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Annotation

In the report proposed there is presented a description of three test assemblies with their
critical spherical models. The assemblies contain nickel layers in reflector and in a central

cavity. The cores consist of met&i®Pu (,98%), Z°U (90%) and®*U(36%). There are

mentioned the conditions of measurement performance, the ways of reactivity measurements

and calculation techniques used.

There are carefully appreciated the total errors of determinatidkgofvalues for

spherical models in the critical condition, which are less than 0.0088 experimental
components of these errors are less than 0.0026. For the spherical models of the assemblies
under consideration before bringing into a critical condition the total errdeg: ofalues are

less than 0.0025, and their experimental components are less than 0.0014.

The results presented can be used for adjusting neutron constants in the area of fast

neutronenergies including nickel constants.
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M.1. Kuvshinov, V.P. Gorelov, V.P. Egorov, V.1. II'yin

Russian Federal Nuclear Center - VNIIEF, Division 04
607190, Mira 37, Sarov (Arzamas-16)
Nizhni Novgorod region, Russian Federation

INTRODUCTION

The results of benchmark measurements of critical parameters for various assemblies
produced from fission materials are of the utmost significance for increasing the reliability of
calculations under the solution of nuclear power applied problems. This is due to the fact, that
such results allow to judge the quality of neutron constants used at the calculations and if
necessary can be used for adjustment of these constants.

The results of reference measurements of critical parameters of various fission materials
assemblies are given in the International Handbook /1/. It is necessary to supplement similar
data by new results.

Data presented in the work will serve this purpose. There will be given measurement
results of the assemblies which shared the existence of nickel layers in a reflector and in a
central cavity. The assembly cores consisted of mefdiu (98%) ind-phase?°U (90%)
and®*U (36%), where between the brackets the approximate content of the nuclei mentioned
in percentage of mass is given.

The work has been carried out on the contract No. 10079 with the IAEA.

1. GENERAL PROPOSITIONS

1.1. BRIEF DESCRIPTION OF THE VNIIEF TEST BENCH CRITICAL ASSEMBLIES

The measurements of the characteristics of fission material assemblies were carried out
on the VNIIEF test bench critical assemblies (TBCA). Theitkd description of the TBCA
is given in the works /2, 3Here we shall restrict ourselves to brief informatidvihen
mounted, the assembly was divided into two separate units, each was subcritical. The lower
(movable) unit laid freely on a truncated-cone-shaped thin-walled steel support (upper
support)which based on a pedestal (see the figure for each assembly). The upper (fixed) unit
was supported by a thin annular diaphragm of steel. This diaphragm was laid freely on the
lower support which also based on a pedestal. Most of the mass of the assembly core was
concentrated in the lower unit. Each of the units was assembled manually.



Using the TBCA gear and remote control, the lower unit was raised toward the upper
unit to make a near-critical system. Basically, the TBCA gear was built around the
electromechanical hoist that made the vertical motion smooth. The TBCA was provided with
a safety system that would disconnect the hoisting magnet in case an emergency signal
occurred, so that the movable unit would fall by its own weight to its lowest possible position.

The hoisting gear for the lower assembly unit had remotely controlled mechanical stops
to limit the height of the unit and to specify its height very accurately. The displacement
velocities of the lower assembly unit were 0.001 cm/s, 0.01 cm/s, and 0.1 cm/s, depending on
the reactivity level of the assembly.

1.2. DESCRIPTION OF THE ROOM FOR MEASUREMENTS

The measurements for all assemblies were carried out in the same experimental room.
The inner dimensions of the experimental room were: 12 m length, 10 m width and 8 m
height. The material for the walls, floor, and ceiling was reinforced concrete.

The room contained a bridge crane = 6 m above the floor. The bridge crane resembled a
steel beam with effective dimensions of 2 x 200 x 1000 cm. During the measurement it was
located close to the wall at the distance of 7 m from the assembly centre. There were no other
massive steel structuresin the room.

The distance between the assembly center and the room walls was 5 and 6 m, and the
height above the floor was 1.9 m. A welded detector pillar composed of steel tubes~2.5cm in
diameter was installed about 1.5 m from the assembly center. The pillar carried 3 standard
neutron detectors (McKibben-type counters). The other dimensions of the polyethylene
counter units were 39-cm diameter and 59-cm length. To produce emergency signas, the
TBCA was additionally equipped with two measurement channels based on #°Pu fission
chambers operating in the current mode. No other equipment units or reflectors that could
substantially influence the assembly reactivity were present.

1.3. TECHNIQUES OF REACTIVITY MEASUREMENT USED

The reactivity R is connected to effective multiplication factor of neutrons ker and
effective part of delayed neutrons B« by a known ratio:
R=ta =1
keffﬁeff

To increase the reliability of the results a few techniques of reactivity measurement were
used:
* technique based on the inverted solution of the kinetics equations (I SKE);
* Sjostrand method (SM);
» method of a"shooting" source (MSS).
More detailed description of these techniques and the appropriate references are given in
works /2, 3.



Choosing the method was done in terms of the range of the reactivity measured.
The ISKE technique was used at | R| < 0.5. At | R| > 0.5 there were used the SM and MSS
methods. The errors of reactivity measurement results and its perturbations are given in
Sections 2, 3 and 4 of the work presented for each assembly discussed above.

1.4. TEST ASSEMBLY AND ITS SPHERICAL MODEL

The term “test assembly” used in these sections is concerned with real assembly
mounted on the TBCA. Test assembly is divided by a gap into two unequal units. In its core
the absence of one or several pieces of small mass, so-called pole or side plugs is possible.
The upper unit is located on a steel diaphragm which lays on the upper support. The lower
unit is movable in vertical directions and lays on the lower support. The upper and lower
supports have their own pedestals. With detectable amounts of plutonium in a core the
assembly temperature exceeds the room one.

The results of the test assembly reactivity measurements and their perturbations allowed
to turn to the test assembly spherical models. These spherical models are isolated from the
influence of the upper and lower support, their pedestals, diaphragm, and the walls of the
room. Measurement results also allow to take off conventionally the spherical models to the
critical state in terms of delayed neutrons (lower critical condition). For the assemblies with
the appreciable plutonium content the temperature of the model can be resulted to the room
one. A change-over to such models allows to eliminate the problem of adequate model used at
calculations and experimental configuration. Using the most precision models one may be
sure that the difference between the experimentakandalculated values are wholly caused
by measurement errors and the errors of initial neutron constants.

1.5. OBTAINING OF THE CALCULATED CHARACTERISTICS

There were obtained the characteristics of spherical models for all assemblies under
consideration. The models were slightly simplified. It was important to determine the shifts
ket OWing to these simplifications in order to take into account these values when calculating
the errors. During the shift calculations there were used 26- group neutron constants /4/
corrected according to the data for integral experiments and the- $nethod
(S16 - approximation) to solve neutron transport equation. The scheme of solution is presented
in work /5/. There was used the Kellog procedure of sequential approximations. The solution
was performed with a radial grid (0.1 cm step). The methodical errobkyas= 10°. The
same constants and the method was applied when calculating thekghifiscause of the
changes of various characteristics of the core and refl@otother assembly parts consisting
of nickel) and when calculating the effective part of delayed neutrons. By characteristics are
meant the size, mass, composition of basic fissionable nucleus and composition of ballast
impurities.

In calculating nuclear concentrations we used the Avogadro’s number and the atomic
masses recommended in the Introduction of the International Handbook /1/.

To calculate the perturbation of assembly reactivity caused by moving the walls to
infinity there was used a method described in work /6/. This way is based on the invariant
imbedding method and the Monte-Carlo method.



2. ASSEMBLY WITH NICKEL REFLECTOR AND COMPOUND CORE OF
29py (5,98%) AND U (90%)

2.1. CHARACTERISTICS OF THE TEST ASSEMBLY

2.1.1. Description of the test assembly

Figure 1 is a schematic sectional view of the assembly positioned on the TBCA. The
assembly had a central cavity of 1.4-cm radius. The assembly core included 4 spherical layers
of metallic 2°Pu(5,98%) and one layer of metallic ©°U(90%). The nickel reflector included
one spherical layer.

The each layer of *°Pu(3,98%) was made up of two hemispherical pieces with
cylindrical pole holes 2.2-cm in diameter that were plugged during measurements with
specialized plugs of the appropriate layer material.
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1 - upper assembly unit

2 - lower assembly unit

3 - stedl diaphragm

4 - upper support with pedestal
5 - lower support with pedestal

FIG. 1. Sectional view of the assembly on the TBCA.



The layer of °U(90%) was also made up of two hemispherical pieces with the
cylindrical pole holes 2.2-cm in diameter that were plugged during measurements with
specialized plugs of thislayer material.

The reflector layer was made up of two hemispherical pieces. The upper piece had a
cylindrical pole hole 2.2-cm in diameter that was plugged during measurements with
specialized plug of this reflector material.

The assembly included two separate units. The upper unit, comprised by one
hemispherical piece of nickel, was laid on a steel diaphragm 0.1-cm thick. The other pieces
were al included into the lower (movable in vertical direction) unit lifted against the stop in
the diaphragm.

2.1.2. Characteristics of a core and reflector of the test assembly
In Table | the sizes and masses of the test assembly layers are given.

TABLE . SIZES AND MASSES OF THE TEST ASSEMBLY LAYERS

Layer Radius, cm Mass, g

No. inner | outer
Core, 2°Pu(3, 98%) layers
1-4 | 1.400 5.350 | 9613.4
Core, “°U(90%) layer
5 | 5.350 6.000 | 4747.9
Reflector of Nickel
6 | 6.000 | 9.150 | 16799

The fission materia used in the layers 1-4 of the test assembly was &-phase plutonium
metal. The relation of mass ?°Pu to the sum of masses *°Pu and *°Pu average over layers
was 98.2%. The percentage of ?*°Pu isotope in the plutonium parts was known with the
relative error of (da/a)p, = 0.2% . The percentage of the ballast impurities was known within
the relative error of (de/€)py = 25% . The plutonium pieces were all weighed with the relative
accuracy of (dm/m)p, = 0.01% or better. Uncertainties in the sizes of assembly pieces
resulting from temperature measurement errors were added to the relative size error. The total
value of the relative size error, averaged over 4 plutonium layers, was (or/r)p, = 0.06%.
Table Il gives adescription of the average on 1-4 layers composition of 23°Pu(,98%).

TABLE II. CHARACTERISTICS OF THE AVERAGE ON 1-4 LAYERS COMPOSITION
OF 239Pu (5,98%)

Composition, Wt. %
“py “Opy Heavy (A > 18) Light (A < 18)
Impurities impurities
95.23 1.75 2.99 0.03




The fission material used in the layer 5 of the test assembly was uranium metal. The
relation of mass “*U to a sum of masses ©°U and *®U was 90.6%. The percentage of
%) jsotope was known with the relative error of (da/a)y = 0.12%. Impurities were known
with the relative error of (de/e)y = 21.5%. The uranium pieces were all weighed within the
relative accuracy of (dm/m)y = 0.01% or better. The total value of the relative size error for
the uranium layer was (or/r)y = 0.04%. Tablelll gives a description of the composition of
the uranium-layer material.

TABLE IIl. CHARACTERISTICS OF THE COMPOSITION OF?U (90%) LAYER

Composition, Wt. %
= U VS Heavy (A > 18) Light (A < 18)
Impurities impurities
1.05 88.89 9.25 0.76 0.05
(@ The fraction of “*U was added to the “*U fraction, see the evaluation in
Section 2.2.3.

The reflecting material used in the assembly was nickel. In addition to Ni (99.505% by
atoms) the reflecting material contained O (0.331% by atoms), Fe (0.115% by atoms) and
C (0.049% by atoms). Reflector parts were weighed within the relative accuracy of (dm/m); ¢
=0.3%. Thetotal value of the relative size error for nickel pieceswas (or/ )« = 0.15%.

2.1.3. Measurement results of thetest assembly reactivity and reactivity perturbations

In Table IV there are presented measurement results of the test assembly reactivity Ro
and reactivity perturbations AR, obtained on the TBCA. There are listed the absolute
measurement errors. In Table IV and further the values of reactivity and reactivity
perturbations are given in terms of Bt - effective part of delayed neutrons in the assembly
under consideration.

TABLE IV. MEASUREMENT RESULTS OF THE TEST ASSEMBLY REACTIVITY AND
THE REACTIVITY PERTURBATIONS

Characteristics Measurement resultsin
terms of Best
Test assembly reactivity, Ro - (1.01 £ 0.010)
Reactivity perturbation caused by removing the upper and lower -(0.72£0.043)

supports, their pedestals, and diaphragm, ARz
Reactivity perturbation conditioned by existing a gap between + (0.49 £ 0.022)
the upper and lower units without the supports, pedestals and
diaphragm, ARgpp

Correction of reactivity conditioned by reducing the assembly + (0.03 £ 0.019)
temperature to 20°C, AR+
Reactivity perturbation caused by moving the walls to infinity, - (0.02 £ 0.01)
ARwall
Reactivity perturbation caused by adding 1 g of plutoniumintoa| + (5.16 + 0.155)(107
central cavity, AR
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The value of ARy was measured by simultaneous positioning the equivalents of the
upper and lower support and their pedestals on the upper unit of the assembly and the second
diaphragm under the diaphragm used. To provide nuclear safety in these conditions the lower
unit of the assembly was removed downwards at the necessary distance.

The value ARpp Was determined during a series of measurements. At first the lower part
was removed downwards at some distance and then it was lifted up to a number of fixed
points. At each point the perturbation of lower condition reactivity was measured. Thereafter
there was performed the extrapolation of obtained dependence of reactivity perturbation on
the distance between the upper and lower assembly units to the contact point. Then there was
defined the perturbation value for the assembly with not a gap between the upper and lower
units without the supports, pedestals and diaphragm.

The AR value was defined by calculations.

The AR value was determined by coating half of alayer with inner radius 1 cm, outer
radius 1.4 cm and with composition of alayer 1 in a central cavity. To provide nuclear safety
the lower unit of the assembly was removed downwards at the necessary distance.

Assemblies with a core comprised of **Pu heat up owing to the decay of plutonium
nuclei. It leads to the assembly expansion and to reduction of its reactivity. Heating of the
assembly comes to some equilibrium temperature T. The value of Ry given in Table IV
corresponds to this temperature. Temperature correction Ry was determined in additional
measurements. The assembly was broken down into separate parts which were cooled down to
the room temperature of 20°C on a special stand. Then the assembly was quickly reassembled
at the TBCA, and immediately afterwards the lower and upper units were brought together up
to the stop at the digphragm. Thereafter there were carried out the measurements of reactivity
R and the temperature T depending on time. As a consegquence the dependence R(T) was
obtained. The measurement of temperature was carried out with the help of thermocouples
established on the surface of uranium layer. There was no pole plug in the upper unit of the
assembly. As soon as the temperature T became equilibrium the measurements were finished.
Afterwards the meaning of temperature correction was defined as the difference
ARt =R(20°C) - R(T).

2.2. CHARACTERISTICS OF THE TEST ASSEMBLY SPHERICAL MODEL AT THE
LOWER CRITICAL CONDITION

2.2.1. Reactivity of spherical model

Measurement results presented in Table IV alow to define the Rephere reactivity of
spherical assembly isolated from the influence of the TBCA units (the supports, pedestals and
diaphragm) and the walls of the room. The temperature of this assembly was reduced to 20°C.
The value of Ryphere IS equal to

Rsphere = Ro+ AR + ARapp + ART + ARya =-1.23.
As one can see, the test assembly spherical model in this case issubcritical.

11



2.2.2. Extrapolation to the lower critical condition

To remove the spherical model conventionally to the lower critical condition it is
necessary to bring into the core an additional quantity of fission material. Additional
plutonium mass needed for introduction into the central cavity is equal roughly to

Amp, = |Repherel/ARc = 23.837 g.
The new radius of a cavity we can calculate by the formula:
Am p, V&
np,
In the this formula rin1 = 1.4 cm is the inner radius of a layer 1 of the test assembly,
p1=15.314 g/lcm? isthe density of athislayer. New radius of the cavity is¥,, ,= 1.3337 cm.

_ — 3 _
rin,] - [rin,l 3

2.2.3. Simplifications of model

There are two groups of impurities in plutonium pieces. one with the relatively low
atomic mass numbers (A < 18) and another with the upper-range atomic mass numbers
(A > 18). The first group is represented by graphite. The second group represent by nickel.
The magnitude of the change in the calculated value of k. resulting from changing the
impurity composition included 17 components by two components is (0Kt )imp,pu = 0.00023.

The impurities in the uranium layer are also divided into two groups: one with relatively
low atomic mass numbers (A < 18) and another with the upper-range atomic mass numbers
(A > 18). Thefirst group is represented by carbon. The second group is represented by nickel.
The magnitude of the change in the calculated value of k. resulting from changing the
impurity composition included 15 components by simplified composition is (0Kest )impu =
0.00014.

Isotopes of 24U, 2°U, 28U are of prime importance from the standpoint of the weight
content and contribution to the critical parameters. The fraction of *°U isotope is small, so it
was added to *®U. Calculations show that the magnitude of the change in the calculated value
ke resulted by this action is (0Kess )235 = 0.00020.

A part of the core consisting of plutonium layers was replaced by a homogeneous layer
of the same volume and mass. This homogeneous layer contained quantities of particular
nuclei equal to the sum of quantities of the same nuclei in initial plutonium layers. It means,
that the weight percentages in the homogeneous plutonium core were calculated by the

formula:
Wy = ZW,mmn/Zmn .
n n

Here m,, are the masses of plutonium layers of the spherical model atest assembly in the
critical condition, wyn, - weight percentages in these layers. Calculations show that the
magnitude of the change in the value of ke resulted by thisaction is (0Keft )gom,pu = 0.00037.

2.2.4.Characteristics of a core and reflector of spherical model at the lower critical
condition

In Table V there are given the sizes and masses of the spherica model layers at the
lower critical condition.

12



TABLE V. SIZES AND MASSES OF THE SPHERICAL MODEL LAYERS AT THE
LOWER CRITICAL CONDITION

Layer Radius, cm Mass m;, g
No. inner | outer
Core, 2°Pu(5,98%) layer
1 | 1.3337 5.350 | 9637.237
Core, “°U(90%) layer
2 | 5.350 | 6.000 | 4747.9
Reflector of Nickel
3 | 6.000 | 9.150 | 16799

The critical massis equal mg = m; + my = 14385.137 g.

The nuclear concentrations in the spherical model layers at the lower critical condition
are presented in Table V1.

TABLE VI. NUCLEAR CONCENTRATIONS ((nucl./(barnidm)) IN THE SPHERICAL
MODEL LAYERS AT THE LOWER CRITICAL CONDITION

Core, 2°Pu(5,98%) layer

Layer No. ““py “Opy C Ni

1 3.6610x10? | 6.6906x10™ | 2.8768x10* | 4.6802x10°

Core, “°U(90%) layer

Layer No. =4 “Sy =%y C Ni

2 4.8710x10™ | 4.1060x102 | 4.2188x10° | 4.5197x10* | 1.4059x10°3

Reflector of Nickel

Layer No. Ni O Fe C

3 7.4654x107 | 2.4833x10™ | 8.6279x10° | 3.6763x107

2.2.5. Determination of kg value error

For the characteristics of the test assembly spherical model presented in Tables V
and VI the ks valueisequal to 1. It is necessary to calculate the error for these characteristics.
It is important not to underestimate these errors. For this reason we shall calculate the errors
of quantities the meanings of which depend only on measurement results on the TBCA as the
limiting absolute errors (we shall aso calculate ARyq value because of the small
contribution). In this case using of the square root of the sum of error squares can cause the
reduction of desired error because of neglect of possible correlation of measurement errors.

13



Let us consider that the operations of weighing, measuring the sizes, determining the
percentage of the basic fissile nucleus and determining the percentage of impurity in pieces of
various materials are independent of one another, and all of them are independent of a
procedure of measuring on the TBCA. Then the total error kg can be calculated by the
formula:

Tk =[O0k + Y 7k, + Y 02K, V2. " (
P m
Here dKep 1S the component of the total error ket caused by the measurement errors of the test
assembly reactivity, reactivity perturbations and by the extrapolation error to the lower critical
condition. Sum over p is extended for all characteristics of the core and reflector. Their
measurement errors are given in Section 2.1.2. Sum over m is extended for al model
simplifications mentioned in the Section 2.2.3 where the &k, magnitude of the appropriate

shifts kg are given. Using these values we shall obtain the meaning of [ z 0k, 112
= 0.00050. Let us present the separate components of this error: [ z o'k, 1%, = 0.00044,
[y 0%k, 1"%=0.00024,

The values of ok, are related with p characteristics of the core and reflector of the test

assembly and their relative errors dp/p by the equality:

ok, =pd—kefﬂ(5p/p)-
Jdp

The |0 k /0 p| vaues were defined numerically. In Table VII calculation results of dkp are

presented. All designations were interpreted in Section 2.1.2 where the appropriate values of
op/p are given.

TABLE VII. VALUES OF &k,

p- | m | r | a | e
Core, *°Pu(5,98%) layers
3Ky | 000008 | 000042 | 000040 | 0.00015
Core, “*U(90%) layer
3Ky | 000005 | 000004 | 000009 | 0.00015
Reflector of Nickel
3Ky | 000043 | 000001 | - | -

The value | z 0’k R 1¥2is about 0.00077. We shall present the separate components of this
P
error: [y 0k, 1%, = 0.00060, [ >3k, 1¥2,=0.00018, | >3k, V% = 0.00043.
4 P 4

The values of ke and R are related by the ratio:
1

k, =——7—7.
eff I_Rﬁeff

14



In critical condition a R = O the limiting absolute error dke depends only on error of
definition of R and B« value. For calculation dKey, it is possible to receive the following
formula

ok,,=AR,B,00m,, .

Here dAmp, an error of determination Amp, because of errors of measurements on TBCA,
which it is possible to calculate under the formula
OR,+ AR, + JARW +0AR, +0AR, , +Am, [DAR,,

AR

e

oAm,, =

Using meaning of errors dRy, 0AR,, and value AR from Table IV, we shall receive dAmp,
=2.73154 g. The vaue dAmp, is an eror of criticll mass m because of errors of
measurements on TBCA.

The calculated value of By for critical condition of the spherical model is equal
to 0.0024. Using B+ value, the value of dAmp, cited above we shall obtain the value of dKexp

= 0.00034. For comparison we shall specify, that [z o'k, + Z 5’k , J”” =0.00092. Turning
m p

back to Formula (1), we obtain the value of &k = 0.00098.

Thus, for the spherical assembly with the characteristics given in Tables V and VI and
with the temperature 20°C we have the evauation:
Kef = 1+ 0.0010.

3. ASSEMBLY WITH NICKEL CENTRAL AREA AND COMPOUND CORE OF
25 (90%) AND #°U (36% )

3.1. CHARACTERISTICS OF THE TEST ASSEMBLY

3.1.1. Description of the test assembly

Figure 2 is a schematic sectional view of the assembly positioned on the TBCA. The
assembly had a central cavity of 1.4-cm radius, followed by a central area from two spherical
layers made of nickel. The assembly core included 3 spherical layers of metallic 2°U(90%)
and 4 layers of metallic 2°U(36%).

The nickel layers were made up of two hemispherical pieces. The upper pieces had the
cylindrical pole holes 2.2-cm in diameter that were plugged during measurements with
specialized plugs of appropriate layer material.

The layers of ?°U(90%) were made up of two hemispherical pieces. The hemispherical
pieces had the cylindrical pole holes 2.2 cm in diameter. Specialized plugs of the appropriate
layers material were plugged into these pole holes.

Each layer of 2°U(36%) was also made up of two hemispherical pieces with cylindrical

pole holes 2.2-cm in diameter. The specialized plugs of the appropriate layer material were
plugged into all other pole holes.
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The assembly included two separate units. The upper unit, comprised by hemispherical
piece of “*U(90%), limited on radiuses of 11.465 - 12.25 cm, and hemispherical pieces of
235 (36%), limited on radiuses of 12.25 - 15.3 cm, were laid on a steel diaphragm of 0.2-cm
thick. The other pieces were all incorporated into the lower (movable in vertical direction)
unit lifted against the stop in the diaphragm.

et
AR
/,/..llllnln...w
g SR LD

1 - upper assembly unit

2 - lower assembly unit

3 - stedl diaphragm

4 - upper support with pedestal
5 - lower support with pedestal

FIG. 2. Sectional view of the assembly on the TBCA.

16



3.1.2. Characteristics of a core and central area of thetest assembly
In Table VIII the sizes and masses of the test assembly layers are presented.

TABLE VIII. SIZES AND MASSES OF THE TEST ASSEMBLY LAYERS

Layer Radius, cm Mass, g
No. inner | outer
Central Areaof Nickel
1 1.400 6.000 7146.5
2 6.000 9.150 16799
Core, ©°U(90%) layers
3-5 | 9.150 | 12.250 | 80891.5
Core, ©°U(36%) layers
6-9 | 12.250 | 15.300 | 132295

The material used in the layers 1-2 of the test assembly was nickel. Nickel pieces were
weighed with the relative accuracy of (dm/m)y; = 0.3%. The value of the relative size error,
averaged over 2 nickel layers, was (or/r)ni = 0.15%. Table 1X gives a description of the
nickel-layers composition.

TABLE IX. CHARACTERISTICS OF THE NICKEL-LAYERS COMPOSITION

Layer Composition, % by atom
No. Ni O Fe C
1 99.515 0.331 0.105 0.049
2 99.505 0.331 0.115 0.049

The fission material used in the layers 3-5 of the test assembly was uranium metal. The
average ratio of U mass to a sum of ?°U and U masses was 90.8%. The percentage of
U isotope was known with the relative error of (3a/a)ye = 0.12%. Impurities were
known within the relative error of (3e/e)yo) = 21.5%. The pieces of *°U(90%) were all
weighed within the relative accuracy of (dm/m)ygg) = 0.01% or better. The total value of the
relative size error, averaged over 3 layers of *U(90%), was (8r/r )ueo = 0.1%. Table X
gives a description of the average on 3-5 layers composition of 2°U(90%).

TABLE X. CHARACTERISTICS OF THE AVERAGE ON 3-5 LAYERS COMPOSITION
OF 2°U(90%)

Composition, Wt. %

234 2By =8y@ Heavy (A > 8) Light (A < 18)
impurities impurities
0.99 89.34 9.08 0.56 0.03

(a) The fraction of “*U was added to the “*°U fraction, see the evaluation in
Section 3.2.3.
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The fission material used in the layers 6-9 of the test assembly was uranium metal. The
average relation of **U mass ®°U to a sum of ®°U and ***U masses was 36.7%. The
percentage of “*U isotope was known with the relative error of (da/a)yss = 0.28%.
Impurities were known within the relative error of (8e/e)ys) = 22%. The pieces of *°U(36%)
were all weighed within the relative accuracy no more than (dm/m)ys) = 0.01%. The total
value of the relative size error averaged over 4 layersof **U(36%) was (3r/ )y(ss) = 0.05%.
Table X! gives a description of the average on 6-9 layers composition of 2°U(36%).

TABLE XI. CHARACTERISTICS OF THE AVERAGE ON 6-9 LAYERS COMPOSITION
OF 2°U (36%)

Composition, Wt. %

U | U | ®U% | Heavy (A 290) | Mid-range (90<A<18) | Light (A < 18)
Impurities impurities Impurities

0.33 36.31 | 62.59 0.02 0.64 0.11

(a) The fraction of “*°U was added to the “**U fraction, see the evaluation in Section 3.2.3.

3.1.3. Measurement results of thetest assembly reactivity and reactivity perturbations

In Table XII there are presented measurement results of the test assembly reactivity Ro
and reactivity perturbations AR, obtained on the TBCA.

The ways of ARx and ARapp, measurement were submitted in Section 2.1.3. The value
of ARywa Was defined by calculations. During the measuring the assembly temperature was
equal to 20°C.

The ARg value was determined by stripping half of alayer 9 from the test assembly.

TABLE XIl. MEASUREMENT RESULTS OF THE TEST ASSEMBLY REACTIVITY
AND REACTIVITY PERTURBATIONS

Characteristics and it's designation Result of
measurement in ternjs
Of Besr
Test assembly reactivitiRy - (0.60 £ 0.004)

Reactivity perturbation caused B®moving the upper and lower - (0.38 + 0.026)
supportstheir pedestals, and diaphraghR
Reactivity perturbation conditioned bynoving apart the + (0.82+ 0.020)
assembly units against the stop without diaphragm, supports and

their pedestal?AR4pp
Reactivity perturbation caused by removitige walls of the - (0.04 £ 0.02)
room to infinity, ARy
Reactivity perturbation conditioned by removing 1 g of uranjua(1.44 + 0.025)10#
from layer 9 ARg
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3.2. CHARACTERISTICS OF THE TEST ASSEMBLY SPHERICAL MODEL AT THE
LOWER CRITICAL CONDITION

3.2.1. Reactivity of spherical model

Mesasurement results presented in Table X1l allow to define the reactivity Rephere Of the
spherica model of the test assembly, isolated from the influence of the TBCA units (the
supports, pedestals and diaphragm) and the walls of the room. The value of Rghere IS €qual to

Rp.-sphere = Ro+ ARt + ARapp + ARwan =-0.20.
As one can see, the test assembly spherical model in this case issubcritical.

3.2.2. Extrapolation to the lower critical condition

To remove the spherical model conventionally to the lower critical condition it is
necessary to bring into the core an additional quantity of fission material. The mass of
233 (36%) which is necessary to bring in the layer 9 is equal to

sphere

Amye) = ‘AT
9

=~ 1388.9 g.

Addition of this massis equivalent to changing the outer radius of rqy, 9 = 15.3 cm of layer 9
to the new value of r,  , =15.32661 cm on retention of layer 9 composition and its average

out,9
density.

3.2.3. Simplifications of model

The impurities in the layers of **U(90%) are divided into two groups: one with
relatively low atomic mass numbers (A < 18) and another having the upper-range atomic mass
numbers (A > 18) of the periodic Table. Thefirst group is represented by C. The second group
is represented by Ni. The magnitude of the change in the calculated value of ke when a
detailed model (with 15 impurity components) was replaced by a simplified model was no
more than (OKes )imp,uceo) = 0.00014.

The impurity composition in the units of **U(36%) are divided into three groups.
Elements with low atomic mass (A < 18) were combined and represented by C, those with the
mass numbers from the mid-range (18 < A < 90) were represented by Ni, and those with high
atomic mass numbers (A > 90) were represented by W. The magnitude of the change in the
calculated value of kg when a detailed model (with 14 impurity components) was replaced by
amodel with asimplified composition was (dKest )imp,u(zs) = 0.00006.

In terms of the weight percentage and contribution to the critical parameters the most
important uranium isotopes are 22U, “*U, and %®U. The fraction of *°U isotope was very
small and therefore it was added to *®U. Calculations showed that the magnitude of the
changein the value of ke in this case was (0K )23 = 0.00020.
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Each layered area of 2°U(90%) and 2**U(36%) was replaced by homogeneous layer
under the condition of retaining their complete volumes, masses and quantities of particular
nuclel from their compositions. To account the weight percentage of particular nuclei in each
homogeneous area we used the formula similar to the formula from Section 2.2.3.
Calculations show that the magnitude of the change in the value of ke resulted by this action
iS (OKeff)gom,pu = 0.00002.

3.2.4. Characteristics of a core and central area of spherical model in the lower critical
condition

In Table XIII there are given the sizes and masses of the spherical model layers at the
lower critical condition.

The nuclear concentrations in the spherical model layers in the lower critical condition
are presented in Table XIV.

TABLE XIIl. SIZES AND MASSES OF THE SPHERICAL MODEL LAYERS AT THE
LOWER CRITICAL CONDITION

Layer Radius, cm Massm;, g
No. inner | outer

Central Area of Nickel

1 1.400 6.000 7146.5

2 6.000 9.150 16799
Core, “>U(90%) layer

3 | 9.150 12.250 | 808915
Core, “°U(36%) layer

4 | 12.250 | 15.32661 | 133683.9

Critical massisequa mg = mz + my = 2145754 g.

TABLE XIV. NUCLEAR CONCENTRATIONS - nucl./(barnldm) - IN THE SPHERICAL
MODEL LAYERS AT THE LOWER CRITICAL CONDITION

Central Areaof Nickel
Layer No. Ni O Fe C
1 8.1925x107? | 2.7249x10™ | 8.6440x10° | 4.0388x10°
2 7.4654x107 | 2.4833x10™ | 8.6279x10° | 3.6763x10°
Core, “>U(90%) layer
Layer No. =4y “Sy “y C Ni
3 4.5880x10™ | 4.1227x10? | 4.1371x10° | 2.7091x10* | 1.0349x10°
Core, “>U(36%) layer
Layer No. =y =Y =5y C Ni W
4 1.5386x10 | 1.6848x1072 | 2.8678x1072 | 9.7424x10™* | 1.2172x10° | 8.0791x10°®
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3.2.5. Determination of kg value error

For the characteristics of the test assembly spherical model presented in Tables X1l and
X1V kgt is equal to 1. It is necessary to calculate the error for these characteristics.

The total error ke can be calculated by the Formula (1). Using data from Section 3.2.3
weshall obtain[ 'y &7k, 1¥2= 0.00025.

In Table XV calculation results @k, are presented. All designations were interpreted
in Section 3.1.2 where the appropriate valuedpff are given.

TABLE XV. VALUES OF &k,

p- | m | r | a | e
Central Area of Nickel

3Ky | 0.00039 | 0.00022 | - | -
Core,”U(90%) layers

3Ky | 0.00004 | 0.00001 | 0.00078 | 0.00077
Core,”U(36%) layers

3Ky | 0.00003 | 0.00007 | 0.00020 | 0.00049

The value [Zé'zk”]l’2 is approximately equal t6.00130. We shall present the separate
D
components of this error:ié’zkp]l’zu(go) =~ 0.00110, [Za'zkp]l’zu(%) =~ 0.00054,
P P

[Y 07 k,]1"%i=0.00045.
y4

For calculatioKe, it is possible to receive the following formula
3 k., =|AR,|B,0 Am .
HeredAmysg) an error of determinatioimyss) because of errors of measurements on TBCA,
which it is possible to calculate under the formula
OR,+0AR,, +0AR,,,+OAR, , +LAm , [D AR,
AR,| '
Using meaningf errorsdRy, AR, and valueARg from Table XlI, we shall receiv@Amyzs)

= 510.7224 g. The valuedAm ysg) is an error of critical mase, because of errors of
measurements on TBCA.

0 Am UGs) —

The calculated value oB«; for critical condition of the spherical model is equal
to0 0.0067. Using B« value, the value odAmyss) cited above we shall obtain the value of

SKexp = 0.00049. For comparison we shall specify thﬁz ok, + z 3’ k, [*=0.00132
m P

Turning back to the Formula (1), we shall obtain the valudégf= 0.00141.

21



Thus, for the spherical assembly with the characteristics given in Tables XIIl and XIV
and with the temperature 20°C we have the evaluation:

Kerf = 1 £0.0014.

4. ASSEMBLY WITH NICKEL CENTRAL AREA AND THE CORE OF U (90%)
4.1. CHARACTERISTICS OF THE TEST ASSEMBLY

4.1.1. Description of the test assembly

Figure 3 is a schematic sectional view of the assembly positioned on the TBCA. The
assembly had a central cavity of 1.4-cm radius, followed by a central area from spherical layer
made of nickel. The assembly coreincluded 6 spherical layers of metallic*°U(90%).

The nickel layer was made up of two hemispherical pieces. The upper piece had a
cylindrical pole hole 2.2-cm in diameter that was plugged during measurements with
specialized plug of appropriate layer material.
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1 - upper assembly unit

2 - lower assembly unit

3 - stedl diaphragm

4 - upper support with pedestal
5 - lower support with pedestal

FIG. 3. Sectional view of the assembly on the TBCA.

22



The layers of ?°U(90%) were made up of two hemispherical pieces. The hemispherical
pieces had the cylindrical pole holes with a diameter of 2.2 cm. Specialized plugs of the
appropriate layers material were plugged into these pole holes.

The assembly included two separate units. The upper unit consisted of hemispherical
pieces of 2°U(90%) and limited on radiuses of 9.15 - 11.465 cm was laid on a steel
diaphragm of 0.2-cm thick. The other pieces were all incorporated into the lower (movable in
vertical direction) unit lifted against the stop in the diaphragm.

4.1.2. Characteristics of a core and central area of the test assembly
In Table XVI the sizes and masses of the test assembly layers are given.

TABLE XVI. SIZES AND MASSES OF THE TEST ASSEMBLY LAYERS

Layer Radius, cm Mass, g
No. inner | outer
Central Area of Nickel
1 | 1.400 | 6.000 | 7146.5
Core of “*U(90%)
2-7 | 6.000 | 11.465 | 98220.3

The material used in the central area (layer 1 of the test assembly) was nickel. In
addition to Ni (99.515% by atoms) the central area material contained O (0.331% by atoms),
Fe (0.105% by atoms) and C (0.049% by atoms). The nickel pieces were all weighed within
the relative accuracy of (dm/m)y; = 0.3%. The value of the relative size error averaged over
2 nickel layerswas (or/r)ni = 0.15%.

The fission material used in the test assembly core was uranium metal. The average
ratio of U mass to a sum of masses of 2°U and *®U was 90.7%. The percentage of °U
isotope was known with the relative error of (da/a)y = 0.12%. Impurities were known within
the relative error of (de/e)y = 21.5%. The pieces of 2°U(90%) were all weighed with the
relative accuracy of (dm/m)y = 0.01% or better. The total value of the relative size error
averaged over 6 layersof 2°U(90%) was (dr/r )y = 0.1%. Table XVl gives a description of
the average on 2-7 layers composition of 2°U(90%).

TABLE XVII. CHARACTERISTICS OF THE AVERAGE ON 2-7 LAYERS
COMPOSITION OF %°U(90%)

Composition, Wt. %

2z ZBy =8y@ Heavy (A > 18) Light (A < 18)
impurities Impurities
1.02 89.26 9.13 0.55 0.04

(@) The fraction of “*U was added to the “°U fraction, see the evaluation in
Section 4.2.3.
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4.1.3. Measurementsresults of the test assembly reactivity and reactivity perturbations

In Table XVIII there are presented measurement results of the test assembly reactivity
Ro and reactivity perturbations AR, obtained on the TBCA.

The ways of AR and ARapp, measurement were submitted in Section 2.1.3. The value
of AR Was defined by calculations. During measuring the assembly temperature was equal
to 20°C.

The value of AR7 was determined by removing the upper pole plug from layer 7 of the
test assembly.

The reactivity perturbation ARy, caused by coating 1 g of a core material on the
external surface of the assembly was estimated as follows. There were measured the values of
ARy, of the reactivity perturbations caused by removing the upper pole plugsin layersi = 5-7
of the test assembly. When removing one plug from a particular layer the pole plugs in the
other two layers were left in place. Then there were calculated the values of AR; = ARy i/Mp;i ,
where my; is the mass of the upper pole plug in a layer i. In result there was known the
dependence:

AR )=a+b@;—r)+clrs—r)f,—r).

Herer; is adistance along the plug axis of the geometrical centre of the upper pole plug
in a layer i to external surface of the upper part of the test assembly; r is a distance of any
point on this axis to the same surface; a = ARs; b = (ARs - AR5s)/(rs - r6); ¢ = (AR7 - AR5)
I[(rs-r7)(re-r7)] - (ARs - AR5)/[(rs- re)(re-r7)]. Value ARqy = - (a+ brs + crsrg).

TABLE XVIII. MEASUREMENT RESULTS OF THE TEST ASSEMBLY REACTIVITY
AND REACTIVITY PERTURBATIONS

lower supportstheir pedestals, and diaphraghiR

Characteristics and it's designation Result of measurement in
terms Ooff¢
Test assembly reactivitiRy - (3.06 £ 0.054)
Reactivity perturbation conditioned bgmoving the upper and - (0.57 £ 0.076)

Reactivity perturbation caused Ilmgoving apart the assembly  + (0.82 + 0.046)
units against the stop without diaphragm, supports and |their
pedestalsAR

Reactivity perturbation caused by removitige walls of the -(0.04 £ 0.02)
room to infinity, ARy

Reactivity perturbation conditioned by removing 1 g of uranjum - (0.84 + 0.045)10-
from layer7, AR;

Reactivity perturbation caused by removing 1 g core material on+(0.44+ 0.035) (10~
the external surface of the assemBR

24



4.2. CHARACTERISTICS OF THE TEST ASSEMBLY SPHERICAL MODEL AT THE
LOWER CRITICAL CONDITION

4.2.1. Reactivity of spherical model

Mesasurement results presented in Table XVIII alow to define the reactivity Rephere Of
the spherical assembly isolated from the influence of the TBCA units (the supports, pedestals
and diaphragm) and the walls of the room. The value of Rgphere IS €qual to

Rsphere = Ro+ AR + ARapp + ARya1 = - 2.85.
As one can see, the test assembly spherical model issubcritical.

4.2.2. Extrapolation to the lower critical condition

To take off conditionally the spherical model to the lower critical condition it is
necessary to bring some additional quantity of a fission material to a core. We shall increase
the mass of layer 7 by Am7 = 1253.6 g without changing its sizes. The resulting reactivity
(Rephere - AR7AM7) = - 1.79698 may be compensated by addition of a spherical layer of **U
(90%) on the external surface side. The mass of thislayer isequal to

R.,. —AR,Am,
AR

sphere

Amgyi= = 4084.0 g.

out

Then new mass of layer 7 isequal tom, = m7; + Am; + Amgy, = 32356.9 g, where m;is
the mass of layer 7 of the test assembly. New outer radius of layer 7 is equal t011.59572 cm.

4.2.3. Simplifications of model

The impurities in the layers of **U(90%) are divided into two groups: one with
relatively low atomic mass numbers (A < 18) and another having the upper-range atomic mass
numbers (A > 18) of the periodic Table. Thefirst group is represented by C. The second group
is represented by Ni. The magnitude of the change in the calculated value of ke when a
detailed model (with 15 impurity components) was replaced by a simplified model was no
more than (dKes )imp = 0.00014.

In terms of the weight percentage and contribution to the critical parameters the most
important uranium isotopes are U, **U, and %®U. The fraction of **U isotope was very
small and therefore it was added to *®U. Calculations showed that the magnitude of the
changein the value of ke in this case was (0K )23 = 0.00020.

Layered area of 2°U(90%) was replaced by homogeneous core under the condition of
retaining their complete volume, masses and quantities of particular nuclei from their
composition. To account the weight percentage of particular nuclei in the homogeneous core
we used the formula similar to the from Section 2.2.3. Calculations show that the magnitude
of the change in the value of ke resulted by this action is (8Kt )gom,pu = 0.00139.
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4.2.4. Characteristics of a core and central area of spherical model at the lower critical
condition

In Table XIX there are given the sizes and masses of the spherical model layers at the
lower critical condition.

The nuclear concentrations in the spherical model layers in the lower critical condition
are presented in Table XX.

TABLE XIX. SIZES AND MASSES OF THE SPHERICAL MODEL LAYERS AT THE
LOWER CRITICAL CONDITION

Layer Radius, cm Mass m;, g
No. inner | outer
Central Area of Nickel
1 | 1.400 | 6.000 | 7146.5
Core of “*U(90%)
2 | 6.000 | 11.59572 | 103557.9

Critical massisequal m¢ = my = 103557.9 g.

TABLE XX. NUCLEAR CONCENTRATIONS - nucl./(barnidm) - IN THE SPHERICAL
MODEL LAYERS AT THE LOWER CRITICAL CONDITION

Central Areaof Nickel
Layer No. Ni O Fe C
1 8.1925x107? | 2.7249x10™ | 8.6440x10° | 4.0388x107
Core of “*U(90%)
Layer No. =4 “Sy “y C Ni
2 4.8308x10* | 4.2045x107 | 4.2971x10° | 3.6914x10* | 1.0387x10°>

4.2.5. Determination of kg valueerror

For the characteristics of the test assembly spherical model presented in Tables XIX and
XX ke is equal to 1. It is necessary to calculate the error for these characteristics.

The total error of ket can be caculated by the Formula (1). Using data from
Section 4.2.3 we shall obtain [y 3°k,, 1¥2= 0.00141.

In Table XXI calculation results of &k, are presented. All designations were interpreted
in Section 4.1.2 where the appropriate values of dp/p are given.
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TABLE XXI. VALUES OF dk,

p- | m | r | a | e
Central Area of Nickel
3Ky | 000010 | 0.00005 | - | -
Core of “*U(90%)
3Ky | 000011 | 000075 | 000080 | 0.00080

Thevalue of [ z 0’k ’ 12 is about 0.00136. We shall present the separate components of this
4

error: [y 67 k,]¥2y=0.00135,[ ) 5° k,]"%\i=0.00011.
P p

For calculation dKe it is possible to receive the following formula
Jkexp = AR outﬁeff JAm out "

Here dAmqyt an error of determination Amgy: because of errors of measurements on TBCA,
which it is possible to calculate under the formula

5 A SR,+3AR,, +3 AR, +OAR,, +Am,5 AR, +Am,, 5 AR
mout =
ARO!‘[

Using values of errors dRg, 0AR,, and value AR from Table XVIII, we shall receive dAmgy;
= 898.527 g. The value dAmy, is an error of critica mass mg because of errors of
measurements on TBCA.

out

The calculated value of By for critical condition of the spherical model is equal to
0.0065. Using B«r value cited above, the value of dAmy,: we shall obtain the value of dKeyp

= 0.00257. For comparison we shall specify that [y 6° k,, +» 7k, [” = 0.00196. Turning
m p
back to the Formula (1), we shall obtain the value of dk; = 0.00323.

Thus, for the spherical assembly with the characteristics given in Tables XIX and XX
and with the temperature 20°C we have the evaluation:
Ker = 1+ 0.0032.
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SUMMARY

In the present work there are given the results of reactivity measurements for three test
assemblies containing nickel layers as a reflector and in a central cavity with the core of
29py(5,98%), *°U(90%) and **°U(36%). There are also presented the measurement results of
reactivity perturbations.

These results have alowed to come to the test assemblies spherical models at the lower
critical condition isolated from the influence of the TBCA units (supports, pedestals,
diaphragm) and the walls of the room. With the Z°Pu(5,98%) layers in the composition of the
core of the test assembly model temperature was resulted to 20°C.

There have been carried out the estimations of total errors ke value at the lower critical
condition. For all assemblies being under consideration the values of the latter errorsis less
than 0.0033. The experimental components of these errors there are less than 0.0026.

Data presented in this work can be used for adjusting neutron constants in the area of
fast neutron energies including nickel constants.

It should be noticed, that for such application it will be possible to refuse from
conditional transferring the test assembly spherical models discussed above to the lower
critical condition and to limit by the values of ket < 1 and ket > 1. In this case the value of
Ok exp should be calculated by the formula:

— 2 2 2 2
o kexp - keff \/ﬁ effd Rxphere + Rxphere5 eff >

where 8B« is an error of Besr;  Regnere IS @limiting absolute error of Rephere determination,

1

k,="———"7"—.
xd 1- ,8 effophere

For example, for spherical model of the assembly from Section 4 until the beginning the
taking off to critical condition the value of ke = 0.9818. In this case we have neglected by the
distinction between the values of B at subcritical and lower critical condition. To determine
OKexp iN subcritical condition the error evaluation of OB is required. Let us consider that OBt
= 3% /7/. Then for subcritical spherical model of the test assembly from Section 4 the value of
OKexp = 0.00139 (for critical spherical model dkeqp = 0.00257). Thus, for this model we have
the evaluation:

Kerr = 0.9818+ 0.0024.

Comparing this evaluation with the evaluation of K value for spherical model at the lower
critical condition from Section 4 we can see, that in a case of subcritical model there was the
reduction of the total error ke (for critical spherical model the total error isdke = 0.0032).

According to the contents of Sections 2 and 3 it is possible to conclude, as for
considered in these sections assemblies the total errors of ket values of their spherical models
up to aconclusion in acritical condition it isless 0.0025, and experimental components these
errors less than 0.0014.
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To supplement data presented in thiswork it is necessary

* to carry out the measurements of the assembly characteristics with nickel layers
arrangement inside the core, that is between the layers of fission material;

» to carry out the measurements of neutron spectrum characteristics in the central areafilled
of nickel and surrounded by a core.

In conclusion we would like to give the thanks to Drs. A.E. Zapolsky and A.A. Petrov
for the help at the performance of measurements. The thanks are a'so given to Dr. M.W. Savin
whose initiative and assistance are being principle in signing the contract with the IAEA.
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