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A numerical simulation of the radiological consequences of the RB reactor reactivity excur-
sion accident, which occurred on October 15, 1958, and an estimation of the total doses re-
ceived by the operators were run by the MCNP5 computer code.The simulation was carried
out under the same assumptions as those used in the 1960 IAEA-organized experimental sim-
ulation of the accident: total fission energy of 80 MJ released in the accident and the frozen
positions of the operators. The time interval of exposure to high doses received by the opera-
tors has been estimated. Data on the RB1/1958 reactor core relevant to the accident are given.
A short summary of the accident scenario has been updated. A 3-D model of the reactor room
and the RB reactor tank, with all the details of the core, created. For dose determination, 3-D
simplified, homogenised, sexless and faceless phantoms, placed inside the reactor room, have
been developed. The code was run for a number of neutron histories which have given a dose
rate uncertainty of less than 2%. For the determination of radiation spectra escaping the reac-
tor core and radiation interaction in the tissue of the phantoms, the MCNP5 code was run (in
the KCODE option) and “mode n p ¢”, with a 55-group neutron spectra, 35-group gamma
ray spectra and a 10-group electron spectra. The doses were determined by using the conver-
sion of flux density (obtained by the F4 tally) in the phantoms to doses using factors taken
from ICRP-74 and from the deposited energy of neutrons and gamma rays (obtained by the
F6 tally) in the phantoms’ tissue. A rough estimation of the time moment when the odour of
ozone was sensed by the operators is estimated for the first time and given in Appendix A.1.
Calculated total absorbed and equivalent doses are compared to the previously reported ones
and an attempt to understand and explain the reasons for the obtained differences has been
made. A Root Cause Analysis of the accident was done and, for the first time, a Cause and Ef-
fect diagram has been created in Cause Mapping methodology and shown in Appendix A.2.

Key words: accident, absorbed dose, equivalent dose, RB reactor, MCNP5 code

INTRODUCTION

The RB reactor is a non-reflected, natural ura-
nium, heavy water critical assembly designed by Yu-
goslav scientists, commissioned in former Yugoslavia
at the “Boris Kidri¢” (now Vinca) Institute of Nuclear
Sciences, on April 29, 1958 [1, 2]. On October 15,
1958, a reactivity excursion accident in which six op-
erators were heavily exposed to radiation occurred at
the facility [3]. In the first paper published on the acci-
dent in 1959, an estimation of the equivalent doses re-
ceived by the operators were calculated [3].The criti-
cal assembly, designed for operation at “zero power”
(i. e., within the mW range) reached the power maxi-
mum of 2.5 MW at the peak of the excursion. The first
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independent review of the accident was done by IAEA
officials in an Internal Report [4]. As a consequence of
the accident, in spite of the medical treatment received
in France, a month later, one of the operators died. The
medical treatment applied was the first ever human
bone marrow transplantation in Europe [6]. The Inter-
national Atomic Energy Agency (IAEA) offered help
and, with the approval of the Yugoslav Government, in
April 1960, prepared, organized and conducted the
“Vinca Dosimetry Experiment” at the RB reactor with
the aim of simulating accident conditions and estimat-
ing doses received by the operators [5]. Among other
methods used, the absorbed doses received by the op-
erators were estimated by measuring 2*Na activity in
the water of the seven phantoms placed and irradiated
around the RB core [5]. The uncertainty in the ab-
sorbed doses, within a 15%, was estimated based on
applied methodologies, assumed approximations and
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the uncertain time interval of the accident and posi-
tions of the operators.

Since then, several papers on the accident, its
description and estimates of its consequences, in-
cluding the doses received by the operators, have
been published [7-27, 50-56]. Most of these papers
are merely references to the accident, lacking rele-
vant physics or dosimetry evaluations. They also in-
clude the recollections [21] of the ORNL Division
Head, Karl Z. Morgan, the founder of Health Physics
in USA and head of the ORNL investigation team in
Vinca Institute at the time [5, 12]. The ORNL team in-
cluded such scientific dignitaries as G. S. Hurst, R. H.
Ritchie, F. W. Sanders, J. A. Auxier, D. E. Callahan,
P. W. Reinhardt, and G. H. Wigner. A recent novel on
solidarity in bone marrow transplantation [26],a RTS
TV documentary film [70] and an earlier TV drama
(“Irradiated”, directed by G. Poitou), realized in
co-operation of the Belgrade TV studio (RTB) with
the French State TV studio, ORTF, in 1976, deserve
to be mentioned, too.

A comprehensive study of the accident, focusing
on its technical and physics aspects, was done in 1992 at
the Vinca Institute of Nuclear Sciences [7]. Aspects of
biological and medical effects of the irradiation and the
consequences of the radiation illness on the operators
have not been studied in this work, because they have
been elaborated in numerous previous papers of a medi-
calnature[e.g.,6,9,51,59,63,and 65]. Our work is the
first attempt to evaluate doses received by the operators
using a contemporary computation tool — the MCNP5
computer code [28]. The paper also compares computa-
tion results of doses received to a wide range of those
previously published [3, 5, 6, 9, 12, 49, 51, 52, 59, 61,
63, and 64], attempting to explain the reasons for the
discrepancies. Doses received by RB reactor operators
were reported to be in the range of 207 rad (2.07 Gy)
to 640 rad (6.4 Gy) and from 145 rem (1.45 Sv) to
1024 rem (10.24 Sv). Old, abandoned units of the ab-
sorbed doses, (rad), and the equivalent dose, (rem),
have been retained in this paper with the aim of preserv-
ing authentical links to the published documents. Some
estimated values of the doses received by the operators
are published firstly and then re-evaluated afterwards in
new papers [52, 59].

DESCRIPTION OF THE RB REACTOR
AND SURROUNDINGS

A full description of the RB critical assembly
with the first RB1/1958 core configuration used in
1958, when the accident occurred, is given in [1, 2].
Additional technical details are given in [5, 7]. A pho-
tograph of the RB reactor (1958) is given in fig. 1. In
the photograph, the RB reactor control desk (console)
can be seen on the right, at the edge of the pond, known
as the “dry pool.”

Figure 1. View of the RB reactor from 1958

Only basic data on the RB1/1958 core configu-
ration necessary for the simulation and calculation of
the escaping neutron and gamma ray spectra from the
RB reactor tank and dose calculations by the MCNP5
computer code are given in this paper.

In 1958, the RB reactor’s unreflected (“bare’)
RB1/1958 core was assembled from 208 fuel elements
(rods) in a heavy water lattice with a 120 mm square
pitch. Each fuel element was assembled of seven
smaller natural uranium metal rods (25 mm in diame-
ter and 300 mm in length), placed one above the other,
inside an aluminium alloy cladding, 1 mm thick. The
fuel manufacturer [29] specified the weight fraction of
the 233U nuclide at 0.714% and the average mass den-
sity of uranium metal at 18.92 + 0.01 g/cm?®. Three
batches of fuel rods with various concentrations of im-
purities (B, C, N, Si, Mn, Fe, Ni, and Cu nuclides) were
used. Unfortunately, no records of the assembling of
uranium fuel elements exist today. For the purpose of
this study, we have assumed that the fuel material was
natural uranium metal, with given data on the impuri-
ties and a mass density of 18.64 g/cm? [30]. The said
density of the uranium was evaluated from available
data [30] and the assumption that there was no gap be-
tween the fuel meat and the aluminium alloy cladding.
As for the aluminium alloy SAV-1 (uranium metal
cladding), a Russian certificate for the composition of
the material with a mass density of 2.729 g/cm?,
experimentally determined at the Vinca Institute, was
applied [30]. Historical data on heavy water modera-
tor, dating back to the time, indicate that the RB reactor
had a stock of 6985.365 kg of heavy water, in total [7]
(i. e., 6.36 m? for a D,0 density of 1.1 g/cm?). Heavy
water purity was 99.76% (mol), while the remaining
part to 100% was light water. With this volume of
heavy water, a maximum level of 2.10 m of heavy wa-
ter in the reactor tank could be achieved with 208 natu-
ral uranium metal rods placed in a lattice with a 12 cm
square pitch of the RB1/1958 core. Horizontal and
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Figure 2. Horizontal and vertical cross sections of the RB1/1958 core 3-D model

vertical cross-sections of the 3-D model of the
RB1/1958 reactor core are shown in fig. 2.

The experiments were performed in an alu-
minium cylindrical (RB) tank mounted on an alu-
minium platform (fig. 1). The platform was built in the
centre of the dry pool (square cross section 8§ m x 8 m,
depth 1.5 m) in the reactor room. The northern wall of
the reactor room, facing the corridor in the reactor
building, constructed in the lower part of the room,
was fitted with large glass windows. The RB reactor
tank inner diameter (ID) is 2000 mm wide and has a
height of 2300 mm. The thickness of the aluminium
bottom of the tank is 15 mm. The average thickness of
the aluminium top cover of the tank is 25 mm. The bot-
tom of the RB1/1958 reactor core is 2.5 m above the
reactor room’s floor. The centre of the RB1/1958 core
(according to critical dimensions) is approximately
1 m (0.89 m) higher.

The surfaces of the RB reactor tank are distanced
at least 3.75 m from any other surface (walls, floor or
ceiling) of the reactor room. In this manner, the reflec-
tion of escaping neutrons from surrounding surfaces in
the reactor room back to the RB reactor tank is deter-
mined to be less than 0.4% [1]. Beside the RB tank
platform, an additional and separate aluminium plat-
form for experimental equipment and personnel is
mounted around the tank. The control room of the RB
reactor, separated from the reactor room, had not been
completed in the fall of 1958 and the facility was oper-
ated from a small reactor control console at the north
side of the dry pool (fig. 1). Most of the experimental
equipment was located in the northwestern corner of
the dry pool (fig. 1). This mode of RB reactor opera-
tion was possible due to low radiation doses (due to
neutrons and gamma rays escaping from the reactor

core) at positions occupied by the operators and scien-
tists, considered to be acceptable and in accordance
with radiation limits at the time.

It should be mentioned that, according to an in-
ternal report made after the accident, the RB reactor
began operation without any written License, Design
documents, written Operation and Regulation rules or
Safety Analysis Report. We may conclude that, in
those pioneer days of nuclear technology in Yugosla-
via, researchers at Vinca Institute regarded the RB re-
actor more as a new experimental tool than a facility
involving a serious radiation risk.

The RB reactor is designed as unreflected and
without any radiation shielding to provide “clean”,
simple “nuclear” geometry. The facility is operated
when the two cadmium safety rods are out of the core.
Criticality is achieved and maintained by a pump for
adjusting the level of heavy water in the RB reactor
tank, transferring heavy water from the storage tank to
the RB reactor core. The heavy water pump is located
in the underground room, adjacent to the dry pool, to-
gether with the heavy water storage tank. The level of
the heavy water in the RB reactor tank is measured by a
calibrated probe with a sensitive pin (known as the
“levelmeter”) that was set in the air above the current
moderator level, at a new desired level. The pump is
switched on to increase the heavy water to that of the
new moderator level. When the heavy water touches
the probe pin, it closes the electrical circuit, this is reg-
istered by an ammeter at the reactor control console,
and at that point the operator is supposed to switch the
pump off. The probe is then moved to the next desired
(higher) level of heavy water and the process repeated.
The heavy water is pumped into the reactor core by the
pump with two possible speeds, the changing D,0
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moderator increasing the level at rates of 2.5 cm/min.
and 0.8 cm/min. The level of D, 0O is measured, with an
uncertainty of 0.2 mm, by the described “levelmeter”
observing the electrical contact between the water sur-
face and the pin of the probe.

The experimental “start up” equipment consists
of three pulse channels with BF; counters of different
sensitivity, with scalers and 5-decade rate meters con-
nected to a chart recorder. The BF; counters, with as-
sociated pre-amplifiers, were placed around the RB re-
actor tank, on the lower platform. They were used to
measure neutron flux density (according to the ICRU,
equal to the “fluence rate”) and shown it at the experi-
mental panel (racks) placed at the northwestern corner
of the dry pool and at the pool edge, beside the reactor
control console. During the start up procedure, a
Ra-Be neutron source, of 17.5 GBq (500 mCi) Ra in-
tensity, is inserted through the tank top cover into the
RB reactor core, along a central axis tube, called the
“source injector”.

The safety system of the RB reactor (in 1958)
consisted of a supervisor’s control key, two safety
rods, gamma ray dosimetry monitors coupled to audi-
ble alarms and an automatic shutdown circuit with a
trip at the high level of thermal neutron flux density.
No interlock system was in existence at the time [14]
that would stop the RB reactor operation if the safety
monitors or safety circuits were turn off or removed.
No interlock system was designed at the time to pro-
hibit the increase of the moderator level operating the
pump with a higher speed nearing the criticality level
too.

The first measured heavy water critical level in
the RB1/1958 core was 177.6 + 0.1 cm, at a moderator
temperature of 22 °C [1]. Basic reactor experiments re-
garding the determination of the reactor’s parameters —
critical mass, neutron flux density, temperature coeffi-
cient reactivity of the moderator, the reactivity of safety
rods, buckling, migration length, etc. were carried out
up to the end of September 1958 [31-33]. The gradient
of reactivity near the critical level, i. e., the change of re-
activity with the level of heavy water, dp/dH, was mea-
sured as (70.6  1.6)-10~ Ak/k per cm [32]. Calcula-
tions done by the computer code KENO V.a [34], witha
broad 44-group neutron cross section library based on
ENDF/B-V data, gave a value of dp/dH = (75 +
+15)-107° Ak/k per cm, while calculations by the com-
puter code DENEB [35] gave us a value of do/dH =
67.6:107 Ak/k per cm [7].

The measured value of the two safety rods was
—2.12 B = —0.017 Ak/k, for the calculated, using
AVERY computer code [66], value of the total effective
fraction of delayed neutrons and photo-neutrons in this
heavy water system, 3= 8.0445-1073. The calculated
value of the neutron generation time in the system, by
the same AVERY computer code [66], is A = 0.50352
ms. The value of the neutron removal lifetime, calcu-
lated by the KENO V.a computer code [34], is 0.49019

+0.00019 ms. The neutron removal lifetime is the aver-
age life-span of a neutron from the time it is born, until it
is absorbed or leaks from the system [34, 67]. The neu-
tron removal time, obtained from calculations by the
MCNP5 computer code [28], is 0.49537 + 0.00025 ms,
while the neutron generation time, i. e., the average time
between two fission production neutrons [67], amounts
to 0.50072 £ 0.00015 ms.

EVALUATION OF THE
ACCIDENT SCENARIO

Only a few published references [3-5] of the ac-
cident course prior to 1990 exist. Based on these refer-
ences, a new evaluation of the accident scenario was
done in [7 and 8]. Additional data on the accident
course can be found in testimonies of the Vinc¢a Insti-
tute staff and officials from other institutes who took
part in the evaluations [18]. It is unknown if any writ-
ten testimonies of the accident by the participants
themselves, except for a single one, given in [17], pub-
lished almost 40 years after the event, exist. According
to that testimony [17], the irradiated operators were
not allowed to discuss the accident in public. The most
comprehensive evaluation of the accident physics and
course was presented in [7, 8]. Only the main findings
were extracted from these evaluations, updated and
given in this paper and Appendix A.2.

The accident occurred on October 15, 1958, dur-
ing the third series of experiments that were carried out
with the aim of determining the strength of the sponta-
neous fission source from natural uranium metal rods
in the RB reactor core [4]. A fast increase in moderator
level (2.5 cm/min.) was switched on by the pump, ata
heavy water level of 175 cm (that was 3.5 cm below
the expected critical level), to a new (expected)
sub-critical level of 177 cm. The personnel operating
the RB reactor were in the reactor room (fig. 1), near
the reactor control console, on the north side of the re-
actor room and around the experimental panel at the
north-west corner of the dry pool. After the pump was
switched on, the operators were distressed by the en-
trance of a non-staff individual into the reactor room
[4]. However, up to now, no confirmation of this par-
ticular event can be found in the testimonies [17, 55],
nor arecord of the dose received by that person. More-
over, there is another testimony [55] according to
which the operators at the reactor control console were
learning English from book(s) spread on the console.
This testimony [55] was not refuted or commented in
the written testimony [17]. Two other employees pres-
ent in the RB reactor building have received elevated
doses and have received medical treatment in a hospi-
tal in Belgrade [5, 51].

The D,0 moderator reached the 177 cm level in
the reactor tank ofthe RB1/1958 core, but the ammeter
reading of the 177 cm D, O level was not observed by
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the operators. The heavy water in the RB reactor tank
continued to increase, since the pump was not
switched off. The instrumentation of the RB reactor,
used regularly in dosimetry, alarm and safety systems,
was either switched off or removed [14].

Without any supervision on the part of the staff at
the RB reactor control console, reactivity and power
continued to increase and, according to [4], the entire
amount of the heavy water was transferred from the
storage tank to the reactor core [4]. The maximum
level (210 cm) of heavy water in the reactor tank of the
RB1/1958 core would bring in a total reactivity of
1273 -1073 Ak/k, as it was calculated by the KENO V.a
computer code [34] and is in good agreement with data
given in [5] and [7]. The information that all heavy wa-
ter was transferred from the storage tank to the RB
tank is in contradiction with the statement that the
maximum level of heavy water in the RB reactor tank
had reached 183 cm, corresponding to a positive reac-
tivity of about 300-107 Ak/k [5]. In this study [7], the
maximum heavy water level has been determined at
183 cm, based on the recorded readings of the
ratemeter [4]. In addition, it is possible that the entire
volume of the heavy water was not in the RB reactor
storage tank during the experiment.

The power excursion continued until the opera-
tors in the RB reactor room sensed the odour of ozone
[47] in the air. In the first instance, they checked the
fuses of electrical installations and the valves of the
pump [17] and only after that did the operator at the re-
actor control console switch off the heavy water pump
and manually shut down the RB reactor with safety
rods [17]. The operators then exited the reactor room
and instructed the rest of the personnel to leave the RB
building [17]. Various other technical details on the
evaluation of the accident course can be found in [7,
8]. Only the Accident Scenario Summary in tab. 1, up-
graded by new data on reactivity (p) obtained by using
the MCNPS5 [28] or KENO V.a[34] computer codes, is
shown here. These data are shown in tab. 1, along with
previous results for reactivity obtained by the com-
puter code DENEB [35] in the study [7, 8]. Some new
details in the column labelled “The Action of Opera-
tors” were also added to tab. 1, according to testimo-
nies [17] and [6].

The initial analyses of the accident [3, 4] are
done without including feedback effects arising from
changes in the temperatures of the RB reactor fuel and
moderator. A simple approximation of the power ex-
cursion, from the mW power range [ 7], by an exponen-
tial function with a 10 s power period, was assumed
[4]. According to the measured activity of irradiated
Au and Cu foils found in the RB building and metal
objects that were carried by irradiated employees, it
was estimated [3] that the total fission generated en-
ergy in the accident was 80 MJ. The duration of the ac-
cident was not recorded, but an automatic recorder for
measuring airborne activity and the radioactive fallout

at the Vinca Institute, 540 m away from the RB reactor
building [18], registered the power rise by accompa-
nying increased gamma ray background, lasting ap-
proximately 10 minutes. Based on that information, it
was estimated that the time interval of the power ex-
cursion was between 4 and 10 minutes, while in [6], a
time interval of 3 min. to 7 min. is mentioned.

The power and generated fission energy during
the time interval of the accident are calculated in [7, 8]
by two computer codes, SCM [36] and MACAN [37],
developed at the Vinca Institute, and their results are
shown in fig. 3. As can be seen in fig. 3, both computer
codes have shown very good agreement, in spite of the
differences in how the reactivity feedback is treated by
them [7, 8]. Computer code SCM includes feedback
using the generated energy coefficient of reactivity,
while computer code MACAN includes the feedback
via changes of temperatures of the fuel and moderator,
using temperature reactivity coefficients.
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Figure 3. Power and fission generated energy vs.
duration of the 1958 RB reactor accident

In numerical simulations of the accident course,
i. e., determinations of P(¢) and E(), it was found that
the accident time was 433 s, measuring the time inter-
val from the moment when the heavy water pump was
switched on, ata D,0 level of 175 cm, until the RB re-
actor was shut down at a generated fission energy of
80 MJ. It was also concluded that the exclusion of fuel
and moderator temperature feedback in the earlier
analyses had not been the right thing to do. Depending
on the shutdown time, the change in the fuel average
temperature was between 80 °C and 100 °C, while the
change in the average temperature of the moderator
was about 2 °C, at the maximum of reactor power.
These changes in temperatures of the RB reactor fuel
and moderator were not high enough and capable of
automatically shutting down the RB reactor with the
negative, but nevertheless small temperature coeffi-
cients of the reactivity of the fuel (-1.2:10~ Ak/k per
K) and moderator (—24.1:107> Ak/k per K) [7]. The said
temperature changes have influenced only the time
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Table 1. Summary of the 1958 RB reactor accident scenario
Time [s] RB reactor condition Action of operators
(_) D,O level: 175 cm; p = —-245.6 pcm*; Py = 0.25 mW
MCNPS5: p =— (210 £ 25) pcm The heavy water pump is switched on at the reactor's
KENO V.a: p =— (210 £ 31) pcm control console to increase moderator level to the
D50 levelmeter position: 177 cm expected (determined) 177 cm level
Increasing D,0 level to 177 cm
48
DZ?/II&\:;])'S,] 777cm,$) 4:__2151 0.2 pem Not observed by the operators on the ammeter at the
1p=—(94£25) pem reactor's control console
KENO V.a:p=—(74 £ 31) pcm
Increase in the D,O level in the core continues The pump is not switched off
84 D,0 critical level: 178.5 cm; P = 0.59 mW Not observed by the operators
Increase in the D,0O level in the core continues Not observed by the operators
192 DO level: 183 cm; all D,O from storage tank is transferred
. into the core: p =+295.5 pcm
MCNPS: p = + (280 + 25) pem Not observed by the operators
KENO V.a:p =+ (307 £31) pcm
Odour of ozone is scented by the operators in the
p =+295.5 pcm; reactor power period 7= 12.3 s reactor room
The pump is switched off
45 3 RB reactor is shutdown by safety rods Safety rods are shut down manually by the operator at
Prax =2.5 MW E, =80 MJ the reactor control console
RB reactor is in shutdown state. Power decreases. Decreasing o
D,O from the RB reactor tank is switched on Operators leave reactor room and RB building

“Note: 1 pem = 107 Ak/k

moment when the 80 MJ of fission energy was gener-

ated.

The primary cause of the accident was the rise of
D,0 over the critical level of4.5 cm, because the pump
was not switched off at the moderator level of 177 cm,
since the operators at the reactor’s control console did
not register the ammeter reading. The other contribut-
ing causes were:

— there was no interlock system designed to stop the
operation of the RB reactor when the alarm and
safety systems were switched off, or removed,

— there was no interlock system designed which
would prevent the operation of the D,O pump (ata
higher speed) for an indefinite time near the mod-
erator’s critical level,

— a D,O over-level safety trip was not included in
the safety system of the RB reactor, and

— the disturbance caused by the entrance of a
non-staff individual — according to the testimony
[17], now under question.

It is to be understood that the action of the opera-
tor to switch on (open the valve) in order to decrease
the moderator in the RB reactor tank immediately after
the RB reactor was shut down after the accident [17],
was done with the best intention of the operator to as-
sure (additional) subcriticality of the RB reactor’s
core. Unfortunately, his action had some drawbacks,

too. Firstly, removing the heavy water from the RB re-
actor tank increased gamma ray radiation from the
reactor core, since the moderator also had a shielding
effect on the delayed gamma rays originating from
fuel elements. Secondly, removing the heavy water
around the fuel elements also reduced their cooling ef-
ficiency, since the heat transfer from the fuel was di-
rected to the surrounding air in the RB reactor tank, in-
stead to the heavy water. Third, it deprived us of a
possibility to, later on, determine easily and precisely
the heavy water level in the RB core achieved at the
time of the accident.

In the various descriptions of the accident, there
was no mention of irradiation damages to RB reactor
components and systems, except for (in an internal re-
port) those stating that, in some cases, fuel rods had
small swellings on the surface of their claddings. This
initial fuel cladding (assumed to be made of SAV-1)
was replaced, May 1960-1962, with a new aluminium
alloy fuel cladding made in Yugoslavia (known as
Yu Al). Unfortunately, this aluminium alloy con-
tained highly absorbing neutron impurities (B, Cd)
which excluded the possibility of the RB1/1958 core
of ever again reaching the critical level. Calculations
done by the KENO V.a code [34] give the value of
ke = 0.99980 + 0.00021 for the maximum level

(G

(210 cm) of heavy water (0.18% mol H,O and 7'=22
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°C) in the RB reactor tank and 208 fuel elements of
natural uranium metal rods with a cladding made of
Yu_Al in the lattice with a square pitch of 12.0 cm.

This was one of the main reasons that the RB re-
actor was upgraded, 1961-1962. The upgrade allowed
RB reactor operation with a fuel of 2% enriched ura-
nium metal slugs, known as the Soviet (Russian)
TVR-S fuel type [30]. These fuel elements were also
used at the Vinca Institute 6.5 MW heavy water RA re-
search reactor designed in USSR.

Finally, the consequences of the RB accident
were fatal for one RB reactor operator (coded VZ). He
died due to radiation overexposure, four weeks [6] af-
ter he was checked in for medical treatment at the Cu-
rie Foundation hospital in Paris, France. All evalua-
tions of the absorbed or equivalent doses, regardless of
the methodology used, agree that this operator re-
ceived the highest dose. According to an unconfirmed
account, he was the operator who climbed (?!) to the
top of the RB reactor to shutdown the safety rods man-
ually and the one who, by so doing, put a stop to the ac-
cident.

EXPERIMENTAL EVALUATION
OF THE ABSORBED DOSES

Immediately after the event, the International
Atomic Energy Agency (IAEA) offered help in the
evaluation of the accident. After the Government of
Yugoslavia accepted the offer, in spring of 1960, IAEA
prepared, organized and conducted the “Vin¢a Dosim-
etry Experiment” at the RB reactor with the aim of
simulating accident conditions and estimating the
doses received by the operators [5, 12]. The main par-
ticipants of the dosimetry experiments carried out at
the RB reactor in April 1960, besides the Yugoslav ex-
perts (from the Federal Nuclear Commission and RB
reactor experts of the “Boris Kidri¢” Institute of Nu-
clear Sciences), came from USA (ORNL), France
(CEA, CEN de Saclay), UK, and the IAEA. The
ORNL team has already been mentioned above, the
French team included, among others, Dr. H. Jammet
from CEA Saclay, the IAEA team experts suchas G. W.
C. Taft and R. Baker, while the UK sent J. W. Smith
from AERE Harwell. The heavy water for the experi-
ments was obtained from UK (AERE, Harwell), since
the original heavy water was transferred to the 6.5
MW RA heavy water research reactor at the Vinca In-
stitute which had begun operation on December 29,
1959. Similarities and experiences gained in the evalu-
ation of the June 1958 accident at the USA ORNL Y-12
plant[15, 16, and 57] were used, too. Individual doses
received during the accident at the Y-12 Plant have
been evaluated again in 1984 [59] and, more recently,
in 2006 [60].

The original control and safety systems of the
RB reactor were found to be inappropriate for the op-

eration of a RB reactor in said accident simulation
experiments, in fact, unsuitable and unsafe for any op-
eration of the RB reactor at powers of an order of a watt
or more [5]. CEA, France, designed, manufactured
and delivered new control and safety systems for the
RB reactor in a couple of months [5]. Anew, additional
safety rod, which operated as a continuous heavy wa-
ter level follower, was designed, manufactured and de-
livered, too. The construction of the RB reactor con-
trol room was finished by March 1960. The new
equipment was installed and tested. In these accident
simulation experiments at the RB reactor, during oper-
ations at high power levels, the operators in the RB
control room were additionally protected from radia-
tion coming from the RB reactor core with provisional
walls made of concrete and lead blocks [5].

On the assumption that the RB reactor went to an
accidental (exponential) power excursion at a initial
power of 0.3 mW and that the total generated fission
energy amounted to 80 MJ, it has been concluded [5]
that the period, i. e., RB reactor time constant, was
about 10 s during the event, and that the duration of the
excursion was about 400 s.

The absorbed neutron doses received by the op-
erators were also estimated by a method [24] based on
the measurement of activated >*Na in a (n, y) reaction
taken from samples of the exposed operators’ blood
and tissue. This method of neutron dose evaluation for
determining the 2*Na/?*Na ratio from human blood
and tissue samples taken after irradiation has the ad-
vantage of being independent of the position of the
personnel involved in the accident. In said accident
simulation experiments, neutron doses have been
evaluated using >*Na activity in samples taken from ir-
radiated 2>NaCl dissolved in water-filled, plastic mod-
els of humans — phantoms. The phantoms were irradi-
ated by neutrons in two “high power” runs (of 1 kW
and 5 kW, each lasting about 30 minutes) of the refur-
bished RB reactor. This method of determining the
neutron absorbed doses by the *Na/>*Na ratio has also
been re-evaluated later on [59-61].

Seven phantoms (of a Bomab, Calvin, and
Tyrone type) placed around the RB core [5] were used.
The probable positions of the operators at the time of
the accident, most likely situated around the RB reac-
tor core, are shown in the sketch givenin fig. 4 (left), as
their positions were determined by [5, 12]. These posi-
tions were considered “probable”, because according
to chapter 1 of the same document [5], four operators
(not three, as was assumed in consequent accident
simulation experiments and according to available
written testimonies [17]), were actualy under the RB
reactor tank, in the dry pool. The sketch of the posi-
tions of the four operators in the dry pool near the ex-
perimental equipment is shown in fig. 1(b) of the paper
[6], drawn by the French physicians, and in fig. 4
(right) of this paper.
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Figure 4. Sketch of the probable positions of the operators in the vicinity of the 1958 RB reactor core at the time of the

accident, according to [5] (left) and [6] (right)

In this paper, the operators are coded by the ini-
tial letters of their family and first names. According to
[6], operators coded HS, VZ, MR and BZ were in the
dry pool, while operator DR (a female) was sitting be-
hind the reactor control console, with GD standing be-
side her, to her left. Their precise positions and their
distances from the RB reactor tank were not given in
[6], but it was stated that two of the operators (behind
the reactor control console) “were at a distance of
around 4 m”, while “the other four operators were
grouped around the experimental equipment”, in a
corner of the dry pool, “at a similar distance” from the
reactor core.The operators were between 24 and 28
years old, except for BZ, aged 34 [59]. Four techni-
cians (DR, GD, BZ, and HS), as well as two senior un-
dergraduates (apsolvents) of the Belgrade Faculty of
Natural Sciences (ZV and MR), were present, too. No
senior member of the RB reactor staff or a radiation
expert happened to be in the reactor room at the time of
the experiment.

In addition, an experimentally determined ratio
ofthe absorbed gamma ray dose to the fast neutron ab-
sorbed dose (D, /Dy, ,) for the various positions
(LPS-1 ... LPS-10) of the operators in the facility was
used, as well. This ratio is measured by using irradi-
ated neutron threshold foils (made from Au, S, U, Np,
and Pu) and the readings from the y-ray sensitive ionis-
ation carbon wall — CO, gas chamber [58]. The
D, /Dy, , ratio was determined as an almost constant
factor. Its value for positions of GD, DR, and BZ was
3.6, while in the case of positions of HS, VZ, and MR,
the D, /Dy, , factor was 4.1. The ratio was measured in
horizontal axis as being at a distances of 4 to 7 m (in 1
m steps) from the RB reactor core. It is claimed [5] that
this ratio of the gamma ray absorbed dose to the fast

neutron absorbed dose is unchangeable at low and
high power runs of any reactor. The said ratio is used to
estimate the gamma ray absorbed dose. The ratio of the
gamma absorbed dose to the neutron absorbed one has
also been determined [5] by the two types of gamma
dosimeters (based on the GM counter [62], a propor-
tional ionisation chamber [58]) and the Radsan fast
neutron dosimeter [38]. A sensitivity of the used
gamma ray carbon-CO, ionization chamber to thermal
neutrons not to be neglected was reported and has con-
sequently been corrected [5], upon the conclusion of
the experiments. The ionisation chamber’s response
(threshold) to high-energy gamma rays has not been
reported, but for the gamma dosimeter based on the
GM counter, according to [62], the gamma high-en-
ergy threshold amounted to a mere 1.5 MeV for gas at
atmospheric pressure.

The energy border for the fast neutrons in the de-
termined neutron spectrum escaping from the RB re-
actor core is not mentioned in [S] and is assumed to be,
conventionally, 0.1 MeV. The neutron spectrum es-
caping from the RB reactor tank is also calculated us-
ing a multi-group, multi-regional, single-dimensional
GNU-II computer code in diffusion approximation
[39]. The obtained escaping neutron spectrum [5] is
shown in the graph as EN(E), i. e., per unit of lethargy,
with £, = 10 MeV, in the function of neutron energy
E (fig. 5).

The gamma ray spectrum escaping from the RB
reactor core was analytically estimated upon the re-
view of the attenuation of fission-prompt gamma rays
through natural uranium metal rods and heavy water.
In addition, a determination of the absorbed doses [5,
12], under the assumption that the neutron-generated
gamma dose absorption rate from the H(n, y) reaction
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Figure S. Spectrum of neutrons escaping the RB1/1958
core obtained by the GNU-II code

in the human tissue was exactly 1.5 times higher than
the neutron absorbed dose, was made. The TAEA-as-
sembled international team has estimated that the
overall uncertainty in the total absorbed doses was
within a 15% margin, based on the applied methodol-
ogy, accepted approximations, unconfirmed duration
oftheaccident and unclear positions of the operators.
The total generated fission energy in these simu-
lations of the RB reactor accident, in the two runs of
the RB reactor, was 3 kWh: approximately 7.5 times
less than the total fission energy (80 MJ) released dur-
ing the accident. It was assumed that such a simple
scale of generated fission energy is valid. After the
evaluation of doses received by the phantoms and cor-
rections due to the issues mentioned above, as well as
the respective masses of the operators [5], the ab-
sorbed doses were associated to each individual, as

shown in tab. 2. The doses received by the operators,
estimated by Savi¢ [3] and the French physicians’
group [6, 9] are shown in tab. 3. The abbreviations
used are: “n” for neutrons and E for neutron energy.

An additional evaluation of the doses absorbed by
the operators is shown in [49]. It is based on the activity
of *Na taken from the blood samples of the irradiated
personnel and on the assumption that the neutron spec-
trum escaping the RB reactor was such that the thermal
and epithermal components were equal. Moreover, the
authors have assumed that the total escaping neutron
spectrum was equal to the experimentally determined
epithermal (>5 keV) spectrum in the Y-12 plant [15, 16]
and that the thermal flux density equalled the total flux
density above 5 keV. Based on the measured data for
2#Na activity and the assumption that the bodies of each
operator contained 105 g of 2Na, the neutron absorbed
doses were determined. The gamma ray dose was esti-
mated from the relation between the known (mea-
sured) intensity of the thermal neutron flux density
(155 /cm?s) and the exposition dose of gamma rays
(1 mR/h, 1 R =2.58-10"* C/kg) at the RB reactor [10],
judged to be equal to that of the neutron absorbed dose.
The results of this evaluation [49] are given in tab. 4,
along with ambient equivalent doses published initially
by Pendi¢ [51]. It can be seen that the doses given by
Pendi¢ (shown in “rem”) are equal to the ones given in
[49] (shown in “rad”’) with RBE = 1, which is obviously
incorrect.

The re-evaluation of the published doses in [5,
12] was done in 1984 [59]. Based on the contents of
23Na in the tissue of the operators and 2*Na activity
measured in blood samples taken from the exposed in-
dividuals, it was concluded that the published doses

Table 2. Doses attributed to the operators after the accident simulation experiments of April, 1960 [5, 12]

Operator Phantom Operator mass | Neutron dose '"H(n, y)’H  |Gamma ray exposure Total (£15%)
(code) (type) [kg] [rad] dose [rad] dose [rad] absorbed dose [rad]
HS Tyrone 65 66 99 158 323
vz Calvin 80 89 133 214 436
GD Remab 70 90 135 189 414
MR Calvin 72 87 130 209 426
DR Tyrone 52 91 136 192 419
BZ Remab 90 45 67 95 207

Note: the values are reproduced in old units for the absorbed dose (100 rad = 1 Gy), as they were reported in [5]

Table 3. Doses of the operators estimated by Savi¢ [3] and the French physicians' group [6, 9]

Savi¢, dose [rem] French physicians' group, dose [rem]
Operator
(IéOde) Fastn, E> 1 tllléfn?él Thermal | 5 1 a rays| Total +15% | Neutrons Gamma rays Total (range)
MeV _1 MeV | neutrons Y =070 (extreme range) g
\4 210 630 (450-1000) 840 (1000-1200)
MR 214 642 (450-1000) | 856 (700-1000)
GD 230 690 (450-1000) 920 (700-1000)
116 223 49 295 683

DR 256 768 (450-1000) 1024 (700-1000)
HS 174 522 (450-700) 696 (600-800)
BZ 102 306 (250-600) 408 (300-500)

Note: the values are reproduced in old units for the ambient dose equivalent(100 rem = 1 Sv), as they were reported in [6, 9]
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Table 4. Doses attributed to the operators after the
evaluation done by ORNL in May 1961 [49] and ones
initially published by Pendi¢ [51]

opege Nn] G| 0K ) e 1

[rad] [rad] dose [rad] dose [rem]
HS 210 210 420 420
\4 320 320 640 640
GD 300 300 600 600
MR 290 290 580 580
DR 250 250 500 500
BZ 175 175 350 350

Note: the values are reproduced in old units for the absorbed dose
(100 rad = 1 Gy), and ambient dose equivalent (100 rem = 1 Sv),
as they were reported in [49] and [51], respectively

required corrections. Dose estimates in [5, 12] are
based on the assumed average (for all individuals)
concentration of >*Na per 1.5 g/kg of body mass ([48]
for the Reference Man weighing 70 kg. However, this
concentration was found in the range of 1.00 g/kg
(woman) to 1.04 g/kg (men), depending on the indi-
vidual [59]. Another issue requiring attention was the
statement that the dose component attributed to the
H(n, y) reaction “was probably too large, by a factor of
2 [12]. The corrections in the published total doses re-
quire (according to [59]), an increase of 40% for male
individuals and that of 50% for the female operator, i.
e., a factor of 1.29-1.70, depending on the operator in
question. On average, the values of the total doses
given in [5, 12] for the four largest doses, should be in-
creased by a factor of 1.31 to 1.34, according to [59].
The new values of the corrected absorbed doses are
not given in [59], but can be easily calculated for each
individual because of the evaluation done in [5, 12]
which assumes the linear dependence of the gamma
ray absorbed dose on the neutron absorbed dose of the
individual. The published values of absorbed doses
from [5, 12], shown in tab. 2, are corrected in this pa-
per, according to the reevaluation [59] for the
24Na/>*Na contents and given in tab. 5. In another ref-
erence [61], based on previous re-evaluations, it was
also concluded that ... the doses at Vinca were much
higher than those assumed earlier”.

Table S. Doses attributed to the operators after [5, 12]
and corrections by Mole in [59]

Correction|Neutron | 2 Gamma | Total
Operator| dose H(n, y)'H| ray (£15%)

to
(code) |24y, 23 dose [rad] | exposure | absorbed
Na/"Na| [rad] dose [rad]|dose [rad]

HS 1.35 89 134 214 437
\4 1.41 125 188 298 611
GD 1.29 116 174 245 535
MR 1.35 117 176 281 574
DR 1.29 117 176 247 540
BZ 1.70 76 115 160 351

Note: the values are reproduced in old units for the absorbed dose
(100 rad = 1 Gy), as they were reported in [5]

During the accident, the RB reactor was operated,
as mentioned above, by the six operators present in the
reactor room, at the RB reactor control console and
racks of the experimental equipment, as shown on the
right (north, N), in fig. 1. According to [5], three opera-
tors (VZ, GD, and DR) were at the northern (N) side of
the RB reactor room, at floor level (Ievel 0.0 m), close to
the reactor control console at the edge of the dry pool.
The three remaining operators (coded HS, MR, and
BZ), given in northwestern corner of the dry pool
(—=1.5 m level), close to the experimental equipment.
Two of these six operators (DR and MR), were sitting,
the first one in front of the reactor control console and
the other one in front of the experimental panel.

As can be seen in tabs. 2-5, the absorbed doses
are given in “rad” units in the case of the IAEA interna-
tional team [5, 12], ORNL team [49] and corrections
done by Mole [59]. It should be noted that the ab-
sorbed doses from different radiations are not sup-
posed to simply sum in respect to the biological effects
in human tissue. These absorbed doses are shown here
in “rad” units with the aim of preserving compatibility
with the results of the previously published data. The
said absorbed dose were different of their ambient
dose equivalents (shown in “rem” units) were given by
the Savi¢ [3], Pendi¢ [51], and French task group [6].
Some of the values were estimated after the operators
had received medical treatment (under the auspices of
Dr. G. Mathe) in the Paris “Maria Currie” Foundation
hospital and after the accident simulation experiments
at the “Boris Kidri¢” (now Vinca) Institute of Nuclear
Sciences [5].

Anyway, the said accident simulation experi-
ments were defined by H. Jammet as representing “a
great contribution, another brick built into the edifice
of medical research” [53]. TAEA Director General and
the then Yugoslav Undersecretary of State, in a joint
statement from 1960, stated ... We are convinced that
this will be of great value to all mankind.” [54].

THE MCNP5 COMPUTER CODE

3-D MODEL FOR NUMERICAL
SIMULATION OF DOSES RECEIVED
IN THE ACCIDENT

As for the numerical experiments concerning the
determination of doses received by the operators in the
RBI/1958 core accident of October 15, selected infor-
mation from [5, 12] regarding the positions of the op-
erators and information extracted from data on the de-
pendence of the generated fission energy time (fig. 3)
were selected from [7, §8]. The Monte Carlo computer
code MCNP5 (version 1.60), with neutron cross sec-
tions based on the evaluation of the ENDF/B-VIIL.O li-
brary was applied. Libraries of cross sections on the
interactions of gamma rays and electrons, distributed
by the MCNP5 computer codes MCPLIB04 and
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ELO03, respectively, were used as well. The energy
range of radiation used in the MNCP5 calculations
along with the cross sections of these libraries were se-
lected out of 0.01 meV to 20 MeV ranges for neutrons
and those of 10 keV to 20 MeV for gamma rays and
electrons.

An updated thermal neutron scattering library
(TSL) ENDFB70SAB for ENDF/B-VII, based on
S(a, B) laws for neutron scattering at hydrogen atoms
bounded in H,O molecules and deuterium atoms
bounded in D,0 molecules, is used. Cross-section data
in TSL are evaluated at 293.6 K and applied in the en-
tire neutron thermal energy range. Heavy water is used
atatemperature of 22 °C with 0.24% (mol) light water,
while all other materials are used at a temperature of
20 °C, except for the human tissue material that is used
at 37 °C. Neutron and gamma ray transport and inter-
actions are done by the MCNP5 computer code in a
3-D model in all cells with materials. Electron trans-
port and interactions, including the bremsstrahlung,
are done by the MCNP5 computer code only in cells of
the phantoms containing human tissue material. Some
impurities in the materials do not have gamma ray pro-
duction cross-sections in the ENDF/B-VIL.O library
(e. g. 70,4 Ar, so that natural Ar in air, isotopes of Cd
and natural Zn are used instead). This version of the
MCNPS5 computer code is not capable of generating
delayed gamma rays from fissions.

The calculations by the MCNP5 computer code
were done at a four Intel i7-processor Toshiba Satellite
laptop A660, with a 64-bit Windows 7 Home Premium
Operating System. The MCNP5.1.60 computer code
was run in the “mode n p ¢”, with KCODE and
TOTNU options. The initial neutron source (KSRC
option), originating from each fuel element in the RB
core, was used.

All materials pertaining to the RB reactor were
used with known impurities [30], while the material
for human tissue was used according to the ICRP
(1959) recommendation for components in the soft tis-
sue of the Standard Man [40], with 11 main elements,
slightly modified [41]. The density of this tis-
sue-equivalent material was 1.063 g/cm?, and the tem-
perature, as already mentioned, 37 °C.

The platforms and the supporting construction
of the RB reactor tank are neglected in the 3-D model
used in MCNP5 computer code calculations. The
RB1/1958 reactor core is modelled in 3-D, with the
level of heavy water at 183.0 cm. Even the part of the
natural uranium metal rods in the air, above the moder-
ator level in the reactor tank and the tank top cover, are
modelled in a 3-D model. All instruments and reactor
equipment placed on the top cover and the platforms of
the reactor are neglected. It is also assumed that the
walls, floor and ceiling of the RB reactor room were
constructed from ordinary concrete, with a material
composition (NBS ordinary concrete) taken from [42]
and a density of 2.35 g/cm®. The large glass windows,

initially designed and constructed for the corridor in
the reactor building at the lower part of the north wall
ofthe reactor room (at the right side in the photograph,
fig. 1), were replaced by a concrete wall after the acci-
dent, in early 1960, and modelled in a 3-D model as a
wall made from ordinary concrete.

The 3-D model used in MCNPS5 calculations also
includes data indicating that the RB reactor was oper-
ated by six operators present in the reactor room. In the
said 3-D model, the seven phantoms are designed in
the positions they probably occupied at the time of the
accident, in the vicinity of the RB reactor, as shown in
the sketch given in fig. 4 (left). The analyses of posi-
tions in question show that the phantoms were placed
at distances of 5.4 mto 6.9 m from the RB reactor tank
bottom, which differ from values given (estimated) in
[14] and in [49]. In [14], the distances of the operators
from the reactor tank are estimated as 4 m for the oper-
ators at the northwestern corner of the dry pool in the
vicinity of the experimental equipment and as 6 m for
operators in the vicinity of the reactor’s control con-
sole, at the north edge of pool. Their values were esti-
mated to be 5 m and 10 m, respectively, [49].

Numerous phantom models are known and used
nowadays [46]. Because they include various human
organs, they were considered too complex for this
study. The idea was to make a simple 3-D model of the
operators, similar to the phantom (Bomab) used in [5],
so as to reduce the overall calculation time of the com-
puter code. Thus, the operators modelled in 3-D, were
presented as simplified, homogeneous, sexless and
faceless phantoms, based on average human propor-
tions given in Chapter 9 of [43]. As already mentioned,
these 3-D models were made of a tissue-equivalent ho-
mogeneous liquid composition based on the 11 main
elements of the human body [41, 48]. No human organ
was modelled in phantoms considered in this study.

The model of the “standing phantom” has a
height of 168 cm, while the “sitting phantom” was
modelled as being 144.5 cm tall. Both phantoms have
a mass of 70 kg, a volume of 65904 cm?, and a total
surface of 20685 cm?. Each of the 3-D models has a
separately designed head, neck, trunk, arms (made in
one piece), and legs (made of two separate pieces).
Each body element of the 3-D model phantom is de-
signed as a cylinder, except for the torso, modelled as a
parallelepiped. The seventh, reference phantom (RF),
as in the IAEA experiments done in April 1960 [5],
was placed in the northeastern (NE) corner of the dry
pool, as a reference. Graphical images of 3-D models
of the “standing phantom* and the “sitting phantom”
are shown in fig. 6.

The positions of the phantoms in the RB reactor
room relative to the RB tank in the 3-D model devel-
oped for the MCNPS5 numerical simulations are shown
infig. 7. The RB reactor control console and the exper-
imental panels in the RB reactor room were not mod-
elled. In dose evaluations by the MCNP5 computer
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Figure 6. Models of simplified, homogeneous, sexless and
faceless standing and sitting phantoms

Figure 7. MCNP5 model of positions of the operators
around the RB tank in the reactor room

code, apart from mass corrections, no corrections for
the real height of the operators in relation to the height
of the phantoms were done.

As in other methodologies, the MCNP5 com-
puter code estimation of the doses received by the op-
erators has to do with the knowledge of the time they
had spent in the mixed neutron — gamma ray radiation
field of the RB reactor at the the time of the accident.
As already mentioned, in the short period of time the
accident lasted, the power of the RB reactor shifted
from the mW range to that of 2.5 MW. Such time de-
pendence of radiation flux density (neutron and
gamma rays escaping the RB tank), related to the
power of the RB reactor, is impossible to simulate in
the MCNP5 computer code. Because of this, for the
purpose of estimating the doses received, the MCNP5
computer code was run for an equivalent of the RB re-
actor’s stationary power, for a time interval chosen to
allow for the exposition of the operators to a high
range of doses, up to the total generated fission energy
of 80 MJ. This methodology of dose determination is

also valid under the assumption that all of the opera-
tors held stationary positions (“were frozen”) during
the said exposition time #,,,.

Obviously, since the absorbed doses (deter-
mined by other methods) were in the range of a few
hundred ‘rad’ and the fact that the power-time relation
underwent an exponential change, it is clear that, in the
last stage of the power excursion, such high doses
must have been received by the operators. In this study
it is assumed that the exposition to high doses was ini-
tiated when the generated fission energy achieved
0.1% of the total generated fission energy (i. e.,
0.001x 80 MJ). From data used to plot E{?), shown in
fig. 3, this time moment was found to be 74,(80 kJ) =
337 s. The accident was interrupted in 7,,,(80 MJ) =
433 s, when the power rise was discontinued by the
shutdown of the reactor with safety rods. Thus, the ef-
fective irradiation time to high doses was estimated as
ty = 433 s — 337 s = 96 s. The equivalent stationary
power, P, of the RB reactor is then 80 MJ divided by
96 s = 833.333 kW. The MCNPS5 computer code neu-
tron flux density normalized constant, F;, can be de-
termined from the equation

P.v
Foq =% _
Efcfkeff
=7.041953-10'° percm?s

where v=2.456 (MCNP total number of neutrons gen-
erated per fission in the RB1/1958 core), Er= 180.88
MeV (MCNP energy generated per **°U fission), Cy=
1.602-10"" J/MeV (conversion factor from units MeV
to units J), and k. = 1.003 (effective multiplication
factor for the RB1/1958 core at a heavy water level of
183 cm — assumed D,O level).

This constant is used in the MCNP5 computer
code (FM option) for the normalization of neutron,
gamma ray and electron flux densities. According to
MCNPS5 code calculations (with the exception of reactor
room walls), in all energy ranges, the escaping gamma
ray current rate from all the surfaces of the RB tank is al-
most the same as the escaping neutron current rate from
the RB tank itself. In other words, the ratio of neutrons to
gamma rays, as mentioned above, is 1.1:1. The calcu-
lated ratio of the flux density of escaping neutrons to the
flux density of escaping gamma rays is 1.4:1, along the
entire energy range of neutrons and gamma rays.

The doses were determined in the MCNPS com-
puter code using F4 and F6 tallies [28]. For the F6
tally, the deposited energy of neutrons and gamma rays
(including photon-generated electrons) in human tis-
sue material (phantoms), the value of unit’s conver-
sion factor (FM option) was calculated as
11.281209-108. Using this factor, the F6 tally result is
directly obtained in units of rad/s (absorbed dose rate),
if the tissue mass of the operator is inserted into the
code (as a SD option), in grams. The total absorbed
dose in the tissue of the phantom is obtained by multi-
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plying the F6 results for radiation dose rates (given in
rad/s) with the estimated time of exposition ¢, (96 s)
and the corrected individual masses. The correction
for an individual mass is obtained by simply multiply-
ing the calculated dose with the value of the ratio of the
individual mass to the mass of the reference phantom
(70 kg).

For the F4 tally, the neutron flux density (fluence
rate) was first calculated in all cells, including the
phantom, in several neutron energy groups. Neutron
energy 55-group structure was selected to match the
neutron group structure used in the VEGA [44]
computer code, with a maximum neutron energy of
20 MeV. As for the VITAMIN-E library [45], the
gamma ray energy 35-group structure, with a gamma
ray energy maximum of 15 MeV, was the one selected.
Since the interactions of gamma rays in human tissue
may create electrons, an electron energy 10-group
structure of up to 10 MeV was selected, with the first
energy bin of up to 1 MeV.

In order to convert the radiation flux density (given
by F4 tallies) into the absorbed dose rate, ambient dose
equivalent conversion factors per unit of neutron fluence
in the function of radiation energy were used, taken from
tables A.21, A.42 and A.44, given in ICRP-74 [46], for
gamma rays, neutrons, and electrons, respectively. Since
none of the human organs were modelled in the phan-
toms, in order to obtain the neutron absorbed dose rate,
neutron factors from table A.42 were converted by divid-
ing them with the value of the neutron tissue weighting
factor, wi(E,), given in the function of neutron energy
E, (MeV). Dimensionless, w(E,) factors, are to be
found in the chapter entitled “Quantities” of ICPR-7
[46], given for neutrons with approximate relations

2
wr (E,) =5+ l7exp{_[ln(26En)]}

The radiation weighting factor, wy, for gamma
rays and electrons of all energies, is 1.0 [46]. Then, the
total absorbed dose in the tissue of the phantoms is ob-
tained by simply multiplying the F4 sum' results for
radiation dose rates (given in rad/h) with the estimated
time of exposition #,. (96 s), corrected for each indi-
vidual mass. Again, the correction for an individual
mass is obtained by simply multiplying the calculated
dose with the value of the ratio of an individual mass to
the mass of the reference phantom (70 kg).

The effective doses (given in rem) received by
the operators were also calculated in the MCNP5 com-
puter code using the F4 tally and neutron fluence — ef-
fective dose conversion factors taken from Table A.41
of the ICRP-74 [46] for neutrons. They equalled 1.0
for gamma rays and electrons, i. e., proved to be inde-
pendent of the energy of particular radiation types.
Factors affecting the neutrons were also applied in the

computation of the AP (anterior — posterior) geometry
[46], regarding phantoms 3, 4, 5, and 6, supposed to
have been facing the RB reactor (fig. 7). In addition,
the same factors were applied in the PA (posterior — an-
terior) computation geometry [46] for phantoms 1, 2,
and 7, supposed to be exposed with their backs turned
to the radiation source — the RB reactor (fig. 7). The
said phantom positions should, as close as possible,
correspond to the actual geometry (positions) of the
operators in the RB reactor room at the time of the ac-
cident. The calculated doses are a sum of the values of
radiation doses obtained after the F4 tally dose rates
were multiplied by the time of the exposition and the
applied corrections for individual masses compared to
those of the reference phantoms.

RESULTS AND DISCUSSION

The MCNP5 computer code was run for a total
0f 1000 million neutron histories, a 1 000 000 histories
in each of the 1000 active cycles, after the initial 100
cycles. The said number of histories has provided us
with the certainty that the dose rates obtained from the
F4 tallies have a statistical relative uncertainty of 1o
(standard error), less than 1.5%, for neutrons, gamma
rays and electrons, respectively. At the same time, the
dose rates obtained by the F6 tallies exhibited a statis-
tical relative uncertainty of a 1o (standard error), less
than 0.4%. The run of the MCNP5 code with the
ENDF70 library took, in a parallel mode, several days
on four i7 processors (1.73 GHz each) laptop for the
mentioned 1 G neutron histories.

Neutron and gamma ray (photon) current spectra
(J) escaping the RB reactor tank, normalized per unit
of lethargy, u = In(E,, /E,), calculated by the MCNP5
computer code for 1000 million neutron histories, are
given in the function of energy (£) in figs. 8 and 9, re-
spectively.

The average energies of neutron or gamma ray
spectra escaping the RB core, shown in figs. 8 and 9,
were calculated as <E> =X (E,¥,)/Z,(¥,). For neu-
trons, they were found to amount to 0.15 MeV, for
gamma rays, 1.12 MeV. In the relation cited above,
these (Z,) are over energy group g, quantity ¥, is the
radiation (neutron or gamma ray) group current or flux
density in group g with a group energy E,. The label
“total” in the legend accompanying figs. 8 and 9 is the
MNCPS5 calculated group neutron or gamma ray cur-
rent of flux density averaged over all surfaces of the
RB reactor tank. The total number of neutrons (#NG)
and photon groups (#PG) and corresponding energy
ranges are given in figs. 8 and 9. These figures also in-
clude the relative uncertainty (in percentage points) of
the calculated radiation quantity and the total number
of neutron (n) histories per computer code run.

! Please note that the absorbed doses from different radiations cannot be simply added to ensuing biological effects
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Neutron and gamma ray (photon) flux density
(F4 and F2 tallies) and current (F1 tally) normalized
spectra escaping the RB reactor tank, calculated by the
MCNPS5 code for 1000 million neutron histories, as
given in the function of energy in figs. 10 and 11, re-
spectively. The analyses of this 55-group neutron flux
density spectra (F4 tally) escaping the RB tank has
shown that the thermal (<5 keV) component is 4.6-4.8
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Figure 10. Spectra of the group neutron flux density and
current escaping the RB reactor tank walls
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Figure 11. Spectra of group photon flux density and the
current escaping the RB reactor tank walls

times higher than the epithermal component (>5 keV)
and that the assumptions made at the ORNL
evaluation [49] is not valid.

Neutron and gamma ray (photon) flux density
spectra in the tissue of the phantoms, normalized per
unit of lethargy, after MCNPS5 calculations done for
100 million histories, are given in figs. 12 and 13. The
figures show that there is, practically, no difference be-
tween (neutron or gamma ray) spectra impacting
phantoms placed at different distances from the reac-
tor core.

Analyses of figs. 12 and 13 show that the neutron
spectrum reaching the tissue of the phantoms is
pre-dominantely thermal, while the gamma ray spec-
trum in the tissue of the phantoms exhibits three
“peaks”. One wide peak around 0.1 MeV, a second nar-
row peak around 2.5 MeV and a third narrow peak
around 8 MeV. An additional peak of 0.5 MeV, in the
spectrum of the photon current escaping the RB reactor
core, can be seen in fig. 9, as well. Such a spectrum is a
consequence of the multiplicity of the source of the
gamma ray emission from the RB reactor core. The flux
density spectra are similar in shape to the spectra of the
current of respective radiations, given in figs. 8 and 9,
since their transport from the RB reactor tank walls to
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Figure 12. Group neutron flux density spectra in the
tissue of the phantoms
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the phantoms is done through the air in the reactor
room.

The absorbed dose rates of the phantoms, ob-
tained by the F6 tally for deposited neutron and
gamma ray energies in the tissue of the phantoms, are
multiplied by exposition time, #;,, = 96 s, and corrected
for the individual operator’s mass, so as to obtain the
doses attributed to the operators. The calculated re-
sults are shown as the total calculated absorbed dose of
individuals D4 (given in rad) in tab. 6. The uncer-
tainty, u(Dg), expressed as a statistical 1o standard er-
ror, and the ratio of the calculated total doses to the to-
tal doses given in [5, 12], and in [49], as well as those
calculated after corrections found by Mole [59], are
given too. The calculated absorbed doses, obtained by
the F6 tally, are found to be around 50% (except for

BZ) of the published absorbed doses. Explanations for
these discrepancies are given in the text following tab.
8 and summarized in Conclusions. Note that data for
absorbed dose are not given for RF in reports [5, 12,
and 49].

The absorbed dose rates of individual phantoms
obtained by the sum? of the F4 tally for contributions
ofneutron, gamma ray and electron radiation in the tis-
sue of the phantoms are multiplied by irradiation time,
t,,= 965, and then corrected for the individual’s mass,
so as to obtain the absorbed doses attributed to individ-
uals. The said doses are shown as the total calculated
absorbed dose of individuals Dy, (given in rad) in tab.
7. The value of the ratio of the calculated total dose to
the total dose reported in [5, 12], [49] and after correc-
tions found by Mole in [59], is given too.

As can be seen, the calculated total absorbed
dose of the operators is, in most cases, within 25% of
the total absorbed dose determined in [5, 12] and
within 50% of the ones reported in [49]. This can be at-
tributed to the assumptions, approximations and un-
certainties applied in the input data for MCNP5 com-
puter code calculations. Outside of this range of
uncertainty are the calculated total absorbed doses for
phantom #1 (BZ), phantom #2 (HS) and phantom #3
(DR). If the reevaluation, done in [59] and briefly pre-
sented in chapter 4 of this article is recalled, calcula-
tion results for the absorbed doses of individuals (tab.
7) by the MCNP5 computer code are still quite differ-
ent from previously reported dose values.

For phantom #1, the calculation result is unex-
pected, since this phantom is attributed to the operator
(BZ) with the highest mass (90 kg), compared to phan-

Table 6. MCNPS5 calculated absorbed doses according to the deposited energy (F6) in the tissue of the phantoms

Phantom number (#) | Operator code | Total Drs [rad] MCNPS u(Drs) [70] Dr¢/Dys, 1) Dre/Dpg) Dre/Dyole
1 BZ 479.27 0.35 2.32 1.37 1.37
2 HS 311.65 0.26 0.96 0.74 0.71
3 DR 265.81 0.20 0.63 0.53 0.49
4 GD 350.66 0.26 0.85 0.58 0.66
5 VZ 362.99 0.32 0.83 0.57 0.59
6 RF 339.69 0.27 - - -
7 MR 352.16 0.29 0.83 0.61 0.61
Table 7. MCNP calculated (F4) absorbed dose according to the radiation type in phantom tissue
Ph. # Ol():zr(;léor QHL:(A‘D[:i?)] i f;&g‘?j)] Ii Ctzzl[)li(g Iz‘; 2[[)1;?:21)] Dy r4/Dys, 121\ Dy, 74/ Diag)| Dy, re/Diviole
1 BZ 243.04 £ 0.61% | 420.26 £ 1.22% 67.96 £0.75% 731.26 £ 1.56% 3.53 2.09 2.08
2 HS 155.89+£0.47% | 276.31+0.83% 45.19 £ 0.52% 477.38 £ 1.09% 1.48 1.14 1.09
3 DR 134.23 £0.36% | 232.11 £0.67% 33.44+£0.39% | 399.78 £ 0.85% 0.95 0.80 0.74
4 GD 183.99 £0.48% | 302.86 + 0.85% 44.17 £0.53% 531.02+1.11% 1.28 0.89 0.99
5 \4 186.09 £ 0.52% | 313.75 +0.94% 46.41 £0.51% | 546.61 +1.19% 1.25 0.85 0.89
6 RF 178.22 £0.46% | 297.63 +0.89% 48.37 £ 0.56% 52422 +£1.15% - - -
7 MR [174.27 £+ 0.45%)| 314.80 +0.98% 52.19 £ 0.58% 541.26 £ 1.22% 1.27 0.93 0.94

? Please note that the absorbed doses from different radiations cannot be simply added to respective biological effect
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tom #6 with a reference mass of (70 kg). In the evalua-
tion done in [5], the lowest absorbed dose is attributed
to this operator, which is unexpected, again. The ex-
planation for this discrepancy between the calculated
and the attributed total absorbed dose for this operator
is found in testimonies [17] and [6] — the operator was
not exposed to radiation for the same time interval as
the other operators present in the RB reactor room. In
his testimony [17], author (HS) wrote “... I suspected
that the scaler, perhaps, did not show acceptable val-
ues and asked BZ, who was in charge of the electronic
(equipment), to go to the next room and fetch a spare
(scaler)”. If this, as written in [6] was the case, BZ
could not have been exposed to the radiation at the
same time as the other operators or had not occupied
the same position as they did.

As for the operator coded HS, (phantom #2), the
discrepancy is probably a result of the imprecise posi-
tion he occupied, given in plots [5] and [12], shown in
fig. 4. Another discrepancy is the one regarding opera-
tor MR (phantom #7) — according to one testimony
[17], he was standing, not sitting, as in [5] and in the
MNCP computer code 3-D model. The discrepancy
concerning the third operator (DR) in the calculated
total absorbed dose and the one found in [5], can be ex-
plained by the fact that between this (sitting) operator
(with the lowest body mass) and the RB reactor tank,
stood the RB reactor control console which acted as
some sort of shielding. Moreover, according to the tes-
timony of HS [17], the operator (DR) at the RB reac-
tor’s control console, (after the odour of ozone ap-
peared) “... ran to check the reactor (valves of the)?
pump...” The “pump valves” were under the reactor
tank’s bottom, in the dry pool. Therefore, DR changed
his position from that of being at a greater distance
from the reactor tank, to that of bringing herself closer
to the source of irradiation. This operator “went back
to the reactor control console and manually shut down
the RB reactor by safety rods” [17].

This testimony is in conflict with the account
that the accident was ended by operator VZ, VZ being
attributed the one who had actually shut down the
safety rods. According to an oral account, he did it

from the top of the reactor (?), or more realistically, as
operator MR recalled in his oral testimony [70], at the
reactor control console. If this account holds true, op-
erator VZ had to cross the path from his position in the
pool (fig. 4, left) or from the floor of the reactor room
(fig. 4, right) heading to the top of the reactor or the re-
actor control console. In addition, according to a testi-
mony [5], these actions were carried out after the ap-
pearance of the odour of ozone. Therefore, it was
appropriate to make a rough estimation of the time mo-
ment when the odour of ozone was sensed by the oper-
ators in the reactor room. This estimation is shown in
Appendix A.1l. In [5] and the 3-D model for the
MCNP5 computer code, operators BZ and DR are
standing still, since they are “frozen” in their posi-
tions, like the rest of the operators.

In [6] it is stated: “In addition, certain individu-
als moved around during the course of the exposure.
MR, GD, DR, and HS kept more or less to one place,
while VZ approached the reactor after the shutdown,
exposing himself to additional exposure; during the
accident, BZ left the room for three minutes and, in so
doing, reduced his rate of exposure by about a half”.
This description [6] supports the explanation for the
obtained discrepancies between the calculated dose
results for BZ, DR and VZ and the doses attributed to
these individuals in published evaluations. Obviously,
for any calculation of doses, the precise positions of
the operators are crucial, apart from the time of their
exposure to radiation. It is quite impossible to simu-
late, in the MCNP5 computer code, a situation in
which the operators move around a RB reactor core.
The ratio of the total absorbed dose calculated by the
MCNPS5 computer code to the absorbed dose for oper-
ators estimated after applied corrections [59] found by
Mole are shown in the last column of tab. 7. These
D g4/ Dy Tatios are within the expected 10% (except
for BZ and DR).

Ambient dose equivalents (shown in rem) re-
ceived by the operators were also calculated by the
MCNP5 computer code using the F4 tally and neutron
fluence — equivalent dose conversion factors taken
fromtable A.42, ICRP-74 [46] for neutrons. These con-

Table 8. MCNPS calculated (F4) ambient dose equivalent in tissue of phantoms according to radiation type

Ph. #| Operator code | Dy [rad] + u(Dyre) li%;‘z L[)r,ﬁ ’z;&gri‘j)] Di%;“( giﬂ Dy +/Dpy | Dy 1/Dyy

1 BZ 188642+ 0.41% | 42026+122% | 67.96%0.75% | 229933 +1.49% | 3.37 | 5.64
2 HS 1173.08+043% | 27631+0.83% | 45.19+052% | 1524.85+1.07% | 223 | 2.19
3 DR 105696 +0.42% | 232.11+0.67% | 3344+039% | 1380.70+0.88% | 2.02 | 1.35
4 GD 145922+ 0.41% | 302.86+085% | 44.17£0.53% | 180625+ 1.08% | 2.64 | 1.96
5 vz 1489.13 +0.44% | 313.75+0.94% | 4641+051% | 181862+ 1.16% | 266 | 2.17
6 RF 1369.620.42% | 297.63+0.89% | 4837+0.56% | 171563+ 1.13% | - -

7 MR 130726 +0.43% | 314.80+0.98% | 52.19+0.58% | 1667.42+122% | 244 | 1.95

* Note that in the quotes, the author of this paper has inserted words in brackets in order to clarify the quotes
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version factors are taken from tables A.21 and A.44 of
the ICRP-74 publication for gamma rays and electrons.
The ambient dose equivalent rate of individual phan-
toms is obtained as the sum of the F4 tally results for the
contributions of neutron, gamma ray and electron radia-
tion in the tissue of the phantoms, multiplied by exposi-
tion time, %, = 96 s, and corrected for the individual’s
mass. These doses are shown as the total calculated am-
bient dose equivalent of individuals Dy, [rem] in tab. 8.
The ratio of the calculated total doses to the total doses
given in [3] and [6] are shown, too.

Table 8 shows that the calculations of equivalent
doses by the MCNP5 computer code give roughly
twice higher doses in individuals (with the exception
of BZ) than the ones reported in [3] and [6]. It is be-
lieved that such high ratios are a consequence, besides
the reasons mentioned above, of the fact that applied
new fluence — equivalent dose factors include a cor-
rected, higher contribution of neutrons from the inter-
mediate and fast (>1 MeV) energy range to the dose
than was with earlier versions of these factors, given e.
g.,1n [48]. Moreover, at the beginning of the sixties of
the last century, these factors were not yet established
clearly and underwent change over time, as can be
seen in fig. 14.
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The effective dose rates of individual phantoms,
obtained by the sum of F4 tallies for contributions of
neutron, gamma ray and electron radiation in the tissue
of the phantoms, are multiplied for irradiation time,
tyy = 96 s, corrected for the individual’s mass, and
shown as the total calculated effective doses of indi-
viduals Dy, (given in rem) in tab. 9. The ratio of the
calculated total doses to the total doses given in [3] and
[6] is shown, as well.

As can be seen in tab. 9, the effective doses calcu-
lated by the MCNP5 computer code remain high.
Roughly, between one and a half to two times higher
doses are obtained in individuals than the ones reported
in [3] and [6]. Such results from MCNP5 code calcula-
tions are understandable, since the orientation of the op-
erators to the source of radiation — the RB reactor core —
is not taken in account with the simplified, homoge-
neous, faceless model of operators without internal or-
gans. Moreover, the distribution (along the depth and
height of the torso) of the absorbed dose within the hu-
man body also has an influence on the total dose re-
ceived by the operators [71] and was included in
MCNPS calculation results. Some of the reasons for the
obtained discrepancies were already explained in previ-
ous paragraphs. The fact that the operators were mov-
ing around the RB reactor core and were not all exposed
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Figure 14. Neutron and photon flux density to dose rate conversion factors

Table 9. MCNP calculated (F4) effective doses in the tissue of phantoms according to radiation type

Ph. # gﬁi%%r- D, ps [rem] £ u(Dyps) | Dyrps [rem] £ u(Dyra) | Deps [tem] £ u(Degs) | Dyps [rem] £ u(Dyps) | Di pa/Disy | Dy pa/Dig)
me

1 BZ/PA 1019.45 £ 0.44% 420.26 £1.22% 67.96 £ 0.75% 1507.67 £ 1.50% 2.21 3.70
2 | HS/PA 641.17 £ 0.47% 276.31 £ 0.83% 45.19 £ 0.52% 962.67 £ 1.09% 1.41 1.38
3 | DR/AP 861.52 + 0.44% 232.11 £0.67% 33.44 £ 0.39% 1127.07 £ 1.37% 1.65 1.10
4 | GD/AP 1190.87 £ 0.43% 302.86 £ 0.85% 44.17 £ 0.53% 1537.90 + 1.09% 2.25 1.67
5 | VZ/AP 1215.29 £ 0.46% 313.75 £ 0.94% 46.41 £ 0.51% 1575.45 £ 1.16% 2.31 1.88
6 RF/AP 1109.20 £ 0.44% 297.63 £ 0.89% 48.37 £ 0.56% 1455.20 £ 1.14% - -

7 | MR/PA 703.58 + 0.46% 314.80 £ 0.98% 52.19 £ 0.58% 1070.56 + 1.23% 1.57 1.25
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to radiation for a same period of time remain the princi-
pal causes for these discrepancies.

CONCLUSIONS

An attempt to estimate the doses received by the
operators during the accident at the “Boris Kidri¢”
(now the Vinca) Institute of Nuclear Sciences, former
Yugoslavia, of October 15, 1958, was carried out with
amodern tool: the MNCPS5 computer code with cross-
-section data, based on the ENDF/B-VII.( data library.
A 3-D model of the RB reactor, RB reactor room and
the operators at their probable positions was created
(according to [5]) and explained. In our work, basic
data on the RB reactor and accident scenario are given.
A rough estimation of the time moment when the
odour of ozone was detected by the operators is esti-
mated for the first time and given in Appendix A.1. A
new Root Cause Analysis of the accident and a Cause
Mapping diagram, based on the cause-and-effect
methodology, are shown in Appendix A.2. An attempt
to evaluate the time of exposition to high doses in the
RB reactor room, based on the estimated equivalent
stationary power of the reactor during the accident, has
been made. An evaluation of doses received by the op-
erators and methodologies applied and published in
previous papers, is given here as well.

Assumptions, approximations, uncertainties and
unknown details in the applied methodologies, includ-
ing data from the input of the MCNP5 computer code,
are cited in this article. The main uncertainties in
MCNPS5 results are a consequence of:

— frozen (still unclear) positions of the (sitting and
standing) operators,

— the use of simple, geometry-based homogeneous
phantom models,

— the assumed equivalent stationary power of the re-
actor in the transient, due to the reactivity excur-
sion during the accident,

— estimated (time) duration of the power excursion,

— the fact that this version of the MCNP5 computer
code cannot generate delayed gamma rays from
the fissions,

— the fact that the north wall of the reactor hall was
made of concrete, while the lower part (to the cor-
ridor in the RB building) was fitted with glass win-
dows in 1958,

— neutron, gamma ray and electron flux density —
fission power normalization factors, and

— neglecting in the 3-D model possible shielding, re-
flecting or absorbing radiation effects of the con-
trol console and experimental equipment panels,
chairs and tables on the doses received by the op-
erators.

The uncertainty in the fluence-to-dose factors
which have influenced the dose results obtained
should also be considered. The said fluence to dose

equivalent coefficients is not supposed to have uncer-
tainties. But, this is a mere convention, since the
calculated values of these factors, for neutrons only,
show estimated uncertainties of 5% to 10% below
20 MeV [68], and of the order of 10-15% above, at a
1o confidence level [69]. As for neutron dose determi-
nation, one should mention the statement in [69]: “At
high doses involved in criticality accidents, determin-
istic effects are the most important, and protection
quantities, such as the dose equivalent, should not be
used because they only take into account the stochastic
biological effects at low-dose. The measured quantity
should be the absorbed dose”.

A wide variety of reported dose values received
by the operators show how difficult a task it was to
asses them in those days when the operators did not
have personal accident dosimeters at their disposal.
This study also proves how difficult it is to estimate
previously determined doses by applying a contempo-
rary computer code, with all the uncertainties, simpli-
fications and approximations taken into account. An
attempt to understand and explain the causes for the
discrepancies between the calculated doses in this
study and the doses reported in previous papers have
been given in the data provided by our evaluations and
in the written testimony of one of the participants in
the accident. Certain details of the accident scenario
and actions of the operators, their positions and time of
exposure, still remain unclear. In spite of this, the
doses estimated by the MCNP5 code are within ex-
pected values (the best results, D, p4/Dyy ratios, are
within the expected 10%, apart from those for BZ and
DR), taking into account the uncertainties in previ-
ously published results obtained by different method-
ologies and corrections applied, as cited in [59].

Appendix A.1

Estimation of ozone generation time

A rough estimation of the time moment when
the odour of 0zone was sensed by the operators in the
RB reactor room is given in this Appendix for the fist
time. This estimation is based on several assump-
tions. First, it is assumed that the RB power excursion
was an exponential function (e’T) in time 7 (192 s af-
ter the accident scenario was initiated, see section
Evaluation of the accident scenario) with a constant
period 7= 13.2 s. At that moment (192 s selected as
the zero time moment), the heavy water in the reactor
tank achieved the highestlevel (183 cm), as it was de-
termined in the accident scenario. The generation of
ozone before that moment is supposed to be ne-
glected. It has also been assumed that the flux density
of neutrons and gamma rays (escaping from the reac-
tor tank) in the RB reactor room follow the same (like
power) exponential time dependence with propor-
tional initial constants (at =0, i. e. 192 s after the ac-
cident). The value of the proportionality constant of
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Figure A.1.1 Total cross-section for neutron and photoatomic (gamma) interactions with oxigen

1.4 is taken from the ratio of neutron flux density to
the flux density of gamma rays, determined in section
Conclusions. Further, it is assumed that ozone mole-
cules, once generated in the interaction of neutrons
and gamma rays with the oxygen in the reactor room,
did not decay or dilute within the time frame of the ac-
cident. It is also assumed that all escaping neutrons
had an average energy of 0.15 MeV and all escaping
gamma rays had an average energy of 1.12 MeV, as
determined in section Results and Discussion. Since
the ionisation potential of oxygen and nitrogen is be-
tween 13 eV and 15 eV, itis further assumed that each
interaction of ionising radiation, involving average
energies mentioned above, can produce only two
ozone molecules out of three oxygen molecules in the
air. Total cross sections, for neutron and gamma ray
interactions with oxygen, were taken from the
MCNPS5 ACE type libraries (fig. A.1.1) as o, = 4.06
b (1b=10"2*cm?), for neutron average energy and o,
==1.60 b, for the gamma ray average energy.

The neutron total cross-section is, at energies bel-
low the MeV energy range, almost entirely composed of
elastic neutron scatterings at oxigen. The photo-atomic
(gamma) total cross-section is composed of coherent and
incoherent gamma ray scattering (a dominant component
when this nuclide is concerned) in photoelectric, fluores-
cence and pair-production processes.

According to [47], a human is able to detect the
odour of ozone at a threshold of ozone concentration in
the air as low as 0.01 umol per mol, i. e., 1.66-10°8, if the
molar mass of 0zone amounts to 48 g per mol and that of
air to 28.97 g per mol. The estimation in this Appendix is
based on the assumption that the operators in the reactor
room were able to detect such a low concentration of
ozone. The RB reactor room (length: 26.8 m, width: 15.7
m, height: 11.8 m) has a volume 0f4.965-10° cm?. For an
air density equalling 1.21 mg/cm® of the given molar
mass and the Avogadro number amounting to 6.022-10%3
atoms per mole, the air concentration is 2.505-10% per
cm®. The number of air molecules in the reactor room is
obtained as 1.244-10, while the number of oxygen at-
oms, N(O), is obtained for a 0.2095 volume fraction of

* Think Reliability, POB 301252, Houston, Tex., USA

oxygen in the air. The minimal number of 0zone atoms in
the air M(O,) is determined as 2.0606-10%2, taking into
account the sensitivity of humans to ozone, as mentioned
above.

At the (supposed) initial time moment of ozone
generation (192 s), the power level of the RB reactor
was determined at 0.05 W, according to data presented
in fig. 3, given in section Evaluation of the accident sce-
nario of the paper. Using the equation given in the sec-
tion The MCNPS5 computer code, the neutron flux den-
sity initial constant 4, can be calculated as 4.225-10°
cm 57!, while the gamma ray flux density initial con-
stant should be 1.4 lower, under the above mentioned
assumption. Therefore, the task is to determine time #,,
after the initial time set to O (after 192 s), in which M(O5)
ozone molecules were produced in the interactions of
neutron and gamma rays with oxygen molecules, from

the equation
2N (0;)=3N(0,)-

t=t A
. j |:0nAOet/T +67(L40Jet”}dt

0

By solving this simple integral and by replacing
the numerical values for variables in the equation
obtained, one can determine the value of ¢, as being
114 s. This is the time interval (192 s upon the begin-
ning of the accident) in which the odour of ozone was
sensed by the operators. Therefore, the operators in
the RB reactor room were able to detect the odour of
ozone 306 s after the accident scenario was initiated.
It gave them enough time, about 2 minutes (433 s —
306 s=127 s) to take actions described in [17], i. e. to
evaluate the situation and shutdown the RB reactor.

Appendix A.2
RCA CM diagram of the RB accident

This simple Root Cause Analysis (RCA) dia-
gram of the cause-and-effect methodology is based on
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data from the RB accident and the Cause Mapping
(CM) approach developed by the Think Reliability*
Company. The diagram below (fig. A.2.1) shows the
causes and effects of the RB reactor accident consid-
ered at a medium complexity level. The diagram
should be read in the direction opposite of the arrows,
(for the most part) from the left (“effect”) to the right,
the question “why?” being answered by the “cause”. A
more detailed diagram is not shown, due to its size and
complexity. As can be seen, the causes of the accident
are complex. Possible (unconfirmed) causes are
marked with a question mark in the text.
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Muaan I1. IIEHNINTHR

INPOLHEHA J03A KOJE CY INPUMWIN YYECHUIM Y AKIIUJIEHTY
HA PEAKTOPY Pb 1958 TOAMHE IIOMOLY CUMYJAIUIJE
MCNPS PAYYHAPCKUM IMPOTPAMOM

Hymepuuko cuMmynupame aKIUEHTa, KOjU ce goroauo Ha peakTtopy PB 15. okto6pa 1958.
rofyHe, U IPOLEeHa 1032 KOje Cy IPUMUJIN YUecHUI ypabeHu cy padyyHapckuM nporpamoM MCNPS nop
HICTUM YCIIOBMMA KOjU OIrOBapajy e€KCIEepWMEHTAJIHO] CUMYJalWji aKIWAeHTa KOjy je OpraHm3oBalia
MAAE 1960. ropguHe: ToTanHa ocnobobena ucroHa eHepruja y akuujeHTy je 80 MJ u yuecHunu koju ce
Hajla3e y peakKTOPCKOj Xalli Ha CTallMOHapHUM HojoxajuMa. [IponemeH je HHTepBall u3aramba yuecHIKa
BHCOKUM f1o3ama. HaBeienu cy u nopanu o je3rpy peakropa PB1/1958 Baxknu 3a akumpieHT, a KpaTak
Iperiesi ToKa aKIUACHTA je NOIyHheH HOBIM ca3HamnMa. Tponnmensuonanan (3-[1) Mopen peakTopa ca
CBHM JleTalbiMa je3rpa 1 peaKTOpCKe Xajle HallpaB/bEHHU Cy 32 OBY CBpPXY. 3a OTpebe OlieHe 1032 Koje Cy
OPUMIIIN YIECHUIM, pa3BUjeHU Cy Takobe 3-JI MOfeau — XOMOIeHu, OECONIHHY, jeAHOCTaBHE (PaHTOMHU
ydecHHKa u pacriopebenn y xanu peakropa. [Iporpam je paguo ca foBOJbHUM OpojeM UCTOpHja HEeyTPOHa, Y
“mode n p €” Koju je 06e30e10 ja CTaTUCTUYKa HECUT'YPHOCT oipebuBama Jo03a yuecHuka Oyje Mama of
2%. Onpebenu cy criekTpu 3payera Ha U3/1a3y U3 peakTopa U y TKUBY (paHTOMA: CHIEKTPU HEYTPOHa y 55
eHepreTckux rpymna go 20 MeV, cnektpu rama 3paka y 35 eHepreTckux rpymna o 15 MeV u cnekrpu
eJIeKTpPOHa caMoO y TKUBY paHTOMa yuecHuka, y 10 eneprerckux rpyna po 10 MeV. I'py6a npouena
TPEHyTKa BpPEMEHa y KOME Cy OIIEPATOPHU Y PeaKTOPCKO]j XaJIU IPBU Iy T OCETUIIN MUPUC O30HA j€ U3BPILIEHA
no npBu 0yT u gata y [JonaTtky A.1. [lo3e cy oapebene kopunthewem ICRP-74 koHBep3noHux hakTopa
Kojuma ce pesynaTtatd F4 Tammja 3a ryctuHy chiykca 3padema INpeTBapajy y ancopOoBaHy WM
€KBHUBAJICHTHY /103y U NpemMa pe3ynTtatuma F6 tanuja Koju ofpebyjy nenoHoBaHy eHEprujy HEyTpoHa U
raMa 3paka (amcopOoBaHy J103y) y TKHUBY (panToMa. M3pauyHare ancopOoBaHe M €KBHBAJCHTHE 03¢
ynopebeHe cy ca IpeTXoHO 00jaBIbeHUM BPEJHOCTHMA 1034 U YUUILEH j€ HAIOP Jla Ce pa3sio3u 3a JoOujeHe
pa3nuke cxBaTe u objacHe. Ypabena je aHamu3a y3opka akuupaeHTa (RSA) u, mo mpsu nyT, nujarpam
Y3pOK-TIOCIIeNIIA je KpeHpaH IpeMa MEeTO/I0JIOTHju Manpatba y3poka (CM) u npukasan y JoaaTky A.2.

Kmwyune peuu: akyuoerit, aiicopbosara 003a, peaxiiop Pb, upozpam MCNPS5




