtain the central
void worth. The sample in-sample out measurements give the central reactivity worth in
-cents. To use the Inhour equation to obtain reactivity, the delayed neutron relative
abundances and decay constants have to be known for the uranium isotopes that produce
fission in the sphere. The six-group delayed neutron parameters were measured by .
Keepin, Wimmett, and Zeigler in 1957 and are given in Table 3 for fast fission in Z*U and -
B%. The Keepin et al. data are not in ENDF/B-VI, but a revised set of six-group
parameters for the relative abundances and decay constants of Brady and England are the
ENDF/B-VI values. These ENDF/B-VI values for 2U, 2°U, #¢U, and *U are also
given in Table 3. To use these delayed neutron parameters, the fraction of fissions in each
uranium isotope has to be known. These have not been measured for the Oak Ridge
sphere. The ratios of total sphere and central sphere fission ratios for each uranium
isotope relative to 2°U were obtained from one-dimensional S, neutron transport
calculation with ENDF/B-VI cross section for a delayed critical sphere and are given in
Table 4. These calculations show that there is less fission in the isotopes other than 2°U at
the center than averaged over the sphere. For this sphere at delayed criticality, 98.19% of
the fissions are in °U, so how the other isotopes are treated can only introduce small
error. ENDF/B-VI data have six-group parameters for all isotopes, whereas the Keepin,
Wimett, and Zeigler data have parameters for only U and #*U. In using the Keepin et
al. data, it was assumed that half the 2*U fissions (0.41205%) and half the ZU fissions
(0.00615%) were in 2°U and the other half were in 2*U. Using these assumptions, the
stable reactor periods were converted to reactivity in cents using the Inhour equation and
the central void worth obtained. These values are given in Table 5 along with those from
the Keepin et al. data, assuming all fission is in 2*U. The effect of using all 2°U delayed
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Table 3. Six-Group Delayed Neutron Parameters of Uranium Isotopes

35J_Keepin et al. 28J-Keepin et al.
Group Relative Decay Relative Decay
Yield, a; Constant, \; Yield, a; Constant, \;
1 0.038 + 0.003 0.0127 + 0.0002 0.013 = 0.001 0.0132 + 0.0003
2 0.213 + 0.005 0.0317 + 0.0008 0.137 + 0.002 0.0321 + 0.0006
3 0.188 + 0.016 0.115 + 0.003 0.162 + 0.020 0.139 + 0.005
4 0.407 = 0.007 0.311 + 0.008 0.388 + 0.012 0.358 + 0.014
5 0.128 = 0.008 1.40 = 0.081 0.225 + 0.013 1.41 : 0.067
6 0.026 + 0.003 3.87 + 0.369 0.075 + 0.005 402+ 0214
B4U-ENDF/B-VI B5J—_ENDF/B-VI
Group Relative Decay Relative Decay
Yield, a; Constant, A; Yield, a; Constant, )\;
1 0.055 0.0131 0.035 . 0.0133
2 0.1964 0.0337 0.1807 0.0327
3 0.1803 0.121 0.1725 0.1208
4 0.3877 0.2952 0.3868 0.3028
5 0.1324 0.8136 0.1586 0.8495
6 0.0482 2.5721 0.0664 2.853
24 -ENDF/B-VI Z¥_ENDF/B-VI
Group Relative Decay Relative Decay
Yield, a, Constant, \; Yield, a; Constant, \;
1 0.0302 0.0134 0.0139 0.0136
2 0.1722 0.0322 0.1128 0.0313
3 0.1619 0.1202 0.131 0.1233
4 0.3841 0.3113 0.3851 0.3237
5 0.1775 0.8794 0.254 0.906
6 0.0741 2.8405 0.1031 3.0487

Table 4. Calculated Fission Ratios in Uranium (93.20)

Metal Sphere
Fission Rates Percent of Fissions in
U per Atom Each Isotope
Center Total
234 0.780 0.792 0.8241
235 1.000 1.000 98.1922
236 0.322 0.328 0.0123
238 0.1588 0.1618 0.9714
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Table 5. Central Void Reactivity Worth in a Uranium (93.20)

Metal Sphere
Source of Worth Central Void Worth
. Cents Cents/Mole

Oak Ridge Measurements®

Keepin et al. Data® 9.165 + 0.023 138.05 + 0.34

Keepin et al. Data (*°U only) 9.216 + 0.006

ENDEF/B-VI . 7.984 + 0.021 120.26 + 0.31
GODIVA I Measurement’

Keepin Data Not Available 1355 0.12

“Void diameter, 0.460 in.; density of sample, 18.750 g/cm’; 93.20 wt % ~°U.

The uncertainty introduced as a result of the treatment of fission in ‘U and 2°U is not
significant. This was evaluated by assuming all fission occurred in 2*U and resulted in a
change in the central worth of only 0.038.

“Void 0.500-in.-OD, 0.500-in.-high cylinder; density of sample, 18.70 g/cm®; 93.80 wt % °U.

neutron parameters is only 0.5% in the central worth, so uncertainties in the number of
fissions in the minor isotopes will not introduce significant error. This uncertainty
introduced was also evaluated by using the delayed neutron data of ENDF/B-VI to obtain
the central worth assuming half 2*U and ®*U fissions occurred in the Z°U and #*U
isotopes. The effect of this approximation was only 0.3%. The average central void
worth from the measurements for a central spherical region is 9.165 + 0.023 cents using
the delayed neutron parameters of Keepin et al. or 138.05 + 0.34 cents/mole, which is
slightly larger than that from the GODIVA I measurements, 135.5 + 0.12 cents/mole also
using the Keepin data. The error given on the central worth is the standard deviation of
the mean of all measurements with all detectors, and the distribution of measured central
worth values obtained from the Keepin, et. al. delayed neutron data is given in Fig. 5. In
the GODIVA 1 measurements, the center of the sample region was also slightly off center
at a radius of 0.030 in. The sample was a right circular cylinder with a height and
diameter of 0.500 in. The differences in the void worth could be due to sample size
effects, the GODIVA I central void worth being slightly smaller than the Oak Ridge
central void worth.

The value obtained for the central void worth using the six-group delayed neutron
parameters of ENDF/B-VI is 7.984 + 0.021 cents or 120.26 + 0.31 cents/mole. The
difference between the central void worth for the two sets of delayed neutron parameters
is considerable (14%). If the ENDF/B-VI data for uranium are used to obtain reactivity
from stable reactor period measurements, previous calculations for reactivity coefficient

11
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Figure 5. Distribution of Measured Central Worth Values

measured near delayed criticality that used the Keepin data (which are conventional) that

agreed with measurements will now disagree and some calculations that disagreed may
now agree.

S. CALCULATED CENTRAL VOID WORTH

The central void worth of this sphere was calculated in A% units using S, transport
theory methods with Hansen-Roach® and ENDF/B-VI cross sections. Since the measured
reactivity is known within +0.023 cent (1.5 x 10 A%), the precision of the calculation
should be better than 107 Ak to make a precise comparison between measurement and
calculation. For these calculations, both ONEDANT’ and XSDRNPM? S, transport
theory were used to obtain the estimate of mathematical precision of the two codes. To
obtain the Ak value for infinite S,, the calculations were performed as a function of n (the
order of S,) with the restriction that the number of radial intervals used (n for the sample
region and the total sphere) increase proportionally with n. Only in this way does a plot of
Ak vs 1/nyield the desired value of Ak at 1/n =0 (i.e., infinite order S,). The ONEDANT
calculations were performed by O’Dell’ with Hansen-Roach cross sections and with
Gaussian and DP quadrature and are given in Table 6. Since the Hansen-Roach cross
section set contains only 2°U and Z*U, ZU and 2*U were treated as Z*U for these
calculations. The mathematical precision of the ONEDANT calculations was verified by
performing a Ak calculation with the adjoint, and the difference between the adjoint and
the forward calculation was 10® in Ak. The extrapolated value of the central worth of the
0.460-in.-diam region for o order of S, is 6.021 + 0.001 x 10™ Ak

12




Table 6. ONEDANT Calculated Central Void

Reactivity Worths

Quadrature and Ak

Radial Intervals (107
$8°-2°-20° 6.3048
S16-4-40 6.0934
$32-8-80 60429
$48-12-120 6.0336
S--- 6.020°
DP16-2-20 6.2279
DP24-3-30 6.1148
DP48-6-60 : 6.0482
DP96-12-120 6.0316
DP--- 6.021¢

“Order of S,.

*Number of radial intervals in the sample region.

“Number of radial intervals in the sphere, not including the sample region.
“Extrapolated values.

The XSDRNPM calculations by Wright'® were performed with both Hansen-
Roach and ENDF/B-VI cross section data to obtain the effect of different cross-section
data. Comparison of the XSDRNPM calculations using the Hansen-Roach cross sections
with ONEDANT gives another estimate of the mathematical precision of the calculated
Ak, and comparison of XSDRNPM calculations with two cross section sets gives an
estimate of the uncertainty due to cross sections. A summary of the XSDRNPM
calculations is given in Table 7. The extrapolated Ak value with Hansen-Roach cross
sections is 6.030 x 10™* Ak and that for the ENDF/B-VI cross section is 6.005 x 10*Ak.

The difference in the calculation as a result of the codes used is 0.01 x 10™Ak or
0.15% in Ak and that due to the cross sections is 0.025 x 10 or ~0.4% in Ak. The
calculated value was taken as the average of all three extrapolations and is 6.02 + 0.01 x
10™. The uncertainty was taken as + 0.01 x 10™ Ak and essentially includes all the
variation in these calculated values, and this choice is somewhat arbitrary.
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Table 7. XSDRNPM Calculated Central Void Reactivity Worths

Description of Calculation ak
Hansen-Roach Cross Sections
$16°-4°-40° 6.10-4
$32-8-80 6.05-4
$48-12-120 . 6.044
S -- 6.03-4°
ENDF/B-VI Cross Sections
$16-4-40 6.08-4
$32-8-80 6.064
$48-12-120 6.024
S -- 6.005-4¢
?QOrder of S,

*Number of radial intervals in the central void region of the sphere.
“Number of radial intervals in the uranium of the sphere.
“Extrapolated values.

6. EFFECTIVE DELAYED NEUTRON FRACTION
FROM CENTRAL WORTH

The measurement yields the central void worth in cents where 1 cent is 0.01 dollar
and 1 dollar is the reactivity equal to the effective delayed neutron fraction, which in ¥
units is the increment between delayed and prompt criticality. The calculation yields the
central worth in Ak units. The proportionality constant between the worth in dollars and
the worth in Ak units is the effective delayed neutron fraction [i.e., eff = p(ak)/p($)].
The Keepin et al. delayed neutron data, the measured central void worth (9.165 + 0.023
cents), and the calculated central void worth (6.02 + 01 x 10™ Ak) for the Oak Ridge
sphere give an effective delayed neutron fraction of 0.00657 + 0.00002, which agrees well
with the measured increment between delayed and prompt criticality for GODIVA 1
(0.0066). The delayed neutron fraction obtained in this way using the ENDF/B-VI data is
0.00754, which is 14.2% higher than that measured for GODIVA 1. The six-group
delayed neutron relative abundances and decay constants for uranium in ENDF/B-VI yield
central worth values from the measurements that are not consistent with the measured
delayed neutron fraction for GODIVA ], if the transport theory calculations of the
reactivity worths are correct.

7. CONCLUSIONS

The central reactivity void worth was measured in the Oak Ridge unmoderated and
unreflected uranium (93.20 wt % 2*U) metal sphere by replacement measurements in a
small, central spherical region 0.4600 cm in diameter in a 3.4420-cm-radius sphere. The
central void worth was 9.165 + 0.023 cents or 138.05 + 0.34 cents/mole, and this was
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obtained from the stable reactor period measurements using the delayed neutron
parameters of Keepin et al. This value is ~1.9% higher than that from measurements with
GODIVA I with cylindrical samples of uranium (93.70 wt % 2°U) in the center: 135.5 +
0.12 cents/mole, and this difference could be due to sample size effects since the GODIVA
sample (0.500-in.-high, 0.500-in.-diam. cylinder) was larger than the Oak Ridge sample
(0.4600-in.-diam. sphere). The central worth was also calculated by neutron transport
theory methods to be 6.02 + 0.01 x 10 Ak. The measured and calculated values are
related by the effective delayed neutron fraction. The value of the effective delayed
neutron fraction obtained in this way from the Oak Ridge central worth is 0.00657 +
0.00002, which is in excellent agreement with that obtained from GODIVA I
measurements, where the effective delayed neutron fraction was determined as the
increment between delayed and prompt criticality and was 0.0066. From these Oak Ridge
measurements, using the six-group delayed neutron relative abundances and decay
constants of ENDF/B-VI data to obtain the reactivity in cents from the stable reactor
period measurements using the Inhour equation, the central void worth is 7.984 + 0.0021.
These values are 14.2% higher than those obtained from use of the Keepin delayed
neutron data and produce a value of delayed neutron fraction in disagreement with
GODIVA I measurements, thus questioning the usefulness of the six-group delayed
neutron relative abundances and decay constants of ENDF/B-VI for uranium fission.

15







10.

8. REFERENCES

R. E. Peterson and G. A. Newby, “An Unreflected 2°U Critical Assembly,” Nucl.
Sci. Eng., 1, 112-125 (1956).

J. T. Mihalczo, J. J. Lynn, J. R. Taylor, and G. E. Hansen, “Measurements with an
Unreflected Uranium (93.2%) Metal Sphere,” pp. 2633 in Proc. of the Topical
Meeting on Physics and Methods in Criticality Safety, Nashville, Tennessee, 1993.

L. B. Engle, G. E. Hansen, and H. C. Paxton, “Reactivity Contributions of Various
Materials in Topsy, GODIVA, and Jezebel,” Nucl. Sci. Eng., 8, 543-569 (1960).

P. F. Rose, ENDF-201, ENDF/B-VI Summary Documentation, BNL-17541,
Brookhaven National Laboratory, 1991.

G. R. Keepin, T. F. Wimett, and R. K. Zeigler, Phys. Rev., 107, 1044 (1957). A
more complete account is given in J. Nucl. Energy, 6, 1 (1957).

G. E. Hansen, and W. H. Roach, Six- and Sixteen-Group Cross Sections for Fast
and Intermediate Critical Assemblies, LAMS-2543, Los Alamos Scientific
Laboratory, 1961.

R. D. O’Dell, F. W. Brinckley, Jr., D. R. Marr, and R. E. Alcouffe, Revised User s
Manual for ONEDANT: A Code Package for One-Dimensional, Diffusion-

Accelerated, Neutral-Particle Transport, LA-9184-M Rev., Los Alamos National
Laboratory, December 1989,

SCALE: A Modular Code System for Performing Standardized Computer Analyses
Jor Licensing Evaluation, NUREG/CR-0200 (ORNL/NUREG/CSD-2/R4), Vol. 2,
Part 1, Rev. 4, April 1995.

R. D. O’Dell, Los Alamos National Laboratory, personal communication, 1995.

R. Q. Wright, Oak Ridge National Laboratory, personal communication, 1995.

17







1-20.

21.
22.
23.
24.
25.
26.
27.
28.
29..

40-49.

50-51.

52.

33.

54.

55.

56.

57.

58.

ORNL/TM-13349

INTERNAL DISTRIBUTION

J. T. Mihalczo 30. R. M. Westfall

J.J. Lynn 31. B. A. Worley

J. R. Taylor 32. M. C. Wright

F. C. DiFilippo 33. R. Q. Wright

G. F. Flanagan 34. M. S. Wyatt

C. M. Hopper 35. T. E. Valentine

D. W. McDonald 36. R. G. Gilliland

G. N. Miller 37. Central Research Library

C. V. Parks 38. Laboratory Records-Record Copy

R. B. Perez 39. 1&C Division Publications Office
EXTERNAL DISTRIBUTION

R. E. Anderson, Los Alamos National Laboratory, P.O. Box 1663, MS-J562, Los
Alamos, NM 87545

Office of Scientific and Technical Information, U.S. Department of Energy, P.O.
Box 62, Oak Ridge, TN 37831

J. A. Bernard, Massachusetts Institute of Technology, Nuclear Engineering Dept.,
77 Massachusetts Ave., Cambridge, Massachusetts 02139

Michaele C. Brady, Sandia National Laboratories, P.O. Box 5800, MS-1399,
Albuquerque, NM 87175-1399

R. D. Bush, University of New Mexico, Chemical and Nuclear Engineering Dept.,
Farris Engineering Center, Rm. 209, Albuquerque, NM 87131

D. E. Cabrilla, U.S. Department of Energy, EH-31, 19901 Germantown Rd.,
Germantown, MD 20874

S. Carpenter, Argonne National Laboratory West, Fuel Cycle Division, P.O. Box
2528, Bldg. 774, Idaho Falls, Idaho 83403-2528

H. L. Dodds, University of Tennessee, Nuclear Engineering Department, 207
Pasqua, Knoxville, TN 37996-2300

D. Dudziak, North Carolina State University, 1110 Burlington, Campus Box 7909,
Raleigh, NC 27695

19




59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

71.

72.

Vladimir F. Efimenko, Institute of Physics and Power Engineering, 249020
Bondarenko Sq. 1, Obninsk, Kaluga Region, Russia

T. England, Los Alamos National Laboratory, P.O. Box 1663, MS-B243, Los
Alamos, NM 87545-4614

Dr. Vladimir P. Garin, Russian Research Center - Kurchatov Institute, Kurchatov
Sq. 1, Moscow, Russia 123182

O. K. Harling, Professor, Massachusetts Institute of Technology, 77 Massachusetts
Ave., MS-NW13, Rm. 260, Boston, Massachusetts 02139-4307

D. R. Harris, Rensalear Polytechnical University, Nuclear Engineering Dept., Troy,
NY 12180-3590

David L. Hetrick, University of Arizona, Dept. of Nuclear and Energy
Engineering, P.O. Box 210104, Tucson, AZ 85721

Ratib A. Karam, Georgia Institute of Technology, Nuclear Research Center, 911

“Atlantic Dr., Atlanta, GA 30332-0425

Dr. Hal Kazi, Commander, U.S. Army Aberdeen Test Center, Attn: ' STEAC-RS,
Bldg. 860, Aberdeen Proving Ground, Maryland 21005-5059

L. Lesage, Argonne National Laboratory, 9700 South Cass, Argonne, Illinois
60439

Dr. Harold F. McFarlane, Associate Director, Fuel Cycle Division, Argonne
National Laboratory West, P.O. Box 2528, Bldg. 774, Idaho Falls, Idaho 83403-
2528

L. F. Miller, University of Tennessee, Nuclear Engineering Department, 207
Pasqua, Knoxville, TN 37996-2300

D. O’dell, Los Alamos National Laboratory, P.O. Box 1663, MS-F691, Los
Alamos, NM 87545-4614

Jeffrey S. Philbin, Sandia National Laboratory, Reactor Engineering Technology
Center, P.O. Box 5800, MS-1143, Albuquerque, NM 87185-1143

Burton M. Rothleder, U.S. Department of Energy, EH-31, 19901 Germantown
Rd., Germantown, MD 20874

20




73.

74.

75.

76.

71.

78.

79.

Theodore R. Schmidt,Sandia National Laboratory, Reactor Engineering
Technology Center, P.O. Box 5800, MS-0177, Albuquerque, NM 87185-0177

Bob Seale, University of Arizona, Dept. of Aerospace and Mechanical
Engineering, Rm. 205, P.O. Box 210104, Tucson, AZ 85721

Dr. J. A. Sokolov, Russian Federal Nuclear Center, Institute of Technical Physics,
P.O. Box 245, Snezhinsk, Chelyabinsk region, 456770, Russia

Dr. Vladimir A. Terekhin, Deputy Head of Physics Dept. NIITF, Russian Federal
Nuclear Centre, Institute of Technical Physics, P.O. Box 245, Snezhmsk,
Chelyabinsk region, 456770 Russia

Dr. Albert P. Vasilyev, Russian Federal Nuclear Center, Institute of Technical
Physics, P.O. Box 245, Snezhinsk, Chelyabinsk region, 456770, Russia

Chris Wang, Professor, School of Mechanical Engineering, Georgia Institute of
Technology, Health Physics Department, 225 North Ave., Atlanta, GA 30332-
0225 :

Yuferev, Russian Federal Nuclear Center, Experimental Physics Institute, 607200
Arzamus-16, Nizhnii Novgorod Region, Russia

21




