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Demand on the availability of well-defined reactor experiments for validation of computer
codes for use in nuclear industry and nuclear technology is everlasting. Users must be confi-
dent of the results obtained by the proven computer codes and nuclear data libraries chosen in
the models. The well-defined (mostly historical) and evaluated reactor experiments (about
5000 in 2015) were collected continuously as the benchmarks within the frame of the
OECD/NEA international projects ICSBEP (since 1995) and IRPhEP (since 2003). The
Handbooks of the Projects are published in electronic forms (at the NEA web site of the
OECD and at a DVD media) every year.

This study is aimed to (a) examine and evaluate reactor basic experiments, carried out in the
lattice of the natural uranium metal fuel in the heavy water of the RB critical assembly first
core in 1958, and (b) demonstrate their possibility for validation of modern nuclear data li-
braries. These RB reactor basic experiments include: (1) approach to criticality, (2) determi-
nation of the reactivity gradient at the D,O critical level, (3) measurement of the dependence
of the D, critical level on the D,O temperature, i. e. dependence of the reactivity with change
in the D20 temperature; (4) the critical reactor geometrical parameter (buckling) measure-
ments, (5) the migration length measurements, (6) determination of the neutron multiplica-
tion factor in the infinite lattice, and (7) the safety rods reactivity measurements. Results of
the experiments are compared to the results obtained using modern nuclear data libraries of
the ACE type by applying the MCNP6.1, a well-known and proven computer code based on
the Monte Carlo method. A short overview of these experiments (done at the RB assembly) is
shown. A brief description of the neutron ACE type nuclear data libraries (created in the
LANL, based on the ENDF/B-VIIL.0 and ENDF/B-VII.1 files, or created in the OECD/NEA,
based on the JEFF-3.2 evaluated nuclear data files), used in this validation study, is given. The
benchmark models used for this validation study are described and the obtained results were
analyzed. Itis concluded that most of these reactor basic experiments, carried out in the lattice
of the natural uranium metal fuel rods and the heavy water of the RB critical assembly, can be
used as the benchmarks for validation of new nuclear data libraries. It may be done after fur-
ther evaluations of influence of missing data, information and uncertainties in the material
composition and geometry dimensions have been prepared according to the IRPhEP criteria
and standards.

Key words: RB reactor, U-D;0 reactor experiment, MCNP6. 1, nuclear data library, validation,
IRPhEP

INTRODUCTION

The request for well-defined reactor experi-
ments for validation of computer codes for use in nu-
clear industry and nuclear technologies is constant.
The results obtained by the proven computer codes
and nuclear data libraries have to assure the code users
in their credibility. The appropriate and evaluated re-
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actor experiments have been collected continuously as
the benchmarks in various national and international
nuclear laboratories and organizations. Nowadays, the
world recognized reactor experiments benchmark sys-
tems are the OECD/NEA/NSC International Project
of the Evaluated Criticality Safety Benchmark Experi-
ments (ICSBEP [1]) and the International Reactor
Physics Experiments Evaluation Project (IRPhEP
[2]). These international projects contain about 5000
evaluated benchmark experiments, published in the
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Handbooks, which are issued in the electronic form (as
a DVD media or posted at the OECD/NEA web site)
every year.

From the very beginning, with issue of the first
version of the Monte Carlo based MCNP computer
code (now version MCNP6.1 [3]), a great attention
was dedicated to the quality assurance (QA), i. e. to the
verification and validation (V&V) of the code, as well
as to the associated nuclear data libraries. Verification
of the QA includes processes that confirm that coding
of the theoretical models and transport processes are
errorless. Validation of the QA is a process in which
the computer code results are compared to the proven
and evaluated experimental systems and measured
data or an analytical benchmark.

The parallel work on evaluation of nuclear data
was in progress in different national nuclear data cen-
tres. The evaluated nuclear data libraries are based on
(1) the proven experiments of nuclear data (shown in
the internationally accepted format and collected in
the Experimental Nuclear Reaction Data — EXFOR
database) and (2) the well-established theoretical
models implemented in various computer codes for
data evaluation. These evaluated nuclear data libraries
are prepared in files of the internationally accepted nu-
merical format (now known as the ENDFB6) and dis-
seminated in electronic form to research community
since 1968. The evaluated nuclear data libraries are
then processed, using various version of the NJOY [4]
computer code system, to the “A Compact ENDF for-
mat”, the “continuous” (per particle energy) nuclear
data libraries (known as the ACE type formatted) for
use with the MCNP computer code. A recent attempt
to validate different nuclear data libraries at the ura-
nium—heavy water systems available from the evalua-
tions published in the ICSBEP and IRPhEP Hand-
books was completed in 2013 [5].

EXPERIMENTS

A natural uranium metal fuel-heavy water criti-
cal assembly, known as the RB reactor (Reactor B),
was designed in the “Boris Kidri¢” (now Vinc¢a) Insti-
tute of Nuclear Sciences, Belgrade, Serbia [6, 7]. The
first criticality was achieved on April 29, 1958 [6]. The
assembly aluminum cylindrical tank is mounted on an
aluminum platform in a large reactor room (fig. 1).
The reactor 'bare' core (i. e. without reflector) was de-
signed without any radiation shielding and placed far
away (at least 4 m) from each reflecting surface in the
reactor room. In that way, neutron reflection back to
the reactor tank from surrounding surfaces in the room
is less than 0.4 % [6, 7]. The assembly core was con-
structed of 208 natural uranium metal fuel rods placed
in a lattice with a square pitch of 12.0 cm in the reactor
tank filled with the heavy water moderator. The reac-
tivity of the reactor was controlled by changing the

Figure 1. RB critical assembly in 1958 [6]

heavy water moderator level in the reactor tank. The
RB assembly was equipped with two safety rods, in-
stalled at the reactor top cover, to shutdown reactor.
The fuel forced cooling system was not provided. It is
described [7] as: “The critical assembly was intended
to provide: (1) experience in carrying out critical ex-
periments, (2) operation experience with nuclear reac-
tors, and (3) highly accurate critical conditions for
heavy water — natural uranium lattices”.

The assembly was operated until October 15,
1958, when a serious reactivity-excursion accident oc-
curred. Six operators were seriously irradiated, one
with fatal outcome [8, 9]. After the Vinca Dosimetry
Experiment [10] was carried out in April 1960, aimed
to determine absorbed doses received by the staff, the
assembly was modernized and modified for operation
with low enriched uranium metal fuel, during the pe-
riod 1960-1962.

Nevertheless, a large number of reactor basic ex-
periments had been carried out at the RB assembly in
the period from May to October 1958, before the acci-
dent occurred. These experiments included: (1) ap-
proach to criticality [6, 7], (2) determination of the re-
activity gradient at the D,O critical level [11], (3)
measurement of the dependence of the D,O critical
level (i. e. the reactivity) on the D,O temperature [12];
(4) the critical reactor geometrical parameter (buck-
ling) measurements [12], (5) the migration length
measurements [11], (6) determination of the neutron
multiplication factor in the infinite lattice [11], and (7)
the safety rods reactivity measurements [13]. A curi-
ous question was raised recently, were these experi-
ments, old almost 60 years, suitable for validation of
data in modern nuclear libraries as possible experi-
mental benchmarks?

From all these experiments, done in 1958, only
the experiment Approach to the criticality was in-
cluded (in 1999) in the ICSBEP and IRPhEP Hand-
books [14]. The version 4B2 of the MCNP computer
code [15] with the endf60 [16] and vmccs [17] ACE
type neutron data libraries and the tmcss [18] neutron
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thermal scattering library (TSL) were used for that
evaluation. Both, the code version and the neutron
data libraries, are now considered obsolete. In the
meantime, the most of the available (up to 2013) neu-
tron data libraries (including TSL) of the ACE type
with the (version 5.1-6) MCNP computer code [19]
were used [5] in the validation process at the RB as-
sembly first core (RB1/1958) criticality benchmark
value.

Therefore, this study is aimed to evaluate all the
above mentioned RB reactor basic experiments and in-
vestigate possibility for their use in validation of mod-
ernnuclear data libraries, available in the last ten years.

Approach to the criticality

The experiment Approach to the criticality is de-
scribed in [7]. The diagram of normalized inverse value
of measured neutron flux density count rate in function
of the D,O moderator subcritical level in the RB tank is
shown in fig. 6 in [7]. The neutron flux density count
rate is measured by three BF; counters placed around
the tank. It was reported that the RB reactor tank was
made of 99.9 % pure Al. Each natural uranium metal
fuel rod had cylindrical U fuel meat with a diameter of
2.5 cm and a height of 210.0 cm. The U fuel rods were
covered with 1 mm thick cladding, made of “nuclear
pure” Al. The D,O moderator was reported to contain
99.82 + 0.02 molar percent of the D,0. A Ra-Be neu-
tron source with 17.5 GBq (0.5 Ci) Ra activity was
placed in the core during subcritical measurements of
the stabilized neutron flux density. The neutron source
was placed in an Al guide tube along the central axis of
the tank. The D,0O moderator critical height was deter-
mined at the moderator level in a point in which the
value of the normalized inverse flux density had ap-
proached to zero. The source and the guide tube were
removed from the core at that point, and the D,0 mod-
erator critical level was determined by a fine manual ad-
justment of the moderator level, pumping the D,0 mod-
erator in the core and out of the core. Measured D,0
moderator critical height was reported in [7] as

H,=(177.60 £ 0.10) cm, at the temperature of 22 °C.
Measured D,0O moderator critical height was
also reported in [6], without any details on measure-

ments, as

H,=(177.15+0.10) cm, at the temperature of 22 °C.

Measurement of the reactivity gradient
at the D,O critical level

The experiment Determination of the reactivity
gradient at the D,O critical level is described in [11].

The experiment was conducted by measuring the sta-
ble reactor constant (i. e. the reactor “period”, T) of the
time dependence of neutron flux density caused by a
small over-critical excess (AH) of the D,0O moderator.
The reactivity (o) was determined from the measured
reactor period applying the “in-hour” Nordheim for-
mula and published data for delayed neutrons and de-
layed photoneutrons [11]. Not all details of the experi-
ments were given, but from a diagram shown in fig. 2
in [11], it can be seen that about 30 different values of
AH were chosen up to the maximum D,0O moderator
excess, AH . =20 mm.

The reactivity gradient at the D,O critical level
was then determined by the least square linear fit of
data shown in the p(AH) diagram (fig. 2 in [11]) and
reported as

(dpj =(7.06 + 015)-10*em™
dH c

Measurement of the dependence of the
D,O critical level on the temperature

The experiment Measurement of the dependence
of the D,0 critical level on the D,0 temperature is re-
ported in [12]. Not all details of measurements were
given, but from a diagram shown in fig. 1 in [12], it can
be seen that the dependence of the D,O critical level
(H,) on the D,O moderator temperature (17, ) was
measured in the temperature range from 20 °C to 25 °C.
It was claimed that no artificial heating of the moderator
was used. It was assumed that the fuel and the D,0
moderator in the core were at the same temperature dur-
ing measurements, i. e. the overall (total) isothermal
“temperature coefficient of reactivity” (TCR), was de-
termined. The measured values of the H_ were in the
range from 177.15 cm (at 20.5 °C) up to 178.75 (at 25
°C). Nine pairs of the measuring points H_— T Dyo Were
shown at the diagram H(7p,). The dependence of the
D,O critical level on the D,O moderator temperature
was then determined by the least square liner fit of data
shown in the H(T},() diagram (fig. 1 in [12]) and re-
ported (without any uncertainty) as

dH cm

© =034
dTp0 C

However, from the fitting process the uncer-
tainty of +0.01 cm/°C could be evaluated.

The “experiment” of measurement of the de-
pendence of the reactivity on the D,0O temperature (7.
e. the overall isothermal TCR) was based on a simple
multiplication of the results of the measurements de-
scribed in Measurement of the reactivity gradient at
the D,0 critical level for the value of the reactivity
gradient dp/dHf and obtained value for the dH /dTp, ¢
shown above. The determined value for the overall
isothermal TCR (taking in numerical round off) was
reported in [12] as
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b _ (24+01)-107* RS
dr °C

The uncertainty of the D,0O temperature mea-
surements was not reported in published reports. Nei-
ther were given the data about calibration of the tem-
perature measurements device (Platinum resistance
thermometer connected in a Wheatstone bridge). The
uncertainty of about £0.1 °C in the temperature values
could be deduced from the graph presented in fig. 1 in
[12] and from some temperature values given in the
papers. It should also be noted that the reported value
of the TCR was given in [12] without a related nega-
tive sign. The negative sign is evident, because the re-
activity of the core decreases, i. e. the D,O critical
level increases, with the rise of the temperature (fig. 1
in [12]).

Measurements of the critical reactor
geometrical parameter (buckling)

The experiment Measurement of the critical re-
actor geometrical parameter (buckling) is reported in
[12]. The experiment was based on determination of
the spatial distributions of the thermal neutron flux
density along the central vertical axis of the core and
along the diameter of the core at about half of the criti-
cal height of the D,O moderator. The spatial distribu-
tions of the thermal neutron flux density were deter-
mined by measuring activities of thin foils made of Dy
and In, irradiated in the reactor core. Molar content of
the moderator was reported as 99.76 % D,0O. The cor-
rections were applied due to the influence of the core
surrounding materials, the increased D,O moderator
critical height as a consequence of neutron absorptions
in the foils and in the foil holders and the increased
power of the reactor due to the irradiation process. The
critical height of the D,0 moderator during the irradia-
tion was 182 cm [12]. To determine the thermal neu-
tron flux density it was sufficient to measure the total
activity of the In foils, without subtracting the epither-
mal neutron activity, [12]. Using the measured values
of the dHc/dTy,  (shown in Measurement of the de-
pendence of the D,O critical level on the temperature),
the measured geometrical parameters (buckling) were
corrected to the D,O temperature of 20 °C. Using
two-group diffusion theory, the buckling determina-
tion was done (1) under an assumption of the inde-
pendence of the thermal neutron flux density spatial
distributions in (vertical) axial and radial (horizontal)
directions and (2) taking into account the values of the
extrapolated dimensions in radial direction and axial
directions (different extrapolated distances at the top
and bottom of the core were determined). Several (15)
measurements were done to determine the average
thermal neutron flux density distribution in each (7, z)
spatial direction.

Figure 2 in [12] shows a diagram of the average
thermal neutron flux density (horizontal) distribution
along the diameter of the core at (around) half of the
critical height. Figure 3 in [12] shows a diagram of the
average thermal neutron flux density (vertical) distri-
bution along the central axis of the core. It can be seen
that the irradiation positions of the foils in the core
(used for the thermal neutron flux density spatial dis-
tributions), due to 15 independent measurements for
each direction [12], were selected at average distance
of 5 cm.

Fitting data for the average thermal neutron flux
horizontal distribution from fig. 2 in [12] at Bessel
function J(B,r), and applying the corrections men-
tioned above, the radial reactor geometrical parameter
was determined as

B? =(5576+0016)m >

Fitting data for the average thermal neutron flux
vertical distribution from fig. 3 in [12] at sine function
sin(B,z), and applying the corrections mentioned
above, the radial reactor geometrical parameter was
determined as

B2 =(2940+0012)m™

The total reactor geometrical parameter (buck-
ling, B f) was obtained by simply summing the reactor
geometrical parameters (buckling) determined in the
radial (B ,2) and axial (B 5) directions, for the (extrapo-
lated) H, = (183.20 £ 0.54) cm, as

B? =B? +B? =(8516+0.020)m >

with a systematic “error” (uncertainty) estimated as
“not higher than” 0.1 per m”.

The value of the total critical reactor geometrical
parameter, was reported in [6], without any details on
measurements, as

B? =(8618+0014)m™>

The buckling value, determined in the experi-
ment mentioned above, correspond to the critical geo-
metrical parameter of the RB system with the D,O crit-
ical level of 182 cm. Therefore, strictly speaking, this
buckling value was not the geometrical parameter of
the critical RB system with the D,O critical level of
177.60 cm, but was close to it.

The migration length measurement

The migration length (M) measurement experi-
ment was based on simple application of the modified
one-group and two-group diffusion theory in which
one can obtain (eq. 5 in [11]) relation between the mi-
gration area (M?), the critical height H_, (determined in
the section Approach to the criticality), the reactivity
gradient dp/dH (determined in the section Measure-
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ment of the reactivity gradient at the D,O critical
level), and the critical geometrical parameter B cz (the
B? determined in the section Measurements of the crit-
ical reactor geometrical parameter (buckling) as-
sumed as equal to the critical one for the 177.60 cm
D,0 moderator height) as

[a2).

dH ),

2 —0.5H33§(d”j
dH

By replacing the corresponding values obtained
in the sections Approach to the criticality, Measure-
ment of the reactivity gradient at the DO critical level
and Measurement of the critical reactor geometrical
parameter (buckling), the squared value of the migra-
tion length (M2, the “migration area”), for the H, (ex-
trapolated) = (183.20 £ 0.54) cm, was reported in [11]
as

M =

c

M? = (242 + 6) cm? (two-group theory),
or
M? = (270 % 6) cm? (one-group theory)

Determination of the neutron
multiplication factor in the infinite lattice

The experiment of determination of the “neutron
infinite multiplication factor” (k,,), i. e. neutron multi-
plication in the infinite lattice of the natural U metal
fuel rods in the D,0 moderator with the square pitch of
12 cm was based on a simple application of two-group
theory. In that theory, a relation (eq. 2 in [11]) between
the neutron infinite multiplication factor £, the migra-
tion length M (determined in the section The migra-
tion length measurement) and the critical geometrical
parameter B Cz (determined in the section Measure-
ments of the critical reactor geometrical parameter
(buckling)), (under additional assumption that diffu-
sion length (L) is similar to Fermi age (7) so that L?> ~ ¢
~ M?/2), for a critical system was obtained as

k., =1+BZM?* +025BM*

By replacing the corresponding values obtained
in the section Measurements of the critical reactor
geometrical parameter (buckling) and the section The
migration length measurement, the value of the neu-
tron infinite multiplication factor (k,)) in the lattice nat-
ural U metal fuel rods in the D,0 moderator with the
square pitch of 12 cm was reported in [11] as

k,=1.210+0.006

Measurement of the safety
rods reactivity

The experiment of Measurement of the safety
rods reactivity is reported in [13]. Not all details about

the safety rods (SR) were given in the papers. Two
safety rods were positioned at the reactor tank top
cover, diametrically opposite and at 30 cm distance of
the tank central vertical axis. The safety rods were
made of stainless steel (SS) tube (3 cm in diameter,
170 cm long and with wall thickness of 2 mm). The SS
tubes were lined inside by Cd sheet (1 mm thick) in the
length of 50 cm extending from the lower end of the SS
tube. No data were given about SS alloy or Cd mate-
rial. The calculations of the SR reactivity (effective-
ness) were done, assuming a pure black absorber with
an effective radius, by the one-group theory and cor-
rections were done by application of the two-group
theory [13]. The perturbation theory was applied to ac-
count corrections due to the rod finite length and the
rods non-central axis positions. The calculation re-
sults, using data from earlier experiments (the sections
Measurements of the critical reactor geometrical pa-
rameter (buckling) and The migration length mea-
surement) and assumed the total effective fraction of
delayed neutrons and delayed photoneutrons of f =
0.0079, were also presented in [13] as Ak, =—-0.0073
(0.93 $%) for single SR and Ak, =—0.0137 (1.74 $) for
both the SR. Nouncertainty for the f value was given.
The experiment of measurement of reactivity of
the SR was done by the “rod drop” technique, based on
observation of time dependence of neutron flux den-
sity after sudden decrease of reactor reactivity (caused
by the SR drop). In this experimental technique, if neu-
tron flux density before drop of SR was recorded as n,
and »n is observed neutron flux density when all de-
layed neutrons were died out, then the perturbation re-
activity of the SR 6k can be found from relation

n=ny———
B+5k

Correction were applied for the rod drop finite
time and mathematical extrapolation done to find the
correct ratio ny/n in the experiment due to increased
die out time of all delayed neutrons and delayed
photoneutrons in a heavy water reactor [13].

Additionally, a variant of the rod drop experi-
ment, referred as the Schultz method, based on the fact
that the integral ratio of the neutron flux density, taken
in some time interval before (n,) and immediately after
the rod drop (n), is proportional to 6k/3, was applied
too [13]. Details on the measurements, applying both
rod drop techniques, were given in [13].

Both experimental methods were applied for
each SR drop separately and for both SR drop together.
A series of the SR drops were made and results of the
SR reactivity, as amean value within £5 % uncertainty,
were reported in [13] as

The first rod drop method

Rod 1:p(SRy)=1.02 $; Rod2:p(SR;)=1.00$; Rods
1+2: p(SR; + SR;)=2.00 $.

“ Reactiviti of 1 $ =3 value; (the non-SI unit $ is often used as a
reactivity unit in reactor kinetics or dynamics)
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The second (Schultz) rod drop method

Rod 1:p(SR;)=1.04$; Rod2: p(SR,)=1.04$; Rods
1+2:p(SR, + SRy =2.12 8,

with a note that the experiments have not shown the in-
terference (i. e. the “shadowing effect”) of the reactiv-
ity between the two rods, what was predicted by the
theoretical approach used. Again, the reported values
of the reactivity of the safety rods in [13] were shown
without the associated (obvious) negative sign, be-
cause the reactivity of the core was reduced by insert-
ing the safety rods.

CALCULATIONS
Codes and libraries

This study is aimed to evaluate all the above
mentioned RB reactor basic experiments and investi-
gate their possibility for use in a validation of modern
evaluated nuclear data files (ENDF). There had been
large and productive experiences at the Vinca Institute
in extensive and wide applications of many versions of
the MCNP computer code (with different ACE type
cross section libraries), at diverse models of complex
reactor, transport and shielding systems (e. g. [20,
21]), since mid 1980es. The latest available produc-
tion version (6.1) of the MCNP computer code [3] was
selected for use in the ENDF validation at these RB ba-
sic reactor experiments (Experiments) made in 1958.

Only three recent ACE type libraries were cho-
sen for this study:

— endf70 (extension: *.70c), released by LANL in
2006 and based on the ENDF/B-VII.O evaluated
nuclear data files [22],

— endf71 (extension: *.80c), released by LANL in
2011 and based on the ENDF/B-VII.1 evaluated
nuclear data files [23], and

—  jeft32 (extension: *.03c), released by OECD/NEA
in 2014 and based on JEFF-3.2 evaluated nuclear
data files [24].

In this article, the small letters are adopted for
names of the ACE formatted libraries and the capital
letters were adopted for names of the evaluated nu-
clear data files. However, in the literature, the capital
as well as small letters are used for names of both types
of nuclear data libraries or files.

The LANL endf70 ACE type neutron only li-
brary is released for 390 isotopes and 3 elements and
for 5 different temperatures (from 293.6 K to 2500 K)
[25], out of which 293.6 K is the most appropriate for
this study. The corresponding TSL ACE type neutron
libraries are released for thermal neutron scattering at
twenty moderators and for five to ten temperatures
[26], from which one 0£293.6 K is the only one appro-
priate for this study.

The LANL endf71 ACE type neutron only library
is released for 423 nuclides and for 7 different tempera-

tures (from 0.1 K to 2500 K) [27], out of which 293.6 K
is the most appropriate for this study. The correspond-
ing TSL ACE type neutron libraries are released for
thermal neutron scattering at ten moderators and for six
to ten temperatures [28], out of which 293.6 K is the
only one appropriate for this study.

The OECD/NEA jeff32 ACE type neutron only
library is released for 473 nuclides and for 12 different
temperatures (from 293.6 K to 1800 K) [24], out of
which 293.6 K and 300 K are ones the most appropri-
ate for this study. The corresponding TSL ACE type
neutron libraries are released for thermal neutron scat-
tering at nine moderators and for eight temperatures
[24], among which 293.6 K is the only one appropriate
for this study.

All evaluated nuclear data libraries, from the very
early days, have kept growing in size, e. g. see [5], ow-
ing to adding (1) of data for more new isotopes (i. e.
abandoning the elements' approach), (2) increasing pre-
cision of the evaluated and processed cross sections
data, and (3) due to processing isotopes cross sections
data at different temperatures. The new and extended
TSL, e. g. see [5], with more precise evaluated cross
sections data for thermal neutron scattering at more dif-
ferent moderator materials (molecules) and more tem-
peratures, were also issued in that period.

In addition, from corresponding TSL, issued
with the abovementioned three selected new libraries,
the endf70Sab and jeff32Sab are of discrete type (for
the energy of secondary neutron spectrum and angle
distribution). The third TSL, the endf71Sab (first re-
leased officially with the MCNP6.1 [3]) uses new con-
tinuous type representation of these quantities. Ac-
cording to the report issued for the new endf71Sab
TSL[28], these differences, in discrete and continuous
representations of secondary neutrons data, should not
influence the eigenvalue calculations, what this study
should demonstrate as well.

Other (officially issued) recent evaluated nu-
clear data files (e. g. Japanese JENDL-4.0up3 or Rus-
sian BROND-3.2 and ROSFOND-2010) were not
used in this study. These libraries were excluded from
this study, because these libraries were not accompa-
nied with the (own processed) ACE type libraries.
Therefore, these libraries would require large effort to
any author to produce corresponding ACE type librar-
ies by using the NJOY code [18], for use with the
MCNP computer code for the RB1/1958 benchmark
core. The NRG tendl2014 ACE type neutron library
was also notused, because of the unsatisfactory evalu-
ation results for isotopes bellow Fluorine, which was
reported at the TENDL web site and confirmed (for the
tendI2011) in the validations shown in [5].

Data and models

In this validation study, all atom densities of the
RB reactor materials were calculated for the material
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composition isotopes. The exception was Zn, which
neutron cross sections data in the endf70 were avail-
able only for the element material. The atom densities
in the endf60 ACE library [16], used in [14], were
given for the elements contained in the material com-
position. The exceptions were: the U metal (but not the
impurities in the U), the B impurity, and the D,0 mod-
erator, for which the isotope atom densities were
given. The Zn element ACE type cross sections, given
in the vmccs library [17], used in [14] as well, were
produced from the BROND 2 evaluated nuclear data
file, using available version of the NJOY code [4] at
the time.

All selected TSLs were used in this study at tem-
perature of 293.6 K (20.45 °C), i. e. 25.301 meV,
which was the closest to the reported experimental
temperature (22 °C). The all other benchmark materi-
als (natural U metal, SAV-1 cladding and tank mate-
rial) were used also at 293.6 K. The exceptions were
the D,0O moderator and Air, which atomic densities
were calculated at the experimental temperatures. For
the Air inside the RB tank, above the D,0O moderator
critical level, it was assumed to have the same temper-
ature as the D,0 moderator and pressure which corre-
sponds to the elevation of the RB reactor building at
the Vinca Institute.

The benchmark model of the RB1/1958 core
was chosen for use in this validation study of the ex-
periments shown in the section Experiments. The se-
lected benchmark model neglects all objects and
equipment outside the RB tank top cover, the tank
walls and the equivalent tank bottom. The reactor core
was modelled with minimum approximations, which
were evaluated too [ 14]. The safety rods (including the
rods' guides) were not modelled, nor instruments (e. g.
thermometer or the level measuring probes of the D,O
moderator) inside the reactor tank. The influence of
neutron reflection (back to the core) from the reactor
room surfaces at the benchmark eigenvalue was evalu-
ated as well [14]. The RB1/1958 model used in this
study (the “study benchmark model”, SBM) was the
same as the benchmark model in [14], except that:

— the molar percent of the D,0O content in the moder-
ator was 99.79 % (as reported in [7]), instead of
the evaluated value of 99.82 % shown in [14],

— the RB tank material was made 0f99.9 (weight) %
pure Al (as reported in [7]), with assumed 0.1
(weight) % of Si, instead of the assumed Yu Al
material for the tank used in [14], and

— the Air pressure, which corresponds to the eleva-
tion (105 m above the sea level) of the RB building
at the Vinca site, was taken at 22 °C, instead of the
Air at sea level pressure and 20 °C, used in [14].

The content of 0.1 % (weight) impurities in the
tank Al material was not reported in [7]. There is no
certificate of the tank material composition in the RB
reactor archive nowadays. Thus, the most common
impurity element (Si) in high purity Al was chosen.
The factis that the RB tank is at the edge of the RB bare

core with a tiny influence at the eigenvalue of the criti-
cality. An analysis, using the MCNP6.1 code and the
endf71 library, has shown that the uncertainty in the
RB tank material composition (either Yu Al, or
SAV-1, or 100 % Al or 99.9 % Al) influences the
benchmark eigenvalue as (28 + 17)-107%, i. e. far be-
low the estimated uncertainty [14]. Similar sensitivity
analysis has shown that change of + 0.3 % (weight)
in molar content of the H,O in the D,O moderator
influences the eigenvalue of the benchmark model for
+(25.3£8.1)-107*[14], which is also within the uncer-
tainty evaluated for this U-D,O core of the RB reactor.
Therefore, these modifications, including the Air pres-
sure-temperature, were considered a small change in
the benchmark model. Other deviations from this
SBM, if any, will be explained in the corresponding
subsections of the section Calculations.

Criticality

It was already mentioned that out of the RB reactor
basic experiments performed in 1958 (and shown in the
section Experiments), only the Approach to the criticality
experiment was included as the evaluation LMT-001
(= LEU-MET-THERM-001 = RB-FUND-EXP-003) in
the ICSBEP and IRPhEP Handbooks [14] in 1999. The
experimental kg is 1.00000 = 0.00007, the evaluated
benchmark kg1 0.9990 £ 0.0057 in the LMT-001.

The version 4B2 of the MCNP computer code
[15] with the endf60 [16] and the vimecs [17] ACE type
neutron data libraries and neutron thermal scattering li-
brary (TSL) tmess [18] were used in the LMT-001 eval-
uation in 1999. The code version and the neutron data
libraries used are considered obsolete and have been su-
perseded nowadays. Most of the available neutron data
libraries (including TSL) of the ACE type (up to 2013)
were used with newer version (5.1-6) of the MCNP
computer code [19] in the validation process [5], which
has also included the benchmark value of the RB as-
sembly first core (RB1/1958) U-D,0 moderator criti-
cality data. These RB1/958 core validation results,
given in Tables and Graphs in [5], were extracted from
[5] and shown in this article as a graph in fig. 2. The
older neutron data libraries, shown in fig. 2 at horizontal
axis, are described (including TSL) briefly in [5].

The MCNP5-1.6 computer code was run for 10
million active neutron histories (10 Mnh) in all cases of
the validations of the neutron nuclear data libraries [5].
These validation calculations with the MCNP5-1.6
code (in KCODE option) were done for 1 000 neutron
active cycles, with 10 000 neutron histories in each cy-
cle. The 100 neutron initial cycles were skipped. Such
total number of the neutron histories ensured that
MCNP5-1.6 code gave the neutron effective multipli-
cation factor (eigenvalue, k), with an average uncer-
tainty value (given as the statistical standard deviation
1) about (25 +5)- 107 Only in cases of the vmccs and
the endf60 libraries, the MCNP code results were taken
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1.0050 e
upv (B ky) were run firstly to obtain a fission neutron source equi-
1.0025 1 librium distribution in the SBM of the RB1/1958 core.
ke"1 0000 ] ok Such number of 150 (active) Mnh ensured that the 1o
' 7o uncertainty of the MCNP eigenvalue calculation was
0.9975 ez +0.00005, which was lower than reported experimen-
tal uncertainty (£0.00007). The last uncertainty was
099501 lov(Bky = estimated according to the reported uncertainty of the
099254 ;”’:’”: """" A - o D,0O moderator critical height and the reported reac-
= = : ) tivity gradient at critical height. The D,O moderator
0.99001 LEUMET THERM-001 critical height of 177.60 cm [7] was assumed only in
oogrs the SBM, i. e. the D,O moderator critical height of
8832 £8885r_EES§CE 177.15 cm, reported in [6] was not used in this study.
SES5F "8 BEEEERG The calculation results for the values of the criticality

Library were shown in tab. 1.

Figure 2. Earlier [5] results of validation of the neutron
data libraries for the RB1/1958 benchmark criticality
experiment

from earlier runs, done with smaller number of histo-
ries. Those results are not re-calculated, since they were
given in the benchmark evaluation LMT-001.

The calculated data for k. are shown in the
graph in fig. 2 with the symbols and associated the lo
uncertainties. Values of the benchmark kg eigenvalue
(B k) are shown in the graph with solid line labelled
with the “v B k. The uncertainty limits in the value
of the benchmark k. are shown in fig. 2 with dash
lines labelled with as the “upv (B k)", i. e. the upper
value of the (B k) and the “lov (B k)7, i. e. the lower
value of the (B k), respectively.

The endf71 ACE type library (with the
endf71Sab TSL) shown in fig. 2 was issued by the
NNDC (National Nuclear Data Center, Brookhaven
National Laboratory, Uptown, USA), before the same
labelled library was issued by the LANL (Los Alamos
National Laboratory, Los Alamos, N. Mex., USA)
with new version (6.1) of the MCNP code. A part of
that ACE library (for temperatures above 300 K) was
removed (later on in 2014) from the NNDC web site
due to an error found in the NJOY-99.368 code, used
for the processing data. The endf70 ACE type library
(with the endf70Sab TSL), shown also in fig. 2, was
released officially with the MCNP5-1.6 code, and was
used in this study for the comparison. From fig. 2 it can
be seen that older libraries (given at beginning of the
fig. 2) and the tendl11 (from 2011) were not shown a
satisfactory agreement with the benchmark
eigenvalue value.

The effect of different, earlier available, TSL at
the RB1/1958 benchmark eigenvalue was also exam-
ined and shown in [5]. Results obtained demonstrate
that the effect of inclusion of various TSL at the kg
was few hundreds pcm (1 pecm = 1-107 Ak/k), except
in the case of omitting the TSL, which was expected.

In this study, the MCNP.1 computer code was
run for the SBM for 150 million active neutron histo-
ries (150 Mnh) in the KCODE mode. Initial 15 Mnh

Reactivity gradient at the
D, 0 critical level

To determine calculated value of the reactivity
gradient at the D,O critical level, the MCNP6.1 com-
puter code was run in the KCODE mode for active
25 Mnh, after initial 2.5 Mnh. Such number of active
neutron histories ensured that the 1o uncertainty of the
MCNP eigenvalue calculation was £0.00012, and the
1o uncertainty of the reactivity value was £0.00013.
The increase of the heavy water over critical level
(AH) was assumed +2.0 cm, which was corresponding
to the experimental maximum overcritical value. The
reactivity obtained in the calculations, as the relative
change of the eigenvalues, was divided by the AH
value to obtain the reactivity gradient at the D,O criti-
cal level, which was shown in tab. 1 and compared to
the experimentally determined value.

Dependence of the D,O critical
level on the temperature

Value of dependence of the D,0 moderator criti-
cal level on the temperature was not possible to deter-
mine straightforward from the MCNP calculations,
but it was determined from the formula shown below,
after the (isothermal) temperature coefficient of reac-
tivity (TCR) and the reactivity gradient (Reactivity
gradient at the D,0 critical level) were calculated, ac-
cording to the ratio

[oN
5l€
~—

SIS

Zle

The reported experimental value of the (overall)
isothermal TCR (24 pcm/K) is given with the small
(1o) uncertainty (£1 pcm/K) in [12]. With the aim to
calculate change of the reactivity with such a low un-
certainty in the RB1/1958 core, with a small change of
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Table 1. Comparison of the results reported in the experiments and ones obtained by the MCNP6.1 code calculations

Quantity Experimental Calculation MCNP & ACE neutron data library value (C)
value (E) LANL endf71  |(C-E)E| LANLendf70 |(C — E)/E| OECD/NEA jeff32 |(C — E)/E
ke at H, (cm), [He: 177.60 £ 0.10
(exp: 1.00000 +| Tpy0:22.0°C | 0.99851 +0.00005 |—0.0015| 0.99872 + 0.00005 |—0.0013 | 0.99979 +0.00005 | 0.0002
0.00007) %DZO: 99.79
(1‘(1)”4/311}{71) 7.06 £0.15 7.86 +0.65 0.11 5.56 +0.65 -0.21 6.30 +0.65 -0.11
dH/AT (cn/K) 0.34 0.10 +0.03 -0.71 0.19 +0.05 —0.44 0.10 £ 0.04 -0.71
0)
dpiﬂm 4 24+0.1 —0.82+0.23 —0.64 -1.04+0.23 -0.57 —0.64 +0.23 -0.73
(107K ™)
B’ (m?) 5.576 £ 0.016 5.530 + 0.002 -0.01 5.527 +0.001 -0.01 5.530 + 0.001 -0.01
B (m?) 2.940 £ 0.012 2.785 + 0.000 -0.05 2.764 + 0.000 -0.06 2.787 + 0.000 -0.05
BX(m?)[7] | 8516+ 0.020 ~0.02 ~0.03 ~0.02
BImD[6] | 8.618%0014 8.315+0.186 0.04 8.291+ 0.140 0.04 8317 +0.161 0.03
M?*(cm?), g=2 24246 0.04 0.04 0.04
M (o) h 046 250.52 +5.61 007 251.26 +4.23 0.07 250.46 + 4.876 0.07
, 8= + —0. —0. —0.
1.20831 + 0.00012" | —0.0014 | 1.20834 + 0.00011"| -0.0014 |1.20869 + 0.00011V| —0.0011
ke 1.210 £ 0.006 | 1.20824 +0.00011? | -0.0015 | 1.20862 + 0.00011® | —0.0011 |1.20858 + 0.00011?| —0.0012
1.20817 + 0.00011® | -0.0015 | 1.20814 + 0.00011®| —0.0015 |1.20862 + 0.00011®’| —0.0011
5 (oD 0.00790®  |0.00644 +0.00017°| —0.18 [0.00699 + 0.00017®| —0.12 |0.00758 + 0.00015®| —0.04
0
(assumed, [13]) | 0.00660 + 0.00018@ | —0.16 |0.00677 £ 0.00019©| —0.14 |0.00737 £ 0.00020| —0.07
-1.027 +0.05 0.27 0.18 0.05
psri® (9) 0495005 ~1.30 £0.04® 025 ~1.20 £0.03® 015 ~1.07 £ 0.03® 0.03
-1.00” + 0.05 0.30 0.20 0.07
(s ~1.30 +£0.04® ~1.20 +0.03¥ ~1.07 £0.03®
poa ™) 1) 040+ 0.5 200 0.25 202003 0.15 075003 0.03
—2.007+0.10 0.33 0.24 0.13
O ~2.66+0.04 —2.48+0.03 —2.25+0.03®
Psrissr2  ($) 121011 .66 £0.0 025 48 £0.03 017 25+0.03 0.06

Notes: (0) experimental values of the TCR and p(SR) are shown in 2™ column with appropriate sign, (1) MCNP RB1 x-y cell Periodic boundary,
(2) MCNP RBI1 x-y cell Reflector boundary, (3) MCNP RB1 x-y cell White boundary, (4) no uncertainty was given for the assumed 8 value used
by the experimentalists, (5) f value from MCNP prompt and total fission neutron eigenvalue calculations, (6) f value from MCNP6.1 mode
KOPTS kinetics parameters, (7) rod drop, assumed +5 % uncertainty; (8) rod drop, Schultz method, assumed +5 % uncertainty

the D,0 temperature (A7=5 K) reported in the experi-
ment, the MCNP6.1 computer code should run in the
KCODE mode for a large number of neutron histories.
Alarger range of the AT would allow shorter run of the
MCNP6.1 code, but assumed linearity of the reactivity
change with the temperature change in such wider
temperature range would not be confirmed experi-
mentally. It was estimated that the MCNP calculations
(in parallel mode) would require around 250 Mnh. At
one computer with a quad processor which has the
speed of about 2.5 GHz, the 250 Mnh could be
achieved in about 30 hours continuous run for only
one case (i. e. one temperature value and one ACE type
library). Such calculation would give the result of the
reactivity (relative change of the eigenvalues obtained
in two MCNP calculations) with 1o uncertainty of
+0.00005 (5 pcm).

Therefore, in order to avoid time consuming cal-
culations, the value of the overall isothermal TCR was
determined by the MCNP6.1 computer code for the
critical level (177.60 cm) of the D,O moderator in two
shorter runs for each ACE type library. One run was at
the D,0O moderator temperature of 20 °C and the other
at 25 °C, which were the reported experimental mini-

mum and maximum moderator temperatures. Only
atom densities of the D,0 moderator and the Air were
inserted in the MCNP input deck data at those two tem-
peratures, while atom densities of all other materials in
the core were given at the ACE library cross section
temperature data (293.6 K). The jeff32 neutron library
issued at 300 K, which is the closest to the experimen-
tal temperature of 25 °C, was not used for this calcula-
tion of the temperature dependence. The MCNP6.1
computer code was run for the SBM for only 50 mil-
lion active neutron histories (after initial 5 Mnh) in the
KCODE mode in each case. Such number of neutron
histories ensured that the 1o uncertainty of the MCNP
reactivity calculation was £0.00011.

Therefore, such approach should give only rough
values of the isothermal TCR with the proper (negative)
sign with the 1o uncertainty about £2.3 pcm/K for this
validation study The isothermal TCR could be obtained
simply by division of the calculated reactivity by the tem-
perature range (5 K), while a negative sign should show
decrease of the reactivity with the temperature increase.
The calculation results for the values of the isothermal
TCR and the dependence of the D,O moderator critical
level on the temperature were shown in tab. 1.
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Reactor critical parameter (buckling) 3
T 100 RB1/1958

The calculated value of the critical reactor geo- % 1
metrical parameter for the RB1/1958 core was obtained § 100
by the least square fitting of the horizontal and vertical = 80 i
spatial distributions of the neutron flux density in the ¢ JEFF.82
SBM obtained as the FMESH tally of the MCNP code 60
for the thermal neutrons (£<0.625 eV) only. The height
of the D,O moderator in the SBM was assumed equal to 40 |
the experimentally reported (182 cm). The D,0 moder- oo 5= (0.023516.£0.000842) om™
ator temperature of 22 °C was used in the calculations. 1 | ®  MCNP6.1 FMESH 25 Mnh
The MCNP6.1 code was run for the active 25 Mnh, 04 [ (B fitby CURVEFIT code
which ensured that the 1o statistical uncertainty of the 0 20 2 0 80 100 120
FMESH tally values was below +0.4 % at any (of 23 Radius [cm]

chosen and equally spaced) bin of the FMESH tally.
The vertical spatial distribution of the thermal neutron
flux density was calculated along the vertical central
axis (z) of the reactor tank, from 0 cm to 230 cm. The
horizontal spatial distribution of the thermal neutron
flux density was calculated along the radius (r) of the re-
actor tank, from the tank central axis (»=0cm) to the
tank edge (r = 105 cm), at the approximately half
(z= 91 cm) of the D,O moderator reported height. The
experimental foils and their holders were not modelled
due to missing data.

The radial (horizontal spatial) distribution of the
thermal neutron flux density was fitted at the Bessel
function of the first kind and integer zero order, i. e. to
the AJy(B,r), from which the radial buckling B, value
was obtained. The axial (vertical spatial) distribution
of the thermal neutron flux density was fitted at the
sine function A-sin(B,z + C), from which the axial
buckling B, value was obtained. The calculated values
of the thermal neutron flux density in points above the
D,0 critical level, for the vertical spatial distribution,
were not used in the fitting process, because these
points did not obey the sine function shape distribu-
tion. The fitting was done by using two independent
numerical tools, the CURVEFIT code [29] and the
ORIGIN software [30] in which was (additionally)
implemented the required Bessel function, based on
the polynomial approximation shown in [31]. Exam-
ples of the results of the fitting process for the FMESH
tally calculated neutron flux density spatial distribu-
tions, using the jeff32 ACE type library, were shown in
figs. 3 and 4. The obtained results for the geometrical
buckling were given in tab. 1.

Migration length

The migration length was calculated using the
results of the MCNP6.1 code obtained for the neutron
infinite multiplication factor and the critical geometri-
cal parameter assuming the reactor was critical (k= 1).
That critical condition of the reactor gave for a square
of the migration length (i. e. the migration area), in the
modified one-group, or two-group theory, a relation

Figure 3. Calculated radial buckling B, determination
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Figure 4. Calculated axial buckling B, determination

M?=(k,—1)/B 2 The calculated results were shown in
tab. 1.

Another approach to calculate the migration area
by the Monte Carlo method is based on a definition (e.
g. [32, 33]), that the M? is equal to 1/6 the average
square of neutron track (crow-flight) path </*> in a
(large) lattice. This Monte Carlo neutron “crow-flight”
method assumes that each neutron history was followed
along neutron tracks, from the spatial point (start)
where neutron was born as the fast one (in fission) to the
spatial point of its termination (absorption in a large re-
actor lattice with a negligible escape) as the thermal
one. Using this intrinsic feature of the Monte Carlo
methodology, the MCNP computer code may generate
the PTRAC (particle track) file, from which the average
square of the neutron crow-flight distance </>> may be
extracted. The MCNP options, available to a user, allow
selecting the SRC (neutron source) and the TER (neu-
tron termination) events to record in the PTRAC file.
The crow-flight distance of neutron is the minimal dis-
tance (i. e. the straight line) between the two (start, ter-
mination) spatial points mentioned, regardless the real
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neutron path in a medium between these two points.
The migration area was, then, simply calculated by divi-
sion such obtained </*> value by six. The drawback of
that method is that generated PTRAC file has a huge
size, even in the case of demand for the minimum nec-
essary information on neutron events recorded in it. For
an example, the MCNP6.1 run for active 25 Mnh for the
RB1/1958 core generates the PTRAC ASCII file of
about 5 GB size. Additionally, the user has to write sim-
ple numerical code (e. g. FORTRAN) to extract the co-
ordinates of the SRC and TER points, mentioned above,
from the PTRAC file and calculate the </*> value.

Therefore, the MCNP6.1 code was run for 2.5
Mnh (neutron active tracks) for the RB1/1958 core
SBM with all three ACE type neutron libraries and fol-
lowing values for the migration area were obtained by
this method: (285.25 + 0.28) cm? (endf71); (284.06 =
+0.24) cm? (endf70), and (283.34 +0.24) cm? (jeff32).

It can be seen that these results for the M? are
from 6 % to 18 % higher than the experimentally re-
ported ones. The obtained calculated value of the A2
for the endf70 ACE type library was also checked for
10-fold higher number of the neutron histories. The
MCNP6.1 code was run, with the endf70 ACE type li-
brary, for 25 Mnh and the PTRAC ASCII file was gen-
erated with neutron (source and termination) events
recorded in it. The obtained value of the M? for the
endf70 ACE type library was (262.77 * 0.07) cm?.
This M? value is between two reported experimental
M? values and is about 8 % less than the calculated one
in the case of 2.5 Mnh, i. e. the neutron statistics issues
have to be taken into account for this method. This
method has also to include in data evaluation the fact
that the RB1/1958 core was a large reactor lattice, but
not with a negligible neutron escape from the core.
The results of the MCNP6.1 calculations show that the
neutron escape from the RB1/1958 core is = 20 %. In
particular, many of the natural U metal fuel rods were
placed in the core near to the surface of the RB reactor
tank wall in order to achieve a cylindrical, bare lattice
with 12.0 cm square pitch. The probability of neutron
escape from the RB reactor core for such fuel elements
is higher than for ones placed around the centre of the
core.

Neutron infinitive multiplication factor

The neutron multiplication factor (k,,) in the in-
finitive lattice of the natural uranium metal rod and the
D, 0 moderator with square pitch of 12.0 cm was sim-
ply calculated by the MCNP6.1 code. A single square
lattice cell of the SBM (12 cm pitch) with infinite di-
mension in axial direction, was selected and the
MCNP6.1 code was run assuming the vertical surfaces
of the cell with (1) periodic, (2) reflective, and (3)
white boundary conditions for transport of neutrons.
Spatial homogeneous fission neutron source, de-

scribed by the Watt neutron energy shape spectrum,
was assumed in the fuel rod. The MCNP6.1 code was
run for the active 25 Mnh, which enabled that the 1o
statistical uncertainty of the eigenvalue (assumed to be
equal to the £,,) was £0.00012. The calculated results
were shown in tab. 1.

Reactivity of the safety rods

In order to calculate reactivity of the RB1/1958
safety rods, additional modifications and assumptions
in the SBM were made. The SBM was modified by ad-
dition of the simplified model of two identical safety
rods (SR). The assumptions in modelling the SRs were
arisen due to the unknown details related to their (1)
exactupper and lower positions in the reactor tank; (2)
material compositions and (3) unknown rods' exact
geometry.

The SR guide tubes and their moving mecha-
nisms above the tank cover were not modelled. A part
of the rods above the tank cover was neglected when
the rods were in the upper positions. The wire, made of
stainless steel, which holds the SR and was used for the
rod moving, was also neglected. It was assumed that
the SR outer diameter match exactly the rod penetrat-
ing hole in the top cover, when the rod was in the upper
position (withdrawn), and that penetrating hole was
completely closed by the top cover material when the
rod was in the lower position (inserted).

The SR were modelled, according to the infor-
mation given in [13], like the stainless steel (SS) tube
with OD 3.0 cm, 170 cm long and 2 mm wide wall.
Two SR were positioned diametrically opposite and at
30 cm distance of the tank central vertical axis. The in-
ner bottom part of each safety rod SS tube was lined by
Cd sheet, 1 mm thick and 50 cm long. No information
was given about the position of the lowest end of the
rod, when it was immersed in the reactor core. Based
on the safety rods moving mechanisms, still in use at
the RB reactor nowadays, it was assumed that the rod's
bottom end has stopped at 50 cm above the tank bot-
tom, when the SR was completely inserted in the core
(the down position). Assuming that all RB tank geom-
etry details, shown in fig. 2 in [ 7], were in scale, it was
evaluated that the position of the bottom end of the SR
in the upper position (withdrawn) was about 5 cm be-
low the tank top grid plate, i. e. at 205 cm above the
tank bottom. The uncertainty of these (upper, lower)
ending positions of the SR was estimated at 5 cm.
The rods' bottom conical ending (assumed made of
SS), shown in the fig. 2 in [7], was not modelled. Inner
space of the rod was filled by the Air with the pressure
and the temperature same as the ones used for the Air
in the RB tank above the D,0 moderator critical level.

Information on exact material composition of
the safety rod stainless steel tube was not given. There-
fore, the SS type ANSI-430 (DIN X6Cr17) with mass
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density of 7.70 gem™3, found at the RB storage, was
assumed and modelled. The elemental (weight %)
composition of this SS type is similar to the other SS
types with Cr in range of (17 + 1) % and Fe in range of
(60 £5) %, with much smaller weight percent of im-
purities of other elements. No information was given
on impurities in the Cd sheet material either, and, thus,
100 % pure Cd material was assumed with a theoreti-
cal mass density (8.65 gcm>). The effect of the uncer-
tainties in composition of materials and geometrical
dimensions at the SR reactivity was not evaluated, be-
cause it was out of the scope of this study.

The calculations of the SRs reactivity were car-
ried out by running the MCNP6.1 computer code in
the KCODE mode, for 25 Mnh, in three steps. In the
first step, the eigenvalue (k) of the modified SBM,
with both safety rods completely withdrawn, was de-
termined. In the second step, the eigenvalue (k) of the
modified SBM, with one safety rod (e. g. SR1) com-
pletely withdrawn and other safety rod (SR2) com-
pletely inserted, was determined. Since both safety
rods were modelled identically, this step was used to
determine the reactivity of either SR1 or SR2. The re-
activity was determined as a relative change in the cal-
culated eigenvalues: p = (k;— k)/k,. In the third step,
the eigenvalue (k,) of the modified SBM, with both
safety rods completely inserted, was determined, and
the reactivity of both safety rods was determined as
p = (kyy = ko)/ko.-

In order to compare the calculated reactivity of
the SR with the reported experimental values, the cal-
culated reactivity had to be shown in units of dollar
(%), i. e. divided by the total effective fraction (8) of de-
layed neutrons and delayed photoneutrons. Therefore,
the MCNP6.1 computer code was used to determine
the value of the 3, by two methods. In the first method,
the MCNP6.1 computer code was run twice, in
KCODE mode for 25 Mnh, to obtain the eigenvalue
for (1) all neutrons from fission (total v) and for (2)
only prompt neutrons from fission (prompt v,). The
value of the § was then obtained as relative change of
such obtained eigenvalues. In the second method, the
KOPTS option of the MCNP6.1 code was used, which
gave straightforward the value of the 8 at the code out-
put. Results of both calculations' options were shown
in tab. 1, including the calculated reactivity of the
safety rods given in dollars.

RESULTS AND DISCUSION

Results of the MCNP6.1 computer code calcula-
tions (C), with all three neutron ACE type libraries
used are shown in tab. 1 and compared to the reported
experimental (E) results. The comparison is shown in
the columns labelled (C — E)/E associated to the col-
umns with the calculated results for each ACE type
neutron data library.

The calculated values of the neutron effective
multiplication factor, at the reported D,O moderator
critical height and the temperature of the RB1/1958
benchmark core, obtained for all examined ACE type
neutron data libraries, are lower by only 0.15 % than
the experimental eigenvalue. The best calculated
eigenvalue value is achieved with the jeff32 ACE
type neutron cross section data, that is only about
(20 * 5)-107 less than the experimental eigenvalue.
The endf70 and endf71 ACE type neutron cross sec-
tion data libraries show the results which are 130-10~°
and 150-107 below the experimental value, respec-
tively, which are also considered as very good agree-
ments.

The calculated values of the reactivity gradient,
at the reported D,0 moderator critical height and the
temperature of the RB1/1958 benchmark core, ob-
tained for all examined ACE type neutron data librar-
ies, are lower (between 11 % and 21 %) than the exper-
imental value. The best calculated reactivity gradient
value is again achieved with the jeff32 ACE type neu-
tron cross section data.

The calculated overall isothermal TCR (i. e. de-
pendence of the reactivity on the temperature) shows
large discrepancy to the determined experimental
value, higher than 50 %, for all used ACE type neutron
data libraries. The trend (direction of change) of the re-
activity with increase of the D,0 moderator tempera-
ture is shown with proper negative sign for all librar-
ies. In the case of the endf71 and jeff32 ACE type
libraries the discrepancy to the experimental result is
in the range of 65 % to 70 % for such small (5 K) tem-
perature increase in the D,0O moderator in the
RB1/1958 core. Consequently, the change of the D,O
moderator critical height with the temperature in-
crease in such a small range (5 K) shows similar uncer-
tainties. Itis obvious that neutron cross sections data in
allused ACE type libraries need further evaluation for
such type of validation and the MCNP6.1 code should
be run for much more neutron histories to achieve a
better statistical uncertainty in the measured tempera-
ture range.

The calculated values of the radial geometrical
reactor parameter (buckling), for all three used ACE
type neutron libraries, are about 1 % less than the ex-
perimentally reported values, which is considered as a
very good agreement. The calculated values of the ax-
ial geometrical reactor parameter (buckling), for all
three used ACE type neutron libraries, are about 6 %
less than the experimental reported values, which is
considered as an expected result. Subsequently, the
calculated values of the total geometrical buckling, for
all three used ACE type neutron libraries, are different
for about 4 % than the experimental reported value,
which is considered a very good agreement.

The calculated values of the neutron infinite
multiplication factor, for all used ACE type neutron
cross section data libraries and all applied models of
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the RB1/1958 reactor cell in the MCNP code, are only
0.1 % less than the experimentally determined value,
which is a very good agreement.

The calculated values of the migration area, for
all used ACE type neutron cross section data libraries,
are only about 4 % less than the experimental value, re-
ported for the (modified) two-group theory. These cal-
culated values are only for about 7 % less than the ex-
perimental value, reported for the neutron modified
one-group theory. The calculated values of the total
geometrical parameter (buckling) and the calculated
value of the neutron infinite multiplication factors
were used in the same formula for determination of the
migration length applied by the experimentalists. The
comparison results are considered to be in good agree-
ment.

In case of the “crow-flight” method, the MCNP
calculated the migration area values were from 6 % to
18 % higher than the experimentally reported ones. It
was shown that these discrepancies could be smaller if
better statistic was used. The Monte Carlo method of
calculation the migration area using determination of
the average square of the neutron track path deserves
more evaluation about its applicability, so obtained re-
sults were not included in tab. 1. That evaluation
would include (if necessary) redefinition of the neu-
tron path start event SRC (only fast neutron from fis-
sion) and the neutron path termination event TER
(should be only thermal neutron absorption in the lat-
tice, without escape), which are recorded in the
PTRAC file. Such PTRAC file modification what
would require editing of the MCNP6.1 code FOR-
TRAN source file, inserting changes and recompiling
the code, which option is not attainable to every one
user of the MCNP code.

It can be seen that the calculated values of the ef-
fective neutron fraction of delayed neutrons and de-
layed photoneutrons, 3, are smaller than the value
assumed by the experimentalists, in the range from
4 % to 16 %, depending on the method of the calcula-
tion used in the MCNP code and the used ACE type
neutron data library. These discrepancies originate pri-
marily from an incomplete contribution of delayed
neutrons and delayed photoneutrons in the ACE type
data libraries. In fact, neither used ACE type default
neutron library shows delayed photoneutrons produc-
tion in deuterium (of the D,0 moderator, for gamma
rays with energy higher than threshold, =2.225 MeV)
or in other materials in the reactor core. However, it
was possible, only in the case of the endf70 ACE type
nuclear library, to combine default neutron library
(*.70c) with the photonuclear library (*.70u) in order
to account neutron production by photons. This was
done in the MODE n p option of the MCNP6.1 code
run for the same number of neutron histories. The
KOPTS value  was not changed, but the value 8 ob-
tained from two MCNP6.1 code runs gave higher
value 8 (0.00735 £ 0.00016), which was closer to the

value  assumed by the experimentalist, than one ob-
tained for the endf70 library used without the
photonuclear data library.

It is obvious that better agreements in the 8 value
were obtained when the method of two (total and
prompt neutrons from fission) runs of the MCNP6.1
code was applied than when the new KOPTS option in
the MCNP6.1 code was used. Otherwise, the best
agreement (about 4 %) of the calculated value of the 8
and the one assumed by the experimentalists was
achieved for the jeff32 ACE type neutron data library
and the method of two (total and prompt v) runs of the
MCNP6.1 computer code, since the jeff32 ACE type
delayed photoneutron library is not available [24]. As
the endf71 ACE type delayed photoneutron library is
also not available in the default MCNP LANL distrib-
uted library collection, only the LANL lal150 ACE
type delayed photoneutron library can be still used, but
with a limited number of nuclides.

The calculated reactivity of the safety rods in the
RB1/1958 core shows discrepancy in range of 3 % to 33
%, depending of the ACE type neutron library. These
differences are partially due to the simplified models of
the safety rods. The calculated values of the S are used
to express the calculated reactivity of the safety rods in
dollars. However, if the experimentalists' S value would
be used, the differences would be much smaller and
would show more acceptable agreement. The best
agreements were achieved when the results of the reac-
tivity of the safety rods obtained in the calculations with
the jeff32 ACE type neutron data library are compared
to the reactivity of the safety rods determined experi-
mentally by Schultz rod drop method.

CONCLUSIONS

This study examined and evaluated measure-
ments carried out at the natural uranium metal fuel lat-
tices in the heavy water of the RB critical assembly
first core, designed at the “Boris Kidri¢” (now Vinca)
Institute of Nuclear Sciences in 1958. The measure-
ments performed at the RB reactor included seven ba-
sic reactor experiments to determine: the criticality;
the reactivity gradient at the D,O critical level; the re-
activity temperature coefficient; the critical reactor
geometrical parameter (buckling); the migration
length; the neutron infinite multiplication factor and
the reactivity of the safety rods. With the aim to exam-
ine possible use of these experiments, as the
benchmarks, for validation of modern nuclear data li-
braries, the results of the experiments are compared to
the ones obtained using the MCNP6.1 computer code
with three modern nuclear data libraries. A short over-
view of the experiments and used ACE type nuclear
datalibraries (endf71, endf70 and jeff32) is given. The
RB1/1958 core benchmark model used for this valida-
tion study is briefly described and applied (with a
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slight modification if necessary) to obtain requested
computation results. The computations results are
compared to the experimental ones in tab. 1. The ac-
ceptable agreements were found for all experiments,
except for the isothermal temperature coefficient of re-
activity (TCR) which requires further investigation of
the obtained discrepancies. As the summary conclu-
sion, among three ACE type neutron data libraries
used in this validation study, the jeff32 data library
showed the results closest to the experimental ones,
except for the TCR. For possible inclusion of these ex-
periments as the benchmarks in the IRPhEP, further
evaluations of influences of missing data and uncer-
tainties in material composition and geometry dimen-
sions are required. Finally, it should be underlined that
reactor experiments of these types and similar ones are
still carried on at the various nuclear reactor facilities
for basic research and education in the reactor physics
worldwide nowadays, e. g. [34, 35].
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Muan I1. IIEHNINT R

CTYINJA O KOPUITHREBY PEAKTOPCKUX OCHOBHUX EKCIIEPUMEHATA
Y U-D20 PEHIETKN PEAKTOPA Pb 3A BA/IMJAIINJY CABPEMEHMUX
BUB/INOTEKA HYKIEAPHUX ITOJATAKA

3axTeB 3a JOCTYNHOCT HOOPO Ae(UHUCAHUX PEAKTOPCKUX €KCIepUMeHaTa 3a Balujauujy
HYMEPHUKHX IIporpama y HyKJIeapHOj HHIYCTPHUjU U TEXHOJIOIujama je HenpekugaH. KopucHuiu mopajy
6utn yoehenn y pesynraTe npoBepeHIX HyMEPUIKUX IIporpamMa 1 616 InoTeKka HyKJIeapHIX ofaTaka Koje
cy m3abpanu y mopenuMma. [1oopo aedunucanu (yriiaBHOM ,, ACTOPUjCKI’) U CUCTEMATCKU €BaJyHpPaHU
peakTopcku ekcriepuMenTr (Bux oko 5000 y 2015. roguHm) cakyIubajy ce HEMpPeKUIHO Kao CTaHmapiu
(benchmarks) y okBupy OECD/NEA npojekata ICSBEP (ox 1995. ropune) u IRPhEP (on 2003. rogune) un
00jaBIbyjy CBaKe FOAMHE Y €JIEKTPOHCKOM OONNKY K20 MehyHapOoaHU NpUpyYHUIH.

Oga cTyjyja HaMeeHa je (a) UCIUTUBAY U eBallyallji peaKTOPCKUX OCHOBHUX eKCIepUMEHATa,
U3BEACHUX y PELIETKH MPHPOAHOTI YPAHUjyM MeTala M TEIIKe BOAE Yy NPBOM je3rpy Ha KPUTUIHOM
peakrtopy PB (1958. rogune) u (6) npuka3y \uX0oBUX MOTYhHOCTH 3a BaJu/aliljy CaBpeMEeHUX OUOINOTEKa
HYKJICapHUX TofiaTaka. TM OCHOBHH DPEAaKTOPCKM EKCIHEpUMEHTH YKIbyuyjy: (1) mpubnmxkaBame u
ofpebuBame KpUTHIHOCTH, (2) offpebuBame rpajnjeHTa peak TMBHOCTH Ha KpUTHYHOM HUBOY TEIIKE BOJIE,
(3) Mepeme 3aBUCHOCTH PEaKTHBHOCTH TeUIKe BOje Off Temieparype, (4) Mepewme KpUTHUHOT
reoMeTpHjckor peakTopckor mapamerpa (buckling), (5) Mepeme MUrpanmoHe AyXKWHe HeyTpoHa, (6)
ofpebuBame pakTOpa YMHOXKaBarmka HEYTPOHA Yy pelleTKH OecKOHayHmX AuMeHsuja, u (7) Mepeme
PEaKTUBHOCTH CUTYPHOCHHUX IITUIKH. Pe3ynTaTi oBUX eKCliepiuMeHaTa ynopehenu cy ca pesyjaraTuMa Koju
Ccy fo0ujeHu KopuirhemeM caBpeMeHIX HykineapHux noparaka ACE tuna kpo3 npumeny MCNP6.1, fo6po
MO3HATOT ¥ MPOBEPEHOr HYyMEPUUKOTI MporpaMa 3acHoBaHOT Ha Metoan MonTe Kapio. [lat je kpaTak
npuka3 HeyTpoHcKux Hykieapuux mopgataka ACE twuma (kpeupanux y LANL, 3acHOBaHHMX Ha
ENDEF/B-VIL.O u ENDF/B-VIIL.1 parorekama eBajdyupaHUX HyKJeapHuUX noparaka, uiu y OECD/NEA,
3acHoBaHuX Ha JEFF-3.2 narorekama eBajyupaHuX HYKIJICapHUX MOlaTaka ) KOpUITheHUX y OBOj CTY/IU]jH.
OmnucaH je GeHIMapK MOfies1 KOpUITheH y OBOj CTY/IMj! U TOOMjeHH Pe3yJITaTU Cy aHAJIM3UPaHU. 3aKIbyIeHO
je ma cy HaBeJACHM OCHOBHU PEAaKTOPCKH EKCIIEPUMEHTH Y BehuHU ca MPUPOAHUM YPAaHUjYM METAJIOM Y
TElIKO] Bopu peakTopa PbB, moromnm 3a kopuirheme Kao cTaHAapAd 3a BalUAaLUjy CaBPEMEHUX
6ubaMoTeKa HyKJIeapHuX nofgaTaka. To 61 ce MOTIIO OCTBAPUTH HAKOH IITO CE CBU YTUIAjU HeAocTajyhux
nmofaTaka U HEO[peheHOCTH y MaTepujalHOM cacTaBy U AUMeH3ujaMa oOpajie mpeMa KpuTepujymuma u
cra"gapauma IRPhEP.

Kwyune peuu: Pb peaxituop, U-D,0 peaxitiopcku excitepumeriid, MCNP6.1,
bubauoitiexa HyKaeapHux iooatiaxa, eaauoavuja, IRPhEP



