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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.
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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“BorisKidri¢” (now Vinca) Institute of Nuclear
Sciences, on April 29, 1958 [1, 2]. On October 15,
1958, areactivity excursion accident in which six op-
erators were heavily exposed to radiation occurred at
thefacility [3]. Inthefirst 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. Thefirst
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independent review of the accident wasdoneby |AEA
officialsinan Internal Report [4]. Asaconsequence of
the accident, in spite of the medical treatment received
in France, amonth later, one of the operatorsdied. 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, withtheapproval of the Yugoslav Government, in
April 1960, prepared, organized and conducted the
“VincaDosimetry Experiment” at the RB reactor with
theaim of simulating accident conditionsand estimat-
ing doses received by the operators [5]. Among other
methods used, the absorbed doses received by the op-
erators were estimated by measuring >*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 methodol ogies, 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 teamin
Vincalnstituteat thetime([5, 12]. The ORNL teamin-
cluded such scientificdignitariesasG. 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 inbonemarrow transplantation[26], aRTS
TV documentary film [70] and an earlier TV drama
(“lrradiated”, 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
onitstechnical and physicsaspects, wasdonein 1992 at
the Vin¢a Institute of Nuclear Sciences [7]. Aspects of
biological and medical effects of theirradiation and the
consequences of the radiation illness on the operators
have not been studied in this work, because they have
been el aborated in numerousprevious papersof amedi-
ca nature[e. g.,6, 9, 51, 59, 63, and 65]. Our work isthe
first attempt to eval uate dosesreceived by the operators
using a contemporary computation tool — the MCNP5
computer code[28]. The paper also comparescomputa
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. Dosesreceived by RB reactor operators
were reported to be in the rangeof 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 beenretained in thispaper withtheaim of preserv-
ing authentical linksto the published documents. Some
estimated val ues of the doses received by the operators
arepublished firstly and thenre-eval uated afterwardsin
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 detailsaregivenin[5, 7]. A pho-
tograph of the RB reactor (1958) isgivenin fig. 1. In
the photograph, the RB reactor control desk (consol€)
can beseenontheright, at the edge of the pond, known
asthe “dry pool.”
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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 spectrafrom the
RB reactor tank and dose cal cul ations by the MCNP5
computer code are given in this paper.

In 1958, the RB reactor’s unreflected (“bare”)
RB1/1958 corewasassembled 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 mmin diame-
ter and 300 mmin length), placed one above the other,
inside an aluminium aloy cladding, 1 mm thick. The
fuel manufacturer [29] specified theweight fraction of
the 2°°U nuclide at 0.714% and the average mass den-
sity of uranium metal at 18.92 + 0.01 g/cm?®. Three
batchesof fuel rodswith 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 ho gap be-
tween thefuel meat and the aluminium alloy cladding.
As for the aluminium aloy SAV-1 (uranium metal
cladding), aRussian certificate for the composition of
the material with a mass density of 2.729 g/lcm?,
experimentally determined at the Vin¢a Institute, was
applied [30]. Historical data on heavy water modera-
tor, dating back to thetime, indicatethat the RB reactor
had a stock of 6985.365 kg of heavy water, in total [7]
(i. e, 6.36 m*for aD,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, amaximum level of 2.10 m of heavy wa
ter inthereactor tank could be achieved with 208 natu-
ral uranium metal rods placed in alatticewitha12 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 shownin fig. 2.

The experiments were performed in an au-
minium cylindrical (RB) tank mounted on an alu-
minium platform (fig. 1). The platformwasbuiltinthe
centre of thedry pool (squarecrosssection8mx 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 thetank is 15 mm. The average thickness of
thea uminiumtop cover of thetank is25 mm. Thebot-
tom of the RB1/1958 reactor coreis 2.5 m above the
reactor room'’sfloor. The centre of the RB1/1958 core
(according to critical dimensions) is approximately
1 m (0.89 m) higher.

Thesurfacesof theRB reactor tank aredistanced
at least 3.75 m from any other surface (walls, floor or
ceiling) of thereactor room. In thismanner, thereflec-
tion of escaping neutronsfrom surrounding surfacesin
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 inthefall of 1958 and thefacility wasoper-
ated from a small reactor control console at the north
side of the dry pooal (fig. 1). Most of the experimental
equipment was located in the northwestern corner of
the dry pool (fig. 1). Thismode 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 operatorsand 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 Vinéalnstitute regarded the RB re-
actor more as a hew experimental tool than afacility
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 islocated
in the underground room, adjacent to the dry pool, to-
gether with the heavy water storagetank. Thelevel of
theheavy water inthe RB reactor tank ismeasured 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 probepin, it closesthe electrical circuit, thisisreg-
istered by an ammeter at the reactor control console,
and at that point the operator is supposed to switch the
pump off. The probeisthen moved to the next desired
(higher) level of heavy water and the processrepeated.
Theheavy water ispumped into thereactor core by the
pump with two possible speeds, the changing D,O
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moderator increasing the level at rates of 2.5 cm/min.
and 0.8 cm/min. Thelevel of D,Oismeasured, withan
uncertainty of 0.2 mm, by the described “levelmeter”
observing theelectrical contact between thewater sur-
face and the pin of the probe.

The experimenta “ start up” equipment consists
of three pulse channelswith 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, wereplaced around the RB re-
actor tank, on the lower platform. They were used to
measure neutron flux density (according to the ICRU,
equal tothe“fluencerate”) and shown it at the experi-
mental panel (racks) placed at the northwestern corner
of thedry pool and at the pool edge, beside the reactor
control console. During the start up procedure, a
Ra-Be neutron source, of 17.5 GBg (500 mCi) Rain-
tensity, isinserted 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, gammaray dosimetry monitors coupled to audi-
ble aarms 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 critica level in
the RB1/1958 core was 177.6 + 0.1 cm, at amoderator
temperature of 22 °C [1]. Basic reactor experimentsre-
garding the determination of the reactor’s parameters—
critical mass, neutron flux density, temperature coeffi-
cient reactivity of the moderator, thereactivity of safety
rods, buckling, migration length, etc. were carried out
up to the end of September 1958 [31-33]. The gradient
of reactivity near thecritical levd, i. e., thechangeof re-
activity with thelevel of heavy water, dp/dH, was mea-
sured as (70.6 + 1.6)-10° Ak/k per cm [32]. Calcula-
tionsdone by the computer code KENO V.a[34], witha
broad 44-group neutron cross section library based on
ENDF/B-V data, gave a vaue of do/dH = (75 +
+ 15)-10™° 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 vaue of the two safety rods was
—2.12 B = —0.017 AK/K, for the calculated, using
AVERY computer code[66], value of thetotal effective
fraction of delayed neutrons and photo-neutronsin this
heavy water system, B4 = 8.0445.1073. Thecalculated
value of the neutron generation time in the system, by
the same AVERY computer code [66], isA = 0.50352
ms. The vdue of the neutron removal lifetime, calcu-
lated by the KENO V.a computer code[34], is0.49019

+0.00019 ms. Theneutronremova lifetimeistheaver-
agelife-span of aneutronfromthetimeitisborn, until it
isabsorbed or leaksfrom the system [34, 67]. The neu-
tron removal time, obtained from calculations by the
MCNP5 computer code[28], is0.49537 + 0.00025 ms,
whiletheneutron generationtime, i. ., theaveragetime
between two fission production neutrons[67], anounts
to 0.50072 + 0.00015 ms.

EVALUATION OF THE
ACCIDENT SCENARIO

Only afew published references [3-5] of the ac-
cident courseprior to 1990 exist. Based on theserefer-
ences, a new evauation of the accident scenario was
done in [7 and 8]. Additional data on the accident
course can be found in testimonies of the Vin¢a Insti-
tute staff and officials from other institutes who took
part in the evaluations [18]. It isunknown if any writ-
ten testimonies of the accident by the participants
themselves, except for asingleone, givenin[17], pub-
lished almost 40 yearsafter the event, exist. According
to that testimony [17], the irradiated operators were
not allowed to discussthe accident in public. Themost
comprehensive evaluation of the accident physicsand
coursewas presented in[7, 8]. Only the main findings
were extracted from these evaluations, updated and
given in this paper and Appendix A.2.

Theaccident occurred on October 15, 1958, dur-
ing thethird seriesof experimentsthat were carried out
with theaim of determining the strength of the sponta-
neous fission source from natural uranium metal rods
inthe RB reactor core[4]. A fast increasein moderator
level (2.5 cm/min.) was switched on by the pump, at a
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
thereactor control console, on the north side of there-
actor room and around the experimental panel at the
north-west corner of thedry pool. After the pump was
switched on, the operators were distressed by the en-
trance of anon-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 thedosereceived by that person. More-
over, there is another testimony [55] according to
whichtheoperatorsat thereactor control consolewere
|earning English from book(s) spread on the console.
Thistestimony [55] was not refuted or commented in
thewritten testimony [17]. Two other employees pres-
ent in the RB reactor building have received elevated
doses and have received medical treatment in ahospi-
tal in Belgrade [5, 51].

The D,O moderator reached the 177 cm level in
thereactor tank of the RB1/1958 core, but theammeter
reading of the 177 cm D,0O 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 onthe part of thestaff 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 inthereactor tank of the
RB1/1958 core would bring in a total reactivity of
1273 -107° Ak/k, asit was cal culated by the KENO V.a
computer code[34] andisin good agreement with data
givenin[5] and[7]. Theinformationthat 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 apositive reac-
tivity of about 300-107° Ak/k [5]. Inthis 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-
torsin the RB reactor room sensed the odour of ozone
[47] inthe air. In the first instance, they checked the
fuses of electrica installations and the valves of the
pump [17] and only after that did the operator at there-
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 therest of the personnel to leavethe 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 intab. 1, up-
graded by new dataon reactivity (p) obtained by using
theMCNP5[28] or KENO V.a[34] computer codes, is
shown here. Thesedataareshownintab. 1, alongwith
previous results for reactivity obtained by the com-
puter code DENEB [35] inthe 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
changesin the temperatures of the RB reactor fuel and
moderator. A simple approximation of the power ex-
cursion, fromthemW 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 employess, it
was estimated [3] that the total fission generated en-
ergy intheaccident was 80 MJ. The duration of theac-
cident was not recorded, but an automatic recorder for
measuring airborne activity and the radioactivefallout

at the Vincalnstitute, 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, whilein[6], a
time interval of 3 min. to 7 min. is mentioned.

The power and generated fission energy during
thetimeinterval of theaccident arecalculatedin[7, 8]
by two computer codes, SCM [36] and MACAN [37],
developed at the Vinca Institute, and their results are
showninfig. 3. Ascanbeseeninfig. 3, both computer
codes have shown very good agreement, in spite of the
differencesin how thereactivity feedback istreated by
them [7, 8]. Computer code SCM includes feedback
using the generated energy coefficient of reactivity,
while computer code MACAN includes the feedback
viachangesof temperatures of thefuel 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(t) and E(t), it was found that
the accident timewas 433 s, measuring the timeinter-
val from the moment when the heavy water pump was
switched on, at aD,O level of 175 cm, until the RB re-
actor was shut down at agenerated 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 theright 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°5 Ak/k per
K) and moderator (—24.1-107° Ak/k per K) [7]. Thesaid
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
(_) D0 level: 175 cm; p = —245.6 pcm*; Py = 0.25 mW
MCNP5: 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
D,0 levelmeter position: 177 cm expected (determined) 177 cm level
’ Increasing D,O level to 177 cm
48
D0 level: .177_cm, p =-110.2 pcm Not observed by the operators on the ammeter at the
MCNPS: p =~ (94 £ 25) pcm reactor's control console
KENOV.a p =—(74+ 31) pcm
Increase in the D,0O level in the core continues The pump is not switched off
§4 D,0O critical level: 178.5 cm; P = 0.59 mW Not observed by the operators
Increase in the D,O level in the core continues Not observed by the operators
192 D,0 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 T=12.3 s reactor room
The pump is switched off
4\,'33 RB reactor is shutdown by safety rods Safety rods are shut down manually by the operator at
. Prax =25 MW E; =80 MJ the reactor control console
RB reactor isin shutdown state. Power decreases. Decreasing -
D,0 from the RB reactor tank is switched on Operators leave reactor room and RB building

“Note: 1 pem = 10~ Ak/k

moment when the 80 M J of fission energy was gener-

ated.

The primary cause of the accident wastherise of
D,O over thecritical level of 4.5cm, becausethe pump
was not switched off at the moderator level of 177 cm,
sincethe operators at the reactor’s control consoledid
not register the ammeter reading. The other contribut-
ing causes were:

— therewasnointerlock 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 (at a
higher speed) for an indefinite time near the mod-
erator’s critical level,

— aD,0 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.

Itisto beunderstood that the action of the opera-
tor to switch on (open the valve) in order to decrease
themoderator inthe 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 fromthe 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 thefuel elementsal so 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
possihility 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
componentsand systems, except for (in aninternal 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)
wasreplaced, May 1960-1962, with anew aluminium
aloy fuel cladding made in Yugoslavia (known as
Yu_Al). Unfortunately, this aluminium aloy 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 thevalue of
kg = 0.99980 + 0.00021 for the maximum level
(210 cm) of heavy water (0.18% mol H,O and T = 22
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°C) in the RB reactor tank and 208 fudl elements of
natural uranium metal rods with a cladding made of
Yu_Al in the lattice with a square pitch of 12.0 cm.

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

Finally, the consequences of the RB accident
werefatal for one RB reactor operator (coded VZ). He
died dueto radiation overexposure, four weeks [ 6] af-
ter hewas checked in for medical treatment at the Cu-
rie Foundation hospital in Paris, France. All evaua
tionsof theabsorbed or equival ent doses, regardl ess 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 theonewho, by so doing, put astop totheac-
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
Yugoslaviaaccepted theoffer, in spring of 1960, |AEA
prepared, organized and conducted the“VincaDosim-
etry Experiment” at the RB reactor with the aim of
simulating accident conditions and estimating the
dosesreceived by the operators[5, 12]. The main par-
ticipants of the dosimetry experiments carried out at
the RB reactor in April 1960, besidesthe 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 aready been mentioned above, the
French team included, among others, Dr. H. Jammet
from CEA Saclay, thel AEA team expertssuchasG. W.
C. Taft and R. Baker, while the UK sent J. W. Smith
from AERE Harwell. The heavy water for the experi-
mentswas obtained from UK (AERE, Harwell), since
the original heavy water was transferred to the 6.5
MW RA heavy water research reactor at theVincaln-
stitute which had begun operation on December 29,
1959. Similaritiesand experiencesgained intheevalu-
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 unsafefor any op-
eration of theRB reactor at powersof an order of awatt
or more [5]. CEA, France, designed, manufactured
and delivered new control and safety systems for the
RB reactor inacoupleof months[5]. A new, additional
safety rod, which operated as a continuous heavy wa-
ter level follower, wasdesigned, 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 experimentsat the RB reactor, during oper-
ations at high power levels, the operators in the RB
control room were additionally protected from radia-
tion coming fromthe RB reactor corewith 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 initia
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 sduring the event, and that the duration of the
excursion was about 400 s.

The absorbed neutron doses received by the op-
eratorswere also estimated by amethod [24] based on
the measurement of activated 2Nain a(n, y) reaction
taken from samples of the exposed operators blood
and tissue. Thismethod of neutron dose evaluation for
determining the *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 >*Naactivity in samplestaken fromir-
radiated 22NaCl dissolved in water-filled, plastic mod-
elsof humans— phantoms. The phantomswereirradi-
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/?*Naratio hasal so
been re-evaluated later on [59-61].

Seven phantoms (of a Bomab, Calvin, and
Tyronetype) 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, areshowninthesketchgiveninfig. 4 (Ieft), as
their positionsweredetermined 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 operatorsin the dry pool near the ex-
perimental equipmentisshowninfig. 1(b) of the paper
[6], drawn by the French physicians, and in fig. 4
(right) of this paper.
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Figure4. Sketch of theprobablepositionsof theoperator sin thevicinity of the 1958 RB reactor coreat thetimeof the

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

In this paper, the operators are coded by theini-
tid lettersof their family and first names. According to
[6], operators coded HS, VZ, MR and BZ were in the
dry pool, while operator DR (afemale) was sitting be-
hind thereactor control console, with GD standing be-
side her, to her |eft. 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 thedry pool, “at asimilar distance” fromthe
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), aswell astwo 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 aradiation
expert happened to beinthereactor roomat thetime of
the experiment.

In addition, an experimentally determined ratio
of theabsorbed gammaray doseto thefast neutron ab-
sorbed dose (D,/Diyg ) for the various positions
(LPS-1... LPS-10) of the operatorsin the facility was
used, as well. Thisratio is measured by using irradi-
ated neutron threshold foils (madefrom Au, S, U, Np,
and Pu) and thereadingsfromthe y-ray sensitiveionis-
ation carbon wall — CO, gas chamber [58]. The
D, /Draq , rétio was determined as an almost constant
factor. Itsvaluefor positions of GD, DR, and BZ was
3.6, whileinthecaseof positionsof HS,VZ,and MR,
theD, /Dy factor was4.1. Theratiowasmeasuredin
horizontal axisasbeing at adistancesof 4to 7m(in1
m steps) from the RB reactor core. Itisclaimed [5] that
this ratio of the gamma ray absorbed dose to the fast

neutron absorbed dose is unchangeable at low and
high power runsof any reactor. Thesaid ratioisusedto
estimatethegammaray absorbed dose. Theratio of the
gammaabsorbed 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
gammaray carbon-CQO, ionization chamber to thermal
neutrons not to be neglected wasreported 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 amere 1.5MeV for gasat
atmospheric pressure.

Theenergy border for thefast neutronsin thede-
termined neutron spectrum escaping from the RB re-
actor coreisnot mentioned in [5] and isassumed to be,
conventionally, 0.1 MeV. The neutron spectrum es-
caping from the RB reactor tank isalso calculated us-
ing amulti-group, multi-regional, single-dimensional
GNU-II computer code in diffusion approximation
[39]. The obtained escaping neutron spectrum [5] is
showninthegraph asEN(E), i. e., per unit of lethargy,
with E, = 10 MeV, in the function of neutron energy
E (fig. 5).

The gammaray spectrum escaping from the RB
reactor core was analytically estimated upon the re-
view of the attenuation of fission-prompt gammarays
through natural uranium meta 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 5. 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 IAEA-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
of theaccident and unclear positionsof the operators.
Thetotal generated fission energy inthese simu-
lations of the RB reactor accident, in the two runs of
the RB reactor, was 3 kWh: approximately 7.5 times
lessthan thetotal fission energy (80 MJ) released dur-
ing the accident. It was assumed that such a smple
scale of generated fission energy is valid. After the
evaluation of dosesreceived by the phantomsand cor-
rections due to the issues mentioned above, aswell 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 thedosesabsorbed by
the operatorsisshownin [49]. Itisbased on the activity
of #*Nataken 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 (>5keV) spectruminthe 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
Naactivity and the assumption that the bodies of each
operator contained 105 g of 2Na, the neutron absorbed
doses were determined. The gammaray 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¢ (shownin “rem”) are equal to the onesgivenin
[49] (shownin“rad”) withRBE =1, whichisobviously
incorrect.

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

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

Operator Phantom Operator mass | Neutron dose M(n,y)°H  |Gammaray exposure Total (+15%)
(code) (type) [kal [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
(FéOde) Fastn E>1 tr%/elrzn[:él Thermal | o marays| Total +15% | Neutrons Gammarays Total (range)
MeV _1Mey | neutrons =70 (extreme range)
V4 210 630 (450-1000) | 840 (1000-1200)
MR 214 642 (450-1000) | 856 (700-1000)
GD 230 690 (450-1000) | 920 (700-1000)
11 22 4 2
DR 6 3 ° % 683 256 768 (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]

Operator NGool™ | ray ose ot eboorbed -

[rad] [rad] dose [rad] dose [rem]
HS 210 210 420 420
VZ 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 2Naper 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 wasthe
statement that the dose component attributed to the
H(n, y) reaction “wasprobably too large, by afactor of
2" [12]. Thecorrectionsin the published total dosesre-
quire (according to [59]), an increase of 40% for male
individuals and that of 50% for the female operator, i.
e., afactor of 1.29-1.70, depending on the operator in
guestion. On average, the values of the total doses
givenin[5, 12] for thefour largest doses, should bein-
creased by afactor of 1.31 to 1.34, according to [59].
The new values of the corrected absorbed doses are
not givenin [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
2Nal?®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 5. Doses attributed to the operators after [5, 12]
and correctionsby Molein [59]

; Gamma | Tota
Operator Correction Nggt;é)n Mn, y)?H|  ray (+15%)

to
(code) |2ay,.123 dose [rad] | exposure| absorbed
Na™Na| [rad] dose [rad]|dose [rad]

HS 1.35 89 134 214 437
74 141 125 188 298 611
GD 1.29 116 174 245 535

MR 135 117 176 281 574
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 wasoperated,
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), infig. 1. Accordingto[5], three opera-
tors(VZ, GD, and DR) were at the northern (N) side of
the RB reactor room, at floor level (level 0.0m), closeto
the reactor control console at the edge of the dry pooal.
The three remaining operators (coded HS, MR, and
BZ), given in northwestern corner of the dry pool
(=1.5 m levd), close to the experimental equipment.
Two of these six operators (DR and MR), were sitting,
thefirst onein 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
aregivenin“rad” unitsinthecaseof thel AEA 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 suminrespect to the biological effects
in human tissue. These absorbed doses are shown here
in“rad” unitswith theaim of preserving compatibility
with the results of the previously published data. The
said absorbed dose were different of their ambient
doseequivalents(shownin“rem” units) weregiven 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“BorisKidri¢” (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]. IAEA Director General and
the then Yugoslav Undersecretary of State, in ajoint
statement from 1960, stated “... We are convinced that
thiswill be of great valueto all mankind.” [54].

THE MCNP5 COMPUTER CODE

3-D MODEL FOR NUMERICAL
SIMULATION OF DOSESRECEIVED
INTHE ACCIDENT

Asfor thenumerical experimentsconcerningthe
determination of dosesreceived by theoperatorsinthe
RBI/1958 core accident of October 15, selected infor-
mation from [5, 12] regarding the positions of the op-
erators and information extracted from dataon 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-VI1.0i-
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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ELO3, respectively, were used as well. The energy
range of radiation used in the MNCP5 calculations
along withthecrosssectionsof theselibrarieswere se-
lected out of 0.01 meV to 20 MeV rangesfor 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
boundedin D,0 molecules, isused. Cross-section data
in TSL are evaluated at 293.6 K and applied intheen-
tireneutron thermal energy range. Heavy water isused
at atemperature of 22 °Cwith 0.24% (mol) light water,
while all other materials are used at atemperature of
20°C, except for thehuman tissue material that isused
at 37 °C. Neutron and gammaray transport and inter-
actions are done by the MCNP5 computer code in a
3-D model in al cells with materials. Electron trans-
port and interactions, including the bremsstrahlung,
aredoneby the M CNP5 computer codeonly in cellsof
the phantoms containing human tissue material. Some
impuritiesinthe materialsdo not have gammaray pro-
duction cross-sections in the ENDF/B-VI11.0 library
(e.g. 170, “°Ar, so that natural Ar inair, isotopesof Cd
and natural Zn are used instead). This version of the
MCNP5 computer code is not capable of generating
delayed gammarays from fissions.

The calculations by the MCNP5 computer code
weredoneat afour Intel i7-processor ToshibaSatellite
laptop A660, with a64-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 componentsinthesofttis-
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 aready 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 uraniummetd rodsintheair, abovethe moder-
ator level inthereactor tank and thetank top cover, are
modelled in a3-D model. All instruments and reactor
equipment placed on thetop cover and the platformsof
the reactor are neglected. It is also assumed that the
walls, floor and celling of the RB reactor room were
constructed from ordinary concrete, with a material
composition (NBSordinary concrete) taken from[42]
and adensity of 2.35 g/cmq. Thelarge glass windows,

initially designed and constructed for the corridor in
the reactor building at the lower part of the north wall
of thereactor room (at theright sidein the photograph,
fig. 1), werereplaced by aconcretewall after the acci-
dent, in early 1960, and modelled in a3-D model asa
wall made from ordinary concrete.

The 3-D model usedin MCNP5 calculationsalso
includes dataindicating that the RB reactor was oper-
ated by six operatorspresent inthereactor room. Inthe
said 3-D model, the seven phantoms are designed in
the positionsthey probably occupied at the time of the
accident, in thevicinity of the RB reactor, asshownin
the sketch given in fig. 4 (left). The analyses of posi-
tionsin question show that the phantoms were placed
at distancesof 5.4 mto 6.9 mfromthe RB reactor tank
bottom, which differ from values given (estimated) in
[14] andin[49]. In[14], the distances of the operators
fromthereactor tank are estimated as4 m for the oper-
ators at the northwestern corner of the dry pool in the
vicinity of the experimental equipment and as6 mfor
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 model s are known and used
nowadays [46]. Because they include various human
organs, they were considered too complex for this
study. Theideawasto makeasimple 3-D model of the
operators, similar to the phantom (Bomab) used in[5],
so astoreducetheoverall calculation time of the com-
puter code. Thus, the operators modelledin 3-D, were
presented as simplified, homogeneous, sexless and
faceless phantoms, based on average human propor-
tionsgivenin Chapter 9 of [43]. Asalready mentioned,
these 3-D model swere made of atissue-equivalent ho-
mogeneous liquid composition based on the 11 main
elementsof thehuman 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
amass of 70 kg, a volume of 65904 cmq, 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 asacylinder, except for thetorso, modelled asa
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 areference. Graphical images of 3-D models
of the “standing phantom* and the “sitting phantom”
are showninfig. 6.

The positions of the phantomsin the RB reactor
room relative to the RB tank in the 3-D model devel-
oped for the M CNP5 numerical simulationsareshown
infig. 7. The RB reactor control consoleand theexper-
imental panelsin the RB reactor room were not mod-
elled. In dose evaluations by the MCNP5 computer



M. P. Pesi¢: Estimation of Doses Received by Operators in the 1958 RB Reactor ...
210 Nuclear Technology & Radiation Protection: Year 2012, Vol. 27, No. 3, pp. 199-221

Figure6. M odelsof simplified, homogeneous, sexlessand
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
thereal height of the operatorsin 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 —gammaray 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, isimpossible to smulate in
the MCNP5 computer code. Because of this, for the
purpose of estimating the dosesreceived, the MCNP5
computer code was run for an equivalent of the RB re-
actor’s stationary power, for atime interval chosen to
allow for the exposition of the operators to a high
range of doses, up to thetotal 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 t; ..

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-timerelation
underwent an exponential change, itisclear that, inthe
last stage of the power excursion, such high doses
must have been received by the operators. Inthisstudy
it isassumed that the exposition to high doseswasini-
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¢(t), shownin
fig. 3, this time moment was found to bety;(80 kJ) =
337 s. The accident was interrupted in t,.(80 MJ) =
433 s, when the power rise was discontinued by the
shutdown of the reactor with safety rods. Thus, the ef-
fectiveirradiation timeto high doseswas estimated as
ty,, = 433 s— 337 s = 96 s. The equivalent stationary
power, P, of the RB reactor isthen 80 MJdivided by
96 s = 833.333 kW. The MCNP5 computer code neu-
tron flux density normalized constant, F,, can be de-
termined from the equation

P,V
&
P T E Gk
f ™~ f Neff
=7041953-10" percm?s

wherev = 2.456 (MCNPtotal number of neutronsgen-
erated per fission in the RB1/1958 core), E; = 180.88
MeV (MCNP energy generated per **U fission), C; =
1.602-10 YMeV (conversion factor fromunitsMeV
to units J), and kg = 1.003 (effective multiplication
factor for the RB1/1958 core at a heavy water level of
183 cm— assumed D,0 level).

This congtant is used in the MCNP5 computer
code (FM option) for the normalization of neutron,
gamma ray and electron flux densities. According to
MCNP5 code calcul ations (with the exception of reactor
room walls), in al energy ranges, the escaping gamma
ray current ratefrom al the surfaces of the RB tank isal-
most the same as the escaping neutron current rate from
the RB tank itself. In other words, theratio of neutronsto
gamma rays, as mentioned above, is 1.1:1. The calcu-
|ated retio of theflux density of escaping neutronsto the
flux dengity of escaping gammaraysis 1.4:1, dong the
entire energy range of neutrons and gammarays.

The doses were determined in the MCNP5 com-
puter code using F4 and F6 tallies [28]. For the F6
tally, thedeposited energy of neutronsand gammarays
(including photon-generated electrons) in human tis-
sue material (phantoms), the value of unit’s conver-
sion factor (FM option) was caculated as
11.281209-108. Using this factor, the F6 tally result is
directly obtained in unitsof rad/s (absorbed doserate),
if the tissue mass of the operator is inserted into the
code (as a SD option), in grams. The total absorbed
dosein thetissue of the phantom is obtained by multi-
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plying the F6 results for radiation dose rates (givenin
rad/s) with the estimated time of exposition t;,, (96 9)
and the corrected individual masses. The correction
for anindividual massisobtained by simply multiply-
ing thecalculated dosewith thevaue of theratio 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 al 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
gammaray energy 35-group structure, with agamma
ray energy maximum of 15 MeV, wasthe one sel ected.
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.

Inorder to convert theradiation flux density (given
by F4 tdlies) into the absorbed dose rate, ambient dose
equivalent conversion factors per unit of neutron fluence
inthefunction of radiation energy were used, taken from
tables A.21, A.42 and A.44, given in ICRP-74 [46], for
gammarays, neutrons, and el ectrons, respectively. Since
none of the human organs were modelled in the phan-
toms, in order to obtain the neutron absorbed dose rate,
neutron factorsfromtable A.42 wereconverted by divid-
ing them with the value of the neutron tissue weighting
factor, wy(E,), giveninthe function of neutron energy
E, (MeV). Dimensionless, wy(E,) factors, are to be
found in the chapter entitled “Quantities’ of ICPR-7
[46], given for neutrons with approximate relations

wr (E,) =5+ 17exp{_[|n(26E“)]2}

The radiation weighting factor, wy, for gamma
raysand electronsof all energies, is1.0[46]. Then, the
total absorbed dosein thetissue of the phantomsisob-
tained by simply multiplying the F4 sum?! results for
radiation dose rates (giveninrad/h) with the estimated
time of exposition t;,, (96 s), corrected for each indi-
vidual mass. Again, the correction for an individual
massis obtained by simply multiplying the calculated
dosewiththevalueof theratio of anindividual massto
the mass of the reference phantom (70 kg).

The effective doses (given in rem) received by
the operatorswerealso calculated inthe M CNP5 com-
puter code using the F4 tally and neutron fluence — ef-
fective dose conversion factorstaken from Table A.41
of the ICRP-74 [46] for neutrons. They equalled 1.0
for gammarays and electrons, i. e., proved to beinde-
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,
thesamefactorswereappliedinthe PA (posterior —an-
terior) computation geometry [46] for phantoms 1, 2,
and 7, supposed to be exposed with their backsturned
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
operatorsin 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 correctionsfor individual masses compared to
those of the reference phantoms.

RESULTS AND DISCUSSION

The MCNP5 computer code was run for atotal
of 1000 million neutron histories, a1 000 000 histories
in each of the 1000 active cycles, after theinitial 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 sametime, the
doserates 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
ENDF70library took, in aparallel mode, several days
on four i7 processors (1.73 GHz each) laptop for the
mentioned 1 G neutron histories.

Neutron and gammaray (photon) current spectra
(J) escaping the RB reactor tank, normalized per unit
of lethargy, u =In(Eg,,/E,), calculated by the MCNP5
computer code for 1000 million neutron histories, are
giveninthefunction of energy (E) in figs.8and9, 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> = Z(E,¥)/Zy(¥,). For neu-
trons, they were found to amount to 0.15 MeV, for
gamma rays, 1.12 MeV. In the relation cited above,
these () are over energy group g, quantity ¥, isthe
radiation (neutron or gammaray) group current or flux
density in group g with agroup energy E;. The |abel
“total” in the legend accompanying figs. 8 and 9isthe
MNCP5 calculated group neutron or gammaray 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
rangesaregiveninfigs. 8and 9. Thesefiguresalsoin-
cludetherelative 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
spectraescaping the RB reactor tank, cal culated by the
MCNP5 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 is4.6-4.8
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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
spectrain the tissue of the phantoms, normalized per
unit of lethargy, after MCNP5 calculations done for
100 million histories, aregiveninfigs. 12 and 13. The
figuresshow that thereis, practically, no differencebe-
tween (neutron or gamma ray) spectra impacting
phantoms placed at different distances from the reac-
tor core.

Analysesof 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
“pesks’. Onewide peak around 0.1 MeV, asecond nar-
row peak around 2.5 MeV and a third narrow peak
around 8 MeV. An additional pesk of 0.5 MeV, in the
spectrum of the photon current escaping the RB reactor
core, can beseeninfig. 9, aswell. Such aspectrumisa
consequence of the multiplicity of the source of the
gammaray emission from the RB reactor core. Theflux
density spectraare similar in shapeto the spectra of the
current of respective radiations, givenin figs. 8 and 9,
since their trangport from the RB reactor tank wallsto
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Figure 12. Group neutron flux density spectrain 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
gammaray energiesin the tissue of the phantoms, are
multiplied by expositiontime, t;,, = 96 s, and corrected
for theindividual operator’s mass, so as to obtain the
doses attributed to the operators. The calculated re-
sultsareshown asthetotal cal cul ated absorbed dose of
individuals Dgg (given in rad) in tab. 6. The uncer-
tainty, U(Dgg), expressed asastatistical 1o standard er-
ror, and theratio of the calcul ated total dosesto theto-
tal dosesgivenin|[5, 12], and in [49], aswell asthose
calculated after corrections found by Mole [59], are
giventoo. The cal culated absorbed doses, obtained by
the F6 tally, are found to be around 50% (except for

BZ) of the published absorbed doses. Explanationsfor
these discrepancies are given in thetext 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
of neutron, gammaray and electronradiationinthetis-
sue of the phantomsare multiplied by irradiation time,
t,,, = 96's, and then corrected for theindividual’smass,
so asto obtain the absorbed dosesattributed toindivid-
uals. The said doses are shown as the total calculated
absorbed dose of individuals Dy, (giveninrad) in tab.
7. The value of theratio of the calculated total dose to
thetotal dosereportedin[5, 12], [49] and after correc-
tions found by Molein [59], is given too.

As can be seen, the calculated total absorbed
dose of the operatorsis, in most cases, within 25% of
the total absorbed dose determined in [5, 12] and
within 50% of the onesreportedin[49]. Thiscan beat-
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 dosesfor
phantom #1 (BZ), phantom #2 (HS) and phantom #3
(DR). If thereevaluation, donein[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 phantomisattributed to the operator
(BZ) with the highest mass (90 kg), compared to phan-

Table 6. M CNP5 calculated absorbed doses accor ding to the deposited energy (F6) in the tissue of the phantoms

Phantom number (#) | Operator code | Total Dgs [rad] MCNPS | u(Dge) [%] Dre/Dys, 12 Dee/Dyag) Dre/Dmole
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 accor ding to the radiation type in phantom tissue
Ph. # O[(J:(ce)rdaéor E”J{‘D[:ij)] B’UF E‘D[:f)] I_D;S ‘(‘éza:]) 2‘5 E‘[[):a:)] D+, ra/Dys, 121 Dy, 4/ Dpagy| 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 VZ 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% 524.22 + 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



M. P. Pesi¢: Estimation of Doses Received by Operators in the 1958 RB Reactor ...
214 Nuclear Technology & Radiation Protection: Year 2012, Vol. 27, No. 3, pp. 199-221

tom#6 with areference mass of (70kg). Intheevalua-
tiondonein[5], thelowest absorbed doseis 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
isfound 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 “... | suspected
that the scaler, perhaps, did not show acceptable val-
ues and asked BZ, who wasin charge of the electronic
(equipment), to go to the next room and fetch a spare
(scaler)”3. 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.

Asfor the operator coded HS, (phantom #2), the
discrepancy is probably aresult of theimprecise posi-
tion he occupied, givenin plots[5] and [12], shownin
fig. 4. Another discrepancy isthe oneregarding opera-
tor MR (phantom #7) — according to one testimony
[17], he was standing, not sitting, asin [5] and in the
MNCP computer code 3-D model. The discrepancy
concerning the third operator (DR) in the calculated
total absorbed dose and theonefoundin[5], canbeex-
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 thetes-
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’sbottom, inthedry pool. Therefore, DR changed
his position from that of being at a greater distance
fromthe reactor tank, to that of bringing herself closer
to the source of irradiation. This operator “went back
to thereactor 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 thetop of thereactor (?), or moreredisticaly, as
operator MR recalled in hisoral testimony [70], at the
reactor control console. If this account holds true, op-
erator VZ had to crossthe path from hispositionin the
pool (fig. 4, left) or from the floor of the reactor room
(fig. 4, right) heading to thetop of thereactor or there-
actor control console. In addition, according to atesti-
mony [5], these actions were carried out after the ap-
pearance of the odour of ozone. Therefore, it was
appropriateto make arough estimation of thetimemo-
ment when the odour of 0zone was sensed by the oper-
atorsin the reactor room. This estimation is shown in
Appendix A.l. 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] itisstated: “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 minutesand, 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
resultsfor BZ, DR and VVZ and the doses attributed to
theseindividualsin 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.
Theratio of the total absorbed dose calculated by the
MCNP5 computer code to the absorbed dose for oper-
atorsestimated after applied corrections[59] found by
Mole are shown in the last column of tab. 7. These
Dy £4/Dyioie rtios are within the expected 10% (except
for BZ and DR).

Ambient dose equivaents (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. Thesecon-

Table 8. MCNP5 calculated (F4) ambient dose equivalent in tissue of phantoms according to radiation type

Ph. #| Operator code | Dy s [rad] + U(Dpra) 27’5‘(*[[):3:]) ngD[Zif)] Z‘E‘Egta:]) D, r/Djg | Dt sy

1 BZ 188642+ 0.41% | 42026+122% | 67.96+075% | 220033+149% | 337 | 564
2 HS 117308+ 0.43% | 27631+083% | 4519+052% | 1524.85+107% | 223 | 219
3 DR 1056.96+042% | 23211+067% | 3344+03% | 138070+0.88% | 202 | 135
4 GD 145922+ 0.41% | 302.86+085% | 44.17+053% | 180625+108% | 264 | 196
5 vz 148013+ 0.44% | 31375+094% | 4641+051% | 181862+116% | 266 | 217
6 RF 1369.62+042% | 297.63+089% | 48.37+056% | 171563+ 113% | - -

7 MR 1307.26+0.43% | 31480+098% | 5219+058% | 1667.42+122% | 244 | 195

* 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 gammarays and electrons.
The ambient dose equivaent rate of individual phan-
tomsisobtained asthe sum of the F4 tally resultsfor the
contributionsof neutron, gammaray and electron radia-
tionin thetissue of the phantoms, multiplied by exposi-
tion time, t;,, = 96 s, and corrected for the individua's
mass. Thesedosesareshown asthetotal calculated am-
bient dose equivaent of individuals Dy, [rem] in tab. 8.
Theratio of the calculated total dosesto the total doses
givenin [3] and [6] are shown, too.

Table 8 showsthat 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 aconsequence, besides
the reasons mentioned above, of the fact that applied
new fluence — equivalent dose factors include a cor-
rected, higher contribution of neutronsfrom the inter-
mediate and fast (>1 MeV) energy range to the dose
thanwaswith earlier versionsof thesefactors, givene.
g.,in[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
seeninfig. 14.
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The effective doserates of individual phantoms,
obtained by the sum of F4 tallies for contributions of
neutron, gammaray and electronradiation inthetissue
of the phantoms, are multiplied for irradiation time,
t,, = 96 s, corrected for the individual’s mass, and
shown as the total calculated effective doses of indi-
viduals D, (given in rem) in tab. 9. The ratio of the
calculated total dosesto thetotal dosesgivenin[3] and
[6] is shown, aswell.

Ascanbeseenintab. 9, theeffective doses cal cu-
lated by the MCNP5 computer code remain high.
Roughly, between one and a half to two times higher
doses are obtained in individual sthan the onesreported
in[3] and [6]. Such results from MCNP5 code calcula
tionsareunderstandabl e, sincethe orientation of the op-
eratorsto the source of radiation—the RB reactor core—
is not taken in account with the smplified, homoge-
neous, faceless model of operators without internal or-
gans. Moreover, the distribution (along the depth and
height of thetorso) of the absorbed dose within the hu-
man body also has an influence on the total dose re-
celved by the operators [71] and was included in
MCNP5 calculation results. Some of thereasonsfor the
obtained discrepancieswere aready explained in previ-
ous paragraphs. The fact that the operators were mov-
ing around the RB reactor coreand werenot all exposed
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Figure 14. Neutron and photon flux density to dose rate conver sion factors

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

Operator
Ph. # COE%/%?O- Dnra [rem] £ U(Dnra) | Dyra [rem] £ U(Dyra) | Dega [rem] £ U(Defrs) | Dira [rem] £ U(Dira) | Dt ra/Dyg | Dy, /D)

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% 141 1.38
3 DR/AP 861.52 + 0.44% 23211+ 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 VZIAP 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% 157 1.25
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toradiation for asame period of timeremain 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 Octaober 15, 1958, was carried out with
amodern tool: the MNCP5 computer code with cross-
-section data, based onthe ENDF/B-V 1.0 datalibrary.
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
dataonthe RB reactor and accident scenario aregiven.
A rough estimation of the time moment when the
odour of ozone was detected by the operators is esti-
mated for thefirst 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
methodol ogy, areshownin Appendix A.2. An attempt
to evauate the time of exposition to high dosesin the
RB reactor room, based on the estimated equivalent
stationary power of thereactor during theaccident, has
been made. An evaluation of dosesreceived by theop-
erators and methodologies applied and published in
previous papers, is given here as well.

Assumptions, approximations, uncertaintiesand
unknown detailsintheapplied methodol ogies, includ-
ing datafromtheinput of the M CNP5 computer code,
are cited in this article. The main uncertainties in
MCNP5 results are a consequence of :

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

— theuse of simple, geometry-based homogeneous
phantom models,

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

— estimated (time) duration of thepower excursion,

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

— thefact that the north wall of the reactor hall was
made of concrete, whilethelower part (to the cor-
ridor inthe RB building) wasfitted with glasswin-
dowsin 1958,

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

— neglectinginthe3-D model possibleshielding, 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 coefficientsis 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 confidencelevel [69]. Asfor neutron dosedetermi-
nation, one should mention the statement in [69]: “ At
high dosesinvolved in criticality accidents, determin-
istic effects are the most important, and protection
quantities, such as the dose equivalent, should not be
used becausethey only takeinto 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 persona accident dosimeters at their disposal.
This study also proves how difficult it is to estimate
previously determined doses by applying acontempo-
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 giveninthe dataprovided by our evaluationsand
in the written testimony of one of the participants in
the accident. Certain details of the accident scenario
and actionsof theoperators, their positionsand 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, 4/Dyq rétios, 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 operatorsin the
RB reactor roomisgiveninthis Appendix for thefist
time. This estimation is based on several assump-
tions. First, itisassumed that the RB power excursion
was an exponential function (e/T) intimet (192 s af-
ter the accident scenario was initiated, see section
Evaluation of the accident scenario) with a constant
period T = 13.2 s. At that moment (192 s selected as
the zero time moment), the heavy water in the reactor
tank achieved thehighest level (183 cm), asit wasde-
termined in the accident scenario. The generation of
ozone before that moment is supposed to be ne-
glected. It hasal so been assumed that the flux density
of neutrons and gammarays (escaping from the reac-
tor tank) inthe RB reactor room follow the same (like
power) exponential time dependence with propor-
tional initial constants(att=0, i. e. 192 safter 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) inter actions with oxigen

1.4 istaken from the ratio of neutron flux density to
theflux density of gammarays, determinedin section
Conclusions. Further, it is assumed that ozone mole-
cules, once generated in the interaction of neutrons
and gammarayswith the oxygen in the reactor room,
did not decay or dilutewithinthetimeframe of theac-
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
theionisation potential of oxygen and nitrogenis be-
tween 13 eV and 15 eV, itisfurther assumed that each
interaction of ionising radiation, involving average
energies mentioned above, can produce only two
ozonemol eculesout of three oxygen moleculesinthe
air. Total cross sections, for neutron and gamma ray
interactions with oxygen, were taken from the
MCNP5 ACEtypelibraries(fig. A.1.1) asc,= 4.06
b(1b=10"*cm?), for neutron averageenergy and o,
== 1.60 b, for the gammaray average energy.

The neutron total cross-sectionis, at energies bel-
low theMeV energy range, almost entirely composed of
elagtic neutron scatterings at oxigen. The photo-atomic
(gamma) total cross-sectioniscomposed of coherent and
incoherent gammaray scattering (adominant component
whenthisnuclideisconcerned) in photod ectric, 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
theair aslow as0.01 pmol per mal, i. e., 1.66-10°78, if the
molar mass of 0zone amountsto 48 g per mol and that of
airto 28.97 g per mol. TheestimationinthisAppendix is
based on the assumption that the operatorsin the reactor
room were able to detect such a low concentration of
ozone. The RB reactor room (Iength: 26.8 m, width: 15.7
m, height: 11.8 m) hasavolumeof 4.965-10° cm?®. For an
air density equalling 1.21 mg/cm® of the given molar
mass and the Avogadro number amounting to 6.022-10%
atoms per mole, the air concentration is 2.505-10%° per
cm?. The number of air moleculesin the reactor roomis
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

oxygenintheair. Theminimal number of ozoneatomsin
the air N(O5) is determined as 2.0606-10%, taking into
account the sengitivity of humansto 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
infig. 3, givenin section Evaluation of theaccident sce-
nario of the paper. Using the equation given inthe sec-
tion The MCNP5 computer code, the neutron flux den-
sty initial constant A, can be calculated as 4.225-10°
cm? s, while the gammaray flux density initial con-
stant should be 1.4 lower, under the above mentioned
assumption. Therefore, the task isto determinetimet;,
after theinitial timeset to O (after 192 s), inwhich N(O,)
ozone molecules were produced in the interactions of
neutron and gamma rays with oxygen molecules, from

the equation
2N(O3)=3N(0O,)-
t=t; ‘|

_[ {Gn AT + o, (AOJGUT dt
o 14)° |
By solving thissimpleintegral and by replacing
the numerical values for variables in the equation
obtained, one can determine the value of t; as being
114 s. Thisisthetimeinterval (192 supon the begin-
ning of the accident) in which the odour of ozonewas
sensed by the operators. Therefore, the operatorsin
the RB reactor room were able to detect the odour of
ozone 306 s after the accident scenario wasinitiated.
It gave them enough time, about 2 minutes (433 s—
306 s=127 s) totakeactionsdescribed 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 isbased on



d by Operators in the 1958 RB Reactor ...

Ve

f Doses Recei

0n o

Estimat
Nuclear Technology & Radiation Protection

Sic:

M. P. Pe

Year 2012, Vol. 27, No. 3, pp. 199-221

218

8661 ‘Gl J8gOI0Q U0
JuaLnadxa ue 1oy
padxe 10j0E8] JOIUBS
B Jnoypm 10j0e8) gy
pejesado suepiuyos)
 PUE JUSA|OSTE Z

paubisap Jou si [9A8)
|eonuo Jeau paads

Jayfiy yum |8ne) 0°q

asealoul o0} uonelsado
dwnd o°g pigioj o
walks }oopaul uy

JuapIode 8SET gy 8y} Jo welbelp WD YO V T2 v aInbi4

8|0sSuUod
Jojoesl gy Iy
(&) pesseysip
aJe siojesadQ

Jojpuy

(0=1) |2r81 O°Q
paloadxe Wo £/ | meu
yoeas 0} (UIw/wo g'z)

paads Jaybiy yum [aas|
0O°Q wa g/ e dwnd
uo payaums JojesadQ

¥

paubisap
jou si uojesado
dwnd o°q gy
dojs onewoine o}
Q01Aap YWl AW Y

wa /L Qe
POAIBSHO JOU S|
[—>{ 8j0su03 j0su0D

8|0SUCD [0JjUoD
1e Jojesado

0°Q 1.e Ajenuew

gy je Buipeal
Ialawwy

]

yodas sisfjeue Ayajes pue
sajnJ uone|nbal pue uonesado
uapLM ‘sjuawnaop ubisap
‘20uB0l| INOYIM §GH Uy Ul
uonelado papie)s siiojes) gy

Aped ysiunwwoo
nA au} jo Aaijod paouy
sl juawdojanap Afiaue Jesjonu
ul Aiunad ayy jo sbejueapy

Jojpue

dwnd 1e1em AnesHy

j0°a doy diy fyzpes
HO paysyms Jou s| > onewoine gy
paubisap joN

[2UENNEL G siojesado Aq siojesado
au) 0} paubisse jou si Buuojuow woo. Jojoeal Ag pexoayo ale
S8S0p I0j Jjejs uonelpes u pajpws s [ sasny [eoupale
Juapuadapul JO Jaquiai 8UON 8UO0Z0 JO INOpO pue ssaea O°Q
|eued :
|Bejuawuadxa sigjunod ¥4g
By} Je0 JB|Es |ejuspedxe
3 £ 1 uoneinjes
49 aoe|day
o) djay e Joj :_ow.m__wﬂ ymmoo
1180 Jojesado § Ipeay
B} YIm
wo /1 Jo [9n8] [EIEINEN] Bursaaou) Jemod

|eA8] [eanu aroqe
‘wo g8} 88U OFQ

sooq woJy ysijugz
(¢) Buiusea| aue
8|0su02 J010e8)
1€ (shojesadQ

_L,

paubisap jou
S| PaYOIIMS IO PAAOWIAI
SI Weyshs uuee pue
|uowW uoielpel ‘A)ajes
uaym uonesado gy pigio)
0] WajsAs joopajul Uy

1iedal Jojpue sasodind
1aU10 Joj J0joea)
W O} J3I|1ea paAcLus] S
UMOP)NYS ONELO)NE JOj
wayshs Buuopuow (xny
uosnau ybiy Jojoeal)
Aajes uoneipes ajbuig

Aq yo payoyms
s dwnd o°q

ElleENGE
|0U0D WO}
spos Ajajes

Aq umopinys
S| Jojoeal gy

|

| 5| sy wocgsiie |y

s £'ZL =1 polad Jojoeal
syl m ‘s gep =71
MIN G'Z Y9BSJ UOISINOXD
Jamod |enuauodxe gy

o8
0} pejesaush

WooJ Jojoeal

ul aJe 3j0SU0D

|ejuswiadxs
pUE [0UOD
Jojoeal gy

pue

Aped jsiunwwos nx
ay) jo Aoljed Aq paaio) s
ymouB ABussus Jesjanu uy

Anunoa ay) jo Aoewud

paysiuy
Jou S|
uoNoNIISU
W00 [0UO
101088 gy

s1 ABisus
uolssy gy

1senbai
ubiseg

g ) — aleq, Se|
peubisap si gy

pajs|dwos
10U s1 (3om
ewoydip)
Juswuadxa
pajoedwi
|eoB
uolanpoldg

e |
sasop ybiy oy
pajelpeL ale
siojesado g

pajoedu [eob
fejes

uonelpes pue
JeapnN

pue

Wo0J J0joeal
ul siojesedo
Aq pejeiado
s| Jojoeal gy

paysiqinjal

sl Jojoeal gy
:pajoedw)

|eob Ayapdold




M. P. Pesi¢: Estimation of Doses Received by Operators in the 1958 RB Reactor ...
Nuclear Technology & Radiation Protection: Year 2012, Vol. 27, No. 3, pp. 199-221 219

data from the RB accident and the Cause Mapping
(CM) approach developed by the Think Reliability*
Company. The diagram below (fig. A.2.1) showsthe
causes and effects of the RB reactor accident consid-
ered at a medium complexity level. The diagram
should beread in the direction opposite of the arrows,
(for the most part) from the left (“effect”) to theright,
thequestion“why?” being answered by the“ cause”. A
more detailed diagramisnot shown, duetoitssizeand
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 INIPUMWIN YYECHUIIM Y AKIIUJIEHTY
HA PEAKTOPY Pb 1958 TOAMHE IIOMOLY CUMYJAIUJE
MCNPS PAYYHAPCKUM IMPOTPAMOM

Hymepuuko cuMmynupame aKIUEHTa, KOjU ce goroauo Ha peakTtopy PB 15. okto6pa 1958.
rofyHe, U IPOLeHa 1032 KOje Cy IPUMUIN Y4ecHUuI ypabenu cy padyHapckuM nporpamoM MCNPS nop
HICTUM YCIIOBMMA KOjU OIrOBapajy eKCIEepWMEHTAJHO] CUMYJalji aKIWAeHTa KOjy je OpraHm3oBaia
MAAE 1960. ropuHe: ToTanHa ocnobobena ucroHa eHepruja y akuujeHTy je 80 MJ u ydecHunu koju ce
Haja3e y peaKTOPCKOj Xalli Ha CTal[MOHapHUM HojoxajuMa. [IporemeH je HTepBall u3aramba yuecHIKa
BHCOKHUM f1o3ama. HaBenenu cy u nopamnu o je3rpy peakropa PB1/1958 Baxknu 3a akuupieHT, a KpaTak
Iperiesi ToKa aKIUACHTA je TOIyHheH HOBIM ca3HamnMa. Tpoanmensuonanan (3-[1) Mopen peakTopa ca
CBHM JleTalbiMa je3rpa 1 peaKTOpCKe Xajle HallpaB/bEHU CYy 3a OBY CBpPXY. 3a OTpebe OlieHe 1032 Koje Cy
OPUMUIIIN YIECHUIM, pa3BUjeHU cy Takobe 3-II Mopeau — XOMOreHu, OEClOIHY, jeAHOCTaBHE (PaHTOMHU
ydecHHKa 1 pacriopebhenn y xanu peakropa. [Iporpam je paguo ca JoBOJbHUM OpojeM UCTOpHja HEyTPOHa, Y
“mode n p €” Koju je 06e30e10 ja CTaTUCTHYKa HECUT'YPHOCT ofpebuBama J03a yuecHuka Oyje Mama of
2%. Onpebenu cy criekTpu 3payerba Ha U3/1a3y U3 peakTopa U y TKUBY (paHTOMA: CIEKTPU HEYTPOHa y 55
eHepreTckux rpymna go 20 MeV, cnektpu rama 3paka y 35 eHepreTckux rpymna o 15 MeV u cnekrtpu
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 XaJId IPBU Iy T OCETUIIN MUPHC O30HA j€ U3BPIIEHA
no npBu nyT u gata y JomaTtky A.1. [lo3e cy ogpebene kopunthewem ICRP-74 koHBep3uoHux akTopa
Kojuma ce pesynaTtatd F4 Tammja 3a ryctuHy chiykca 3padema INpeTBapajy y ancopOoBaHy WM
€KBHUBAJICHTHY /103y M MpeMa pe3ynTtatuma F6 Tanuja xoju ofgpebyjy 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€ HAOp Jla Ce pa3sio3n 3a foOujeHe
pa3nuke cxBaTe u objacHe. Ypabena je anamu3a y3opka akunugaeHTa (RSA) u, mo mpsu nyT, nujarpam
Y3pOK-TIOCIIeNIIA je KperpaH IpeMa MEeTOI0JIOTHju Manupatba y3poka (CM) u npukasan y JogaTky A.2.

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




