Recent Resear ch Activities about the Chernobyl NPP Accident
in Belarus, Ukraine and Russia

Preface

Sixteen years have aready passed since the Chernobyl accident, the worst accident in the
history of nuclear energy development occurred in the former USSR on April 26, 1986. During
these years alarge amount of reports, papers and materials have been published about this accident.
There remain, however, many questions that were not yet answered and should be answered by
future researches.

Our group, Nuclear Safety Research Group of Research Reactor Institute, Kyoto University
has been involved in the task to assess the radiological consequences in case of large nuclear
accidents in Japan from 1970s. So our efforts to study the consequences by the Chernobyl accident
began from the next days after the accident.

During the first years after the accident, the information on Chernobyl was very limited. The
detailed situation about the radioactive contamination within the USSR territory at first appeared in
1989 with growing democratic movement in USSR. The break of USSR at the end of 1991
drastically changed the situation around Chernobyl problems. In 1993 our group had a chance to
collaborate with Belarusian scientists under a support from the Toyota foundation. This
collaboration was extended to a larger one in 1995-1997, getting cooperation with Ukrainian and
Russian scientists. Our former Chernobyl report, “Research Activities about the Radiological
Conseguences of the Chernobyl NPS Accident and Social Activities to Assist the Sufferers by the
Accident” (KURRI-KR-21, March 1998) was produced as a result of these programs.

Under the title, “Investigation of Research Activities about the Chernobyl NPP Accident in
Belarus, Ukraine and Russia’, we succeeded to get a new financial support for 2000 — 2002 from
Grant-in-Aid for Scientific Research of Japan Society for Promotion of Science (1.7, 2.0 and 1.9
million yen in 2000, 2001 and 2002, respectively). Compilation of a new Chernobyl report is one of
the main tasks in the new program. This report contains 22 articles by Belarusian, Ukrainian and
Russian scientists and one article by Imanaka.

The editor is sure that the contents of this report are useful not only to speciaists, but also to
all persons who have concern for the problem of Chernobyl. He is grateful to colleagues of Nuclear
Safety Research Group for their continuous encouragements and to staffs of Research Reactor
Institute, Kyoto University for various conveniences during the course of the present study.

ImanakaT.
Research Reactor Institute,

Kyoto University

July 2002
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Current Topics about the Radiological Consequences by the Cher nobyl
Accident

Tetsuji IMANAKA

Research Reactor Institute, Kyoto University
Kumatori-cho, Sennan-gun, Osaka, 590-0494 Japan: imanaka@rri.kyoto-u.ac.jp

Abstract

Basic radiological factors of the Chernobyl accident are reviewed such as radioactivity
discharge, the size of contaminated area, radiation dose, radiation risk assessment etc. Roughly
estimating, 50-60 % of | and 30-50 % of *¥'Cs in the reactor core were released into the
environment, which correspond to 40-50 MCi and 2-4 MCi, respectively, asthe activities at the time
of the accident. The total area in 13 European countries with the **'Cs contamination more than 1
Ci/km? amounts to 190,000 km?. The collective thyroid dose for the entire populations in the most
affected three countries (Belarus, Ukraine and Russia) is estimated 1.6 x 10° person-Gy. The
collective effective dose (excluding thyroid dose) for 5.16 million people living in the main
contaminated territories in three countries is estimated 4.26 x 10* person-Sv during 10 years after
the accident. Using these collective doses together with radiation risk coefficients of ICRP (1990),
13,000 thyroid cancer and 2,100 other cancer deaths are expected among the corresponding
populations.

Other articles in this report indicate the followings. About 4,400 cases of radiation-induced
thyroid cancer were observed in Belarus by the end of 2000. There are aso observed some
increasing tendencies of other cancers among inhabitants in the contaminated areas and liquidators.
Health deteriorations and mental retardations are observed among the children living in the
contaminated areas and having received irradiation in utero. All these findings suggest the necessity
of well organized epidemiologica studies before giving conclusions about the health consequences
of the Chernobyl accident as well as applicability of ICRP radiation risks to the related popul ations.

An interesting map is shown representing dose rate around the Chernobyl NPP on June 1, 1986.
Using the dose rate in this map for reconstructing radiation dose for evacuees, the possibility of
acute radiation sickness was confirmed among a substantial part of evacuees from some villages
within the 30 km zone.

1. Introduction

It was more than a quarter of century ago that our group, Nuclear Safety Research Group of Kyoto
University began to raise the alarm for catastrophic consequences in case of large nuclear accidents in
Japan. According to our assessment based on the methodology developed by Reactor Safety Study of
USNRC (1975), about 5,000 acute deaths were forecast when a severe loss-of-coolant accident would
happen at the Ikata-1 NPP (560 MW, PWR) [1]. The high level of radioactive contamination was expected
to extend more than 100 km along the wind stream. The Japanese authorities, however, neglected
possibilities of such accidents, saying every time that nuclear power plants were designed and constructed
under conceptions; “Fail Safe” and “Fool Proof”.

In March 1979, a large loss-of-coolant accident happened at Three Mile Iland-2 NPP (1,000 MW,
PWR) in USA, which resulted in a partial meltdown of the reactor core. Fortunately, the containment of
TMI-2 could keep radioactive particulates from escaping although a large amount of radioactive gases
were released [2]. The radiological consequences due to the TMI-2 accident were considered rather small



in comparison with the worst ones. This accident, however, demonstrated the reality of possible
catastrophic accidents at NPPs.

On April 26, 1986 an excursion accident occurred at the Chernobyl-4 (1,000 MW, RBMK) in the
former USSR and destroyed the reactor and the building at a moment, which released a huge amount of
radioactivity into the environment. Sixteen years have aready passed since the occurrence of the
Chernobyl accident. There remain, however, many questions that were not yet answered. For example,
according to Malko's article [3], the primary causes of the Chernobyl accident were design defects of the
reactor and inadequate operation manual's, while unprofessional actions of the operators of the Unit-4 were
responsible for the accident, according to Gorbachev' s article [4].

In this article, current topics about the radiological consequences of the Chernobyl accident are
summarized, referring to activities of our group and the contents of the other articlesin thisreport.

2. Radioactivity release

The amount of radioactivities released into the environment is the basic factor characterizing the
scale of nuclear accidents. So far a number of estimations have been made by various authors about the
radioactivity discharge by the Chernobyl accident [5-12]. Table 1 summarizes several estimations for main
radionuclides.

USSR 1986 Report:

In August 1986 the Soviet government sent a delegation to the post-accident review meeting on the
Chernobyl accident held in Vienna by IAEA. According to the report of the Soviet delegation [5], the total
release of non-gaseous radionuclides and gaseous ones were estimated to be 50 MCi and 50 MCi,
respectively. These figures were decay-corrected to the activities on May 5. The USSR 1986 Report
included valuable information, but the detailed methods of their estimation were not clear. | would like to
note one episode of our group with the USSR report. Our group was independently involved in the task to
estimate the radioactivity release by the Chernobyl accident. In October 1986, after reading through the
USSR Report extensively, Seo of our group wrote aletter to Legasov, the head of the Soviet delegation in
Vienna, asking various unclearness and inconsistencies in the Soviet estimations. More than one year later,
in January 1988, Seo received a kind answer from Legasov, writing “the discharge estimate has been
obtained measuring fall-outs from the initia discharge, radionuclide concentration in the air in the
direction of air mass motion and on the basis of model calculations’ [13].

Estimation by our group:

By the end of 1986, we could collect radioactive deposition data by the Chernobyl accident from all
over the northern hemisphere except for the Soviet territories. Our primary attention was directed to the
ground deposition of *¥'Cs. It was strange that our estimate for the **'Cs deposition on all European
countries except USSR was about 1 MCi, which was the same as the total release of **'Cs estimated in the
USSR 1986 Report.

Using the level of **'Cs deposition as the reference nuclide of the radioactive contamination, we have
analyzed dependencies of radionuclide composition on the direction and the distance from Chernobyl.

Table 1. Estimates of released radioactivity of major nuclides by the Chernaobyl accident.
Estimated rel eased radioactivity, MCi (% of coreinventory)

Nuclide Half life | nvlsln (t:cier, USSR report Seo Imanaka  Ukraine Borovoi
(1986) [5] (1988) [7]  (1993)[9] (1996) [10] (2001) [12]
= 8.05d 36.5 7.3(20) 25.40 (70) (49) (50-60) (50-60)
Blcs 302y 7.7 1.0 (13) 4.35 (57) (31) (20-40) (33£10)
7r 64d 119 3.8(3.2) 5.60 (4.7) (5.0) (3.5) -
Py 28y 55 0.23 (4.0) 0.53 (9.6) - (4-6) -

- All activities are decay-normalized to values on May 6, 1986.
- Values of reactor inventory are cited from the USSR 1986 Report.
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Then, by integrating the deposition functions, the total depositions were calculated up to 3,000 km from
Chernobyl [7]. The obtained results showed larger depositions than the USSR 1986 Report by factors of
4.4 and 3.5 for *¥'Cs and *1, respectively (Table 1).

In our first estimation, only small data in the USSR 1986 Report were used for the contamination
within the USSR territories. The collapse of USSR at the end of 1991 changed the situation around
Chernobyl problems. In 1993 we organized a collaborative study with Belarusian scientists under a
research-grant from the Toyota foundation [14]. We made new estimation using more data provided from
Belarusian side [9]. Our new estimates were smaller than the previous ones and by 2.4 and 2.5 times larger
than the USSR 1986 Report for **'Cs and **1, respectively (Table 1).

Estimation based on the radioactivities remaining within Sarcophagus:

Another method for estimation of radionuclide discharge is to investigate the amounts of
radioactivities that remain within “ Sarcophagus’ (the concrete building containing the destroyed 4th unit).
Paviovych's article [15] describes the current situation of nuclear fuel within Sarcophagus. 190 ton of
uranium was loaded in the reactor core at the time of the accident. Now within Sarcophagus, uranium fuel
exists mainly in three forms: fuel fragments, LFCM (Lavalike Fuel Containing Material) and dusts. The
amount of uranium in LFCM is estimated about 120 ton (min; 65, max; 165) [15]. According to Borovoi
and Gagarinsky [12], it was found that 60 % of *'Cs escaped from LFCM from the analysis of LFCM
samples, while no amount of **| was detected in LFCM. Concerning fuel fragments dispersed from the
reactor core at the time of the explosions, 25 — 37 % of **°| remain within them and **’Cs was retained as it
was in the core. Based on these data, they concluded that 33 + 10 % of **’Cs and 50 — 60 % of **!I were
released from the reactor core of the Chernobyl-4.

Looking at the values in Table 1, we can roughly say that 50 - 60 % of **1, 30 - 50 % of **'Cs and
about 5 % of non-volatile nuclides in the reactor inventory were discharged into the environment by the
Chernoby! accident. These values correspond to round estimates of radioactivities: 40 - 50 MCi of ', 2 -
4 MCi of ®*'Csand 0.3 MCi of *Sr. These activities are adjusted at the time of the accident.

3. Radioactive contamination

One of unexpected features of the Chernobyl accident is that the contamination extended over a vast
area on the Earth. This was caused partly by the fact that radioactive plumes reached high altitude of the
atmosphere by the first explosions and the consequent fire, and partly by the fact that the radioactive
discharge continued more than 10 days changing the direction of the radioactive plumes. These conditions
can not be supposed in case of accidents at water power reactors such as PWR and BWR.

Cesium-137 is the most important nuclide from the point of the long-term effects of radioactive
contamination. The areas of *'Cs contamination more than 1 Ci/km® in European countries are
summarized in Table 2 [16]. As the value of the total deposition on the northern hemisphere, 70 PBq (1.9
MCi) of ®*'Cs is given in UNSCEAR 1988 Report [8]. This value is near the lower limit of our round
estimate of **'Cs release (2-4 MCi). The following two points should be noted about the estimate in
UNSCEAR 1988. At first, UNSCEAR 1988 was made before the detailed information about the highly
contaminated within USSR was disclosed in 1989. Based on the more recent **'Cs contamination data in
Table 2, the amount of total **'Cs deposition in the most affected three countries (Belarus, Russia,
Ukraine) is calculated to be 1.2 MCi, which is 0.5 MCi larger than the value given for the USSR territories
in UNSCEAR 1988. At second, the UNCEAER 1988 estimate did not seem to include the radioactivities
in the 30 km zone. The **'Cs activity in the Ukrainian territory within the 30 km zone is reported to be
about 0.5 MCi: 0.11 MCi on soil and 0.41 MCi in radioactive waste pits [10]. Considering these factors,
the UNSCEAR 1988 estimate should be revised to 2.9 MCi, which lies in the middle of our round range.
Meanwhile, according to Nasvit's article [17], *¥'Cs activity contained in the lake sediments of the cooling
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Table 2 Area of **’Cs contamination in European countrieswith more than 1 Ci/km? (km?) [16]

Area Level of **¥Cs contamination, kBg/m? (Ci/km?)

Country k) 1020 0.3y | 37-185 | 185-555 | 555-1480 | >1480
(1-5) (5-15) | (15-40) (>40)

Belarus 208,000 60,000 30,000 29,900 10,200 4,200 2,200
Russia 17,075,000 | 300,000 | 100,000 48,800 5,700 2,100 300
Ukraine 604,000 | 150,000 65,000 37,200 3,200 900 600
Sweden 450,000 37,400 42,600 12,000 - - -
Finland 337,000 48,800 37,400 11,500 - - -
Bulgaria 111,000 27,500 40,400 4,800 - - -
Austria 84,000 27,600 24,700 8,600 - - -
Norway 324,000 51,800 13,000 5,200 - - -
Greece 132,000 16,600 6,400 1,200 - - -
Slovenia 20,000 8,600 8,000 300 - - -
Italy 301,000 10,900 5,600 300 - - -
Moldova 34,000 20,000 100 60 - - -
Switzerland 41,000 5,900 1,900 1,300 - - -
Total 765,100 | 375,100 | 161,160 19,100 7,200 3,100

Note-1: *¥'Cslevel in European countries due to global fallouts by nuclear test was 2 - 3 kBg/m? in early 1990s.
Note-2: According to Chernobyl laws in Belarus, Russia and Ukraine, the contaminated territories are legally
divided into the following categories depending on **'Cs density:

(1) 1-5 Ci/km? - zone of radiation control, (2) 5-15 Ci/km?- zone of guaranteed voluntary resettlement,

(3) 15-40 Ci/km? - zone of obligatory resettlement, (4) > 40 Ci/km? - zone of alienation.

pond of the Chernobyl NPP is estimated to be 4,400 Ci.

The processes forming radioactive contamination around the territories adjacent to the Chernobyl
NPP and their nuclide compositions were extensively analyzed in Gaydar’s article [18], taking into
considerations geological features of the contaminated territories. Detailed contamination maps were
presented for **’Cs and Pu isotopes and **Am. Interesting data are presented in Stepaneko’s article [19]
about the radioactive plume arrival and departure in contaminated settlements in Bryask, Tula and Kaluga
regions of Russia. According to Stepanenko’s article [19], about 80 % of the total *'I deposition was
formed during the first week after the accident.

Recent data about the food contamination of **'Cs and ®Sr in Belarus are reviewed in Matsko's
article [20]. They noted that specia attention should be paid to non-farm products such as mushrooms,
berries and meat of wild animals. For example, about 37,000 Bg/kg of **'Cs in fresh mushroom was
registered in a settlement of Gomel region in 1999. Tykhyy's article [21] presents the results of two series
of measurements that were conducted in 1992 and in 2001 at the same village in Zhytomyr region,
Ukraine. The **'Cs activity in milk in the village was decreased by 9 times in 2001 in comparison with
1992, while the *Sr concentration was 3 times higher in 2001 than in 1992.

Dynamics of **¥'Cs accumulation in fish in various water bodies are described in Ryabov' s article [22)].
Although a general decreasing trend of **'Cs accumulation has been observed, lowering rates are quite
different, depending on fish species and conditions of water bodies. High levels of **’Cs accumulation are
dtill observed in some lakes with stagnant water. Nasvit's article [17] provides the results of recent
radioecological monitoring of the cooling pond of the Chernobyl NPP.

3. Radiation dose and risk assessment
UNSCEAR 2000 report [11] provides a series of interesting information about radioactive
contamination, dose reconstruction and health effects due to the Chernoby! accident.



Table 3. Thyroid dosefor the population in the main contaminated ar eas.
Collectivethyroid dose,  Averageindividual thyroid

Country Population

person-Gy dose, mGy
Belarus [11] 3,100,000 402,000 130
Russia[19] 3,100,000 106,000 34
Ukraine [11] 3,500,000 300,000 86
Tota 9,700,000 808,000 83

Note; Belarus- Gomel and Brest regions. Russia - territories with °’Cs contamination more than 1 Ci/km?
in Bryansk, Orel, Tulaand Kalugaregions. Ukraine - 8 districts around Chernobyl and Kiev city.

Thyroid dose and thyroid cancer risk:

Thyroid dose for the populations in the main contaminated areas in the most affected three countries
issummarized in Table 3 [11, 19]. The highest average thyroid of 130 mSv is given in Belarus, while the
lowest of 34 mSv isin Russia. Thyroid dose in Table 3 are given for the population including all ages. As
iswell known, thyroid dose to children is larger than adults. For example, among 1,988 children less than
1 year old living in the contaminated district of Gomel region, Belarus, 667 children (34 %) received
thyroid dose more than 2 Gy [11]. For the evacuees from Ukrainian villages within the 30 km zone, the
mean thyroid dose of 3.9 Gy is estimated for 369 children less than 1 year old, while the average thyroid
dose for the people more than 18 years old is 0.40 Gy [11].

Collective thyroid dose for the entire populations of three countries are given as follows: 5.53 x 10°
person-Gy for Belarus, 7.4 x 10° person-Gy for Ukraine and (2 - 3) x 10° person-Gy for Russia. Using the
total collective thyroid dose of 1.6 x 10° person-Gy for three countries and the radiation risk factor for
thyroid cancer of 8 x 102 Gy™ from ICRP Publication 60 [23], about 13,000 thyroid cancer cases are
expected in these countries as the consequences by the Chernobyl accident. 10 % of them, that is, 1,300
cases will be fatal.

UNSCEAR 2000 Report [11] presents the data that about 1,800 thyroid cancers were observed during
1990 — 1998 in children 0 — 17 years old at the time of the Chernobyl accident: 1,067 casesin Belarus, 205
casesin Russiaand 519 casesin Ukraine.

According to Malko's article [24], 4,400 cases of radiation-induced thyroid cancer have been aready
observed in the whole population of Belarus by the end of 2000: about 700 cases in children under 15
years old and 3,700 cases in adolescents and adults at the time of diagnosis. The number of additional
thyroid cancer in Ukraine and Russia can be calculated using the ratio of their collective thyroid dose to
Belarus. Thus, about 12,000 cases of thyroid cancer are considered to have aready appeared in the
affected three countries. Anyway, we have to carefully watch the results of future follow-up studies in
order to give conclusions about the total outcome of thyroid cancer by the Chernoby! accident.

Knatko's article [25] describes a method to estimate thyroid dose from ™Y inhalation in the
contaminated territories in Belarus. Average thyroid dose from inhalation for adults are estimated to be 20
and 130 mSv for the eastern and southern contaminated areas, respectively. The difference between two
areas was mainly due to the differences of the **'1/**'Cs ratio and the type of **| deposition (dry deposition
in the southern and wet deposition in the eastern).

Effective dose and health effects other than thyroid cancer:

Estimates of effective dose for the total body (excluding thyroid dose) during the period 1986-1995
for the populations living in the contaminated areas with more than 1 Ci/km? are summarized in Table 4
[11]. Compared with the values for thyroid dose in Table 3, about 10 times less values are shown for
effective dose. The difference among three countries is rather small. In addition, age dependency of
effective dose is reported to be small compared with the case of thyroid dose [11].

Forecasts of effective dose for 70 years after the accident (1986 — 2056) are also shown in



Table 4. Effective dose for the population living in the contaminated territories more than 1
Ci/km? of *'Csfor the period 1986-1995 (excluding thyroid dose) [11].

Collective effective dose Average effective dose
Country  Population (person-Sv) (mSv)
External Internal Total External  Interna Total
Belarus 1,880,000 9,600 5,500 15,100 5.1 29 8.0
Russia 1,980,000 8,500 5,000 13,500 4.3 2.5 6.8
Ukraine 1,300,000 6,100 7,900 14,000 4.7 6.1 10.8
Total 5,160,000 24,200 18,400 42,600 4.7 35 8.2

UNSCEAR 2000 [11]. Effective dose during 10 years after the accident (1986 -1995) consists of 60 —
70 % of the 70 years dose, within which the first year (1986) contributed 23 — 28 %.

Using the collective dose of 42,600 person-Sv in Table 4 and the radiation risk coefficient for cancer
mortality of 5 x 10% Sv** from ICRP [23], we can expect 2,100 cancer deaths among the 5.16 million
people other than thyroid cancer. Assuming that 15 % of this population will die of spontaneous cancer,
the number of cancer deaths without irradiation will amount around 770,000. Therefore, 2,100 cases of
radiation-induced cancer deaths will increase the cancer death rate about 0.3 %. If the cancer risk
coefficient from ICRP is applicable to the population suffering from the Chernobyl accident, it will be
absolutely impossible to observe such small increase of cancer death by means of epidemiological studies.

A new cancer risk model based on recent knowledge about dose-effect relationship is proposed in
Knatko's article [26]. According to their cancer risk assessment for 250,000 inhabitants (average effective
dose, 43 mSv) living in the contaminated areas in Belarus more than 5 Ci/km? of **'Cs, 5 — 6 % of ERR
(excess relative risk) is expected during the whole life, which is about 6 times larger than the value based
on the risk coefficient from ICRP. In this case 2,200 cancer deaths will be added on 37,000 spontaneous
cancer deaths.

Meanwhile, a significant increase of cancer deaths among 66,000 Russian liquidators (the mean dose,
about 100 mSv) is reported for the observation period 1991 — 1998 in Maksioutov's article [27]. The ERR
coefficient is estimated to be 2.04 Sv* (95%Cl: 0.45, 4.31). This value is about 60 % higher than the
corresponding coefficient derived from ERR in Kantko’s article [26]. It should be noted that a significant
increase of deaths from cardiovascular diseases (0.79 Sv, 95%CI: 0.07 — 1.64) is also observed among
Russian liquidatorsin Maksioutov's article [27].

Prysyazhnyuk’s article [28] presents analysis of medical statistics in Ukraine mainly based on the
National Cancer Registry that was established in 1989. The results suggest increasing tendencies of female
breast cancer among women liquidators, inhabitants in the most contaminated districts and evacuees from
the 30 km zone. Arynchyn’'s article [29] reports the results of a prospective cohort study of children in
Belarus: the main group consists of 133 children living in the contaminated territories and the control
group is 186 children in clean territories. Through clinical examinations they found significantly high
relative risks of the main group for diseases such as arterial hypotension and cardic metabolic dysfunction.
Nyagu's article [30] presents the results of medical investigation concerning brain functions of 100
children prenatally irradiated at the time of the accident and born to mothers evacuated to Kiev from the
30 km zone. Bain damages expressed as decreases of 1Q indices, mental disorders etc. were observed
among the prenatally irradiated children, compared with the control children consisting of their
classmates.

Considering the findings shown in a series of epidemiological studies performed in Belarus, Ukraine
and Russig, it is early to say that the radiation risk from ICRP is applicable to the populations suffering
from irradiation due to the Chernoby! accident. The author would like to address the necessity of well
designed and organized epidemiological studies in order to conclude about the radiation consequences by
the Chernoby!l accident.

Concerning the efforts to reconstruct effective dose more precisely, Chumak’s article [31] overviews
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the current situation in Ukraine about EPR dosimetry using tooth enamel. Based on the EPR
measurements of 465 Ukrainian liquidators who worked in 1986-1987, the average dose of 110 mSv is
obtained. This value is comparative to the average value of 130 mSv for Russian liquidators in 1986-1987
based on official records. Application of EPR dosimetry in Russia for the population living in the
contaminated territories is described in Ivannikov's article [32]. From the regression analysys between
EPR dose and **'Cs contamination density, the normalized dose of 0.068 mGy per kBag/m? of **'Cs was
obtained during 8 years after the accident, while UNSCEAR 2000 [11] gives the value of 0.037 mSv per
kBog/m? of **'Csfor the rural areain Russia

4. Cytogenetic resear ch

Cytogenetic disturbances in cells are primary markers of irradiation effects on biological organism.
Geraskin's article [33] presents the results of a cytogenetic experiment on plantsin the first years after the
accident within the 30 km zone of Chernobyl. They observed chromosome aberration in rye and wheat.
Through the experiment of subsequent generations for 3 years, an increasing tendency of radiation
sensitivity of chromosome aberration was observed both for rye and wheat.

Chromosome aberrations in human lymphocyte have been investigated for more than 1,500
liquidators in Snigiryova’'s article [34]. Even 15 years after the accident a significantly higher level of
dicentrics frequencies is still observed among liquidators although there is a general tendency of decrease
for thisindex. In Sozina's article [35], an incresed level of chromosome abberation in lymphocyte is also
observed among the liquidators. An interesting tendency is reported that the dicentric frequency among
the liquidators shows an increase for the period 8-12 years after irradiation. Bezdrobna's article [36]
presents the results of a cytogenetic examination of 33 self-settlers in the 30 km zone of the Chernobyl
NPP. The frequencies of chromosome abberation among the self-settlers were found to be significantly
higher than the control group living in relatively clean territories.

5. New information about radiation situation within the 30 km zone

According to UNSCEAR 2000 [11], 49,614 people in Pripyat city and Yanov railway station were
evacuated on April 27, 1986, the next day of the Chernobyl accident. Another 41,792 people evacuated
from Ukrainian territory within the 30 km zone, mainly in May 3 — 7. From the Belarusian territory within
the 30 km zone, 24,725 people evacuated mainly in May 2 — 7. In total, 116,231 people were evacuated
from the 30 km zone. A large part of evacuees stayed at their places for 6 — 11 days before evacuation.

There are two confronting opinions about acute radiation syndromes among the inhabitants. The first
one is official opinions beginning from USSR 1986 Report up to UNSCEAR 2000 Report that no case of
acute radiation disease occurred among the inhabitants around the Chernobyl NPP. According to the
second opinion, there should be a lot of acute radiation sicknesses among inhabitants. For example,
according to the secret protocols of the Special Operative Group of the Central Committee of the USSR
Communist Party [37, 38], the number of patient with radiation sickness was periodicaly reported to
Moscow, including cases of children. Acute radiation syndromes were also confirmed from the
investigation of medical records made in May — June 1986 at the Central Hospital of Khoyniki district
adjacent to the Chernobyl NPP [39, 4Q].

The level of radiation dose to evacuees is crucial in order to judge which side of two confronting
opinions is reflecting the real fact. According to UNSCEAR 2000 Report [11], the average external dose
for the Ukrainian evacuees is estimated 17 mSv with the maximum individual dose of 380 mSv.
Concerning Belarusian evacuees, the average eternal dose of 31 mSv is given for the whole evacuees,
while the highest average dose of about 300 mSyv is estimated for the population in two villages, Chamkov
and Masany. These pieces of information are supporting the official opinion that no cases of acute
radiation sickness occurred among the inhabitants.
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Fig. 1. Doserate around the Chernobyl NPP on June 1, 1986; mR/h [44].

On the other hand, Imanaka [41, 42] suggested a possibility that a substantial fraction of evacuees
from the most contaminated villages could receive effective dose more than 1 Sv, which is a criteria for
acute radiation sickness, using the dose rate map on May 1, 1986 presented at CIS/EC Minsk conference
in 1996 [43] and temporal changes of dose rate until the evacuation.

After these works Imanaka happened to find another map representing the radiation situation around
Chernobyl on June 1, 1986 compiled by USSR scientistsin 1991 (Fig. 1) [44]. As seenin Fig. 1, the dose
rate in Usov village on June 1 was around 200 mR/h. Our previous calculations [41, 42] indicate that the
dose rate on May 1 was about 10 times higher than June 1, which means that a dose rate about 2 R/h can
be supposed in Usov village on May 1, 1986, from where inhabitants were evacuated on May 3.

In our previous works the average external dose of 0.32 Sv was estimated for the evacuees from Usov
village based on a dose rate of 350 mR/h on May 1 in the previous map [43]. If a dose rate of 2 R/h is used
for May 1 instead of 350 mR/h, the average external dose for the inhabitants in Usov village becomes
about 2 Sv before the evacuation. In this case, the following description in the secret protocols of the
USSR Communist is serioudly redlistic: “By the situation at 9:00 on May 6, the total number of
hospitalized reached 3,454 persons. Among them, 2,609 persons are in hospital for treatment, including
471 infants. According to confirmed data, the number of radiation disease is 367 cases, including 19
children.” (from the protocol of the meeting on May 6, 1986).

6. Final remarks

For these 16 years our group has been studying the radiological consequences by the Chernobyl
accident, the worst accident in the history of nuclear energy development. We have visited contaminated
areas, measured radiation, took samples, discussed with scientists, met people and participated in meetings.
Then we clearly understood that the radiological aspect of the accident is only a small part of the tragedy
that happened to the people around Chernobyl.



We were overwhelmed by the followings. Just after the accident about 120,000 people were
evacuated from the 30 km zone. Severa years later, resettlement of much more people began from the
highly contaminated areas. The total area for evacuation and resettlement amounted to 10,000 km?® About
500 villages and towns within the 30 km zone and in highly contaminated areas disappeared. We can say
the local societies have entirely vanished. A recent report [45] indicates that totally 350,400 people had to
leave their homes.

We are sure that the Chernoby! tragedy can not be described without referring the pain of these
people. We should not consider that the whole aspect of the Chernobyl accident can be revealed by
scientific approaches. Of course, the pain of these people is not the direct target of our scientific works.
We are thinking that scientific efforts, only by cooperating with other efforts such as films, photos,
documentaries, novels and so on, can be successful to draw the whol e aspect of the Chernobyl tragedy.
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Mikhail V. MALKO

Joint Institute of Power and Nuclear Research, National Academy of Sciences of Belarus
Krasin Sr.99, Minsk, Sosny, 220109, Republic of Belarus. mvmalko@mal kom.bel pak.minsk.by

Abstracts

The report describes the main features of the Chernobyl reactor and possible reasons of the
accident that happened on 26 April 1986. Analysis of scientific results established after the accident
demonstrates that shortcomings in the design, and freak infringements of safety regulations for the
construction as well as inadequate documentation for reactor operation were the main reason of the
Chernobyl accident. Various scenarios proposed for this accident are also analyzed in the report. It is
concluded that a very high probability of the nuclear explosions at the reactor of the Unit 4 of the
Chernobyl accident exists. The power of it could be equivalent to 200 tons of the trinitrotoluene
(TNT).

Introduction

The accident at Unit 4 of the Chernobyl Nuclear Power Plant (NPP) on 26 April 1986 is the most
severe accident in the history of the peaceful use of the nuclear energy. As a result of this accident the
reactor of the fourth unit of the Chernobyl accident was fully destroyed. This caused a release of a very
high amount of radioactive species into the environment. The total activity of all radionuclides that
escaped from the active core of the reactor during 10 days after the explosions is assessed as
approximately 10" Bq [1]. The reasons for the Chernobyl accident and its consequences were the subject
of the Post-Accident Review Meeting held on 25-29 August 1986 in Vienna, Austria [2]. It was organized
under the auspices of the IAEA. The Soviet experts reported at the meeting their version of the reasons of
the accident as well as its possible consequences [3]. The accident occurred during a turbogenerator test
carried out at the chance of the shutdown of the unit for a planned maintenance. The destruction of the
reactor happened 6-7 seconds after the operator pressed the scram button, AZ-5 to insert all control rods
into the core.

According to the Soviet experts the prime cause of the accident at the Chernobyl NPP was “...an
extremely improbable combination of violations of instructions and operating rules committed by the staff
of the unit” [3]. This conclusion sets a full responsibility for the accident at the Chernobyl NPP on its stuff.
Participants of the Post-Accident Review Meeting [2] also accepted the Soviet version. However, it was
incorrect. This was demonstrated in 1990 by the commission of the State Committee for Atomic Safety
Survey of the USSR which concluded that the main reasons of the Chernobyl accident were serious
shortcomings in the design of the Chernobyl reactor as well as inadequate documents regulating a safe
operation of the reactor [4]. Various errors, that were made during the turbogenerator testing by the
personnel of the fours unit of the Chernobyl NPP, according to the commission, could only contribute to
the development of the accident. This commission will be named in the present report as the Sternberg
commission after the name of its chairman.

The conclusions of the Sternberg commission were accepted later by the International Consultative
Group on the Nuclear Safety that issued in 1993 a Supplement to INSAG-1 [5]. In this report of the
International Consultative Group on the Nuclear Safety, the main accent was laid also on various
shortcomings of the RBMK design. At the same time the International Consultative Group on the Nuclear
Safety indicated that the important reason of the Chernobyl accident was an inadequate “nuclear safety
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culture” in the nuclear industry of the former USSR.

Main design features of the RBMK reactor
History of the RBMK

The abbreviation RBMK means in Russian: a channel-type reactor of a large power. There were two
modifications of the RBMKs in the USSR: RBMK-1000 and RBMK-1500. They differ only in their
capacity. The RBMK-1000 has the nominal power equal 1000 MW electrical gross. The nominal capacity
of the RBMK-1500 is 1500 MW electrical gross. Some principal characteristics of the RBMK-1000 are
given in Table 1. It is a kind of a boiling water reactor with enriched uranium as fuel, graphite as
moderator and water as coolant. Reactors of this type were constructed and operated only in the USSR.
The construction of the first RBMK was begun in March 1970 (Leningrad NPP) [6]. It was put into the
commercial operation in November 1974. Later other 14 RBMK reactors were constructed and put into
operation in the USSR before the Chernobyl accident [6]. Thus, 15 RBMK reactors were in operation in
the USSR at the time of the Chernobyl accident. They were 4 reactors at the Leningrad NPP, 4 at the
Chernobyl NPP, 4 at the Kursk NPP, 2 at the Smolensk NPP and 1 at the Ignalina NPP [6]. The RBMK
reactors were built in pairs, with two units occupying opposite sides of a single building complex.
Turbogenerators of such pair of reactor units were constructed in one building. Reactors of the first two
units of the Leningrad, Chernobyl and Kursk NPPs belong to the first generation of RBMKs. The other
RBMKs belong to the second generation of the reactors of this type.

The difference between RBMKSs of the first and second generations was not very significant. All
these reactors were practically copies of the first RBMK. They were constructed by using the technical
project of the first RBMK reactor that was developed in 1960s [4]. This means that all RBMKs had
similar shortcomings and an accident similar to the Chernobyl accident could happen at each Soviet NPP
with a channel-type reactor [4].

The first and second units of the Chernobyl NPP belonged to the first generation of RBMKs and the
third and fours units to the second generation. The construction of the Unit 1 of the Chernobyl NPP started
in June 1972 [6]. The commercial operation of it began in May 1978. The construction of the Unit 4
started in April 1979 and commercial operation began in March 1984 [6].

Coreof the RBMK
The core of the RBMK reactor (element 1 in Fig.1) has a form of a vertical cylinder with an
equivalent diameter of 11.8 m and height of 7 m [7]. The schematic presentation of it is given in Fig.1.

Table 1. Principal characteristics of the reactor RBMK-1000 [3].

Characteristics
Thermal power 3,200 MW
Electrical power 1,000 MW
Fuel enrichment 2.0%
Mass of uranium in an fuel assembly 114.7 kg
Number of sub-assemblies in an fuel assembly 2
Number of fuel elements in a fuel sub-assembly 18
Diameter of fuel elements 13.6 mm
Fuel burnup 20 MW-d/kg
Coefficient of nonuniformity in radial power density 1.48
Coefficient of nonuniformity in vertical power density 1.4
Maximum design channel power 3,250 kW
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The core is constructed from closely packed graphite blocks. They are stacked into columns with vertical
cylindrical openings into which channels for fuel (pressure tubes) as well as channels for absorbing rods
are inserted. The core is surrounded at top, bottom and lateral by graphite reflectors. The thickness of the
lateral reflector is 1 m. The thickness of the top and bottom reflectors is 0.5 m. The weight of the core
graphite is 1,700 t. The weight of graphite reflectors is about 300 t.

The RBMKs of the first generation have 1,693 fuel channels (technological channels) and 179
channels for rods of the control and protection systems (CPS) [8]. The RBMKSs of the second generation
(for example, the Unit 4 of the Chernobyl NPP) have 1,661 fuel channels and 211 channels for the control
and protection systems. The fuel assemblies of the RBMK reactor are made in a form of a cluster [7,8].
Each fuel assembly consists of two sub-assemblies, one over the other. The sub-assembly contains 18 fuel
elements. The diameter of fuel elements is 13.6 mm. The weight of uranium containing in one fuel
assembly is 147.5 kg The fractions of a pressure tube that are located in the active core are made of
zirconium alloy. The lower and upper parts of it are made of steel.

At the time of loading the core with fresh fuel, one part of fuel channels (230-240) is loaded with
special additional absorbing rods (AAR) because the control rods can not compensate the large reactivity
surplus of the core [7]. The geometrical parameters of the AAR rods do not differ from those of fuel
assemblies. Therefore, the additional absorbing rods can be inserted at any channel of the core. With
increase of the fuel burnup the AAR rods are withdrawn gradually one after the other. The fuel assemblies
are inserted then in the channels that were occupied previously by additional absorbing rods. Thus, the
weight of uranium in the core increases with increase of fuel burnup. At the beginning of operation it is
about 165 t and reaches 192 t by achieving the stationary operation [7].

The graphite stack lays on a base steel plate (element 10 in Fig.1) that is placed on a bottom metal
structure (element 3 in Fig.1). The bottom metal structure is a cylinder of 14.5 m in diameter and 2 m high.
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Fig. 1. The arrangement of the core of Chernobyl Unit 4 [§].
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The upper and lower plates of the cylinder are made from steel (10CrNilMo) of 40 mm thick [8]. They are
welded to the lateral shell by means of leak-tight welds, and welded to each other by means of vertical
strengthening fins. The bottom metal structure is mounted on the supporting metal structure (element 7 in
Fig.1) that composed of plates with reinforced fins of 5.3 m high. They intersect each other
perpendicularly at the center of the reactor [8].

The construction of the top metal structure (element 4 in Fig.1) is similar to the construction of the
bottom metal structure. It is a cylinder of 17 m in diameter and 3 m high [8]. The upper and the bottom
plates of it are made from steel (10CrNilMo) of 40 mm thick. They are also welded to the lateral shell and
to each other by means of vertical strengthening fins. The holes in the top and bottom plates are for the
tube ducts (element 5 in Fig.1) holding the fuel and absorber channels. The similar ducts for the fuel and
absorbers channels are made in the bottom supporting structure.

The space between different tubes and communications in the top and bottom metal structures are
field with serpentinite (a mineral containing bound water of crystallization) [8]. The metal top covering of
the core (element 8 in Fig.1) is covered with the removable floor constructed from steel slabs (element 9
in Fig.1).

The lateral side of the graphite stack is surrounded by a cylindrical shroud (element 2 in Fig.1) made
of steel sheeting (10CrNilMo) of 16 mm thick. It has an outer diameter of 14.52 m and height of 9.75 m
[8]. The shroud together with the top and bottom metal structures creates a closed reactor space that is
placed into the concrete vault (element 11 in Fig.1). The shroud of the reactor is surrounded laterally by
water tanks and sand filling (elements 6 and 12 in Fig.1).

About 5% of the heat generated in the core are released to the graphite stack [3]. This heat is removed
to fuel and partially to CPS channel. To reduce a thermal resistance and prevent oxidation of the graphite
the cavity in the graphite stack is filled with a slowly circulating mixture of helium and nitrogen. The
piping bends of the circulating system of this mixture are shown in Fig.1 (element 13).

System of the RBMK reactor cooling

Cooling of the RBMK reactor is assured with help of two parallel loops [7,8]. Thy are schematically
showed in Fig. 2. Each loop is designed for cooling of one half of the reactor core (the left and right
halves) and consists of 2 steam separators and 4 main circulating pumps (MCPs). Three main circulating
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FIG. 2. Schematic diagram of the main water and steam circuits of Chernobyl Unit 4 [2].
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pumps are used for normal operation of the reactor. One pump is in a reserve for a breakdown of one of
the operating pumps [7,8]. The main circulation pumps of one cooling loop are switched to busbars of the
first turbogenerator of the unit. The main circulation pumps of other loop are switched to busbars of the
second turbogenerator of the unit.

The coolant (light water) enters the fuel channels from the bottom of the core. The inlet pressure and
temperature are 8.2 MPa and 270 °C, respectively [8]. By passing of the channel the pressure of water
decreases to approximately 7 MPa and temperature increases up to 284.5 °C at the core outlet. The
increase of the temperature and the decrease of pressure cause boiling of water. This process begins at the
distance approximately 2.5 m from the inlet to the core [7]. At the outlet of the core, steam content reaches
the value of to 14.5 wt%. This steam-water mixture flows into steam separators, where it is separated into
saturated steam and water. The separated steam flows then to the turbines and after passing of them goes
to condensers where it is condensed to water. This water (feed water) is then pumped by electrical feed
water pumps to steam separators. Here the feed and separated out water is mixed together. On this way the
temperature of the separated out water decreases to 270 °C. This provides the necessary cavitation margin
required for operation of the main circulating pumps and boiling of water at the inlet to the core (the
saturation temperature of water at the pressure at the inlet to the core is about 284 °C).

At normal operating circumstances, each of the 6 main circulating pumps can work with flow-rate
about 7,000 t/h [8]. Their operating with higher flow-rates at the stable power output of the reactor is not
desirable. Such operation causes a change of the relation between the mass of feed water and the mass of
water separated out in steam separators. The average temperature of the mixture of feed and the water
separated out water increases in this case and this causes a decrease of the cavitation margin. This can
cause cavitation of the main circulating pumps and boiling of the coolant even at the inlet to the core. The
same situation arises in case of operations of the main circulating pumps at their nominal flow-rates when
reactor is operated at decreased power.

In case of the RBMK the coolant flows separately to each fuel channels. This requires an individual
regulation of flow-rate to each fuel channel. Therefore, the thermohydraulic scheme of the reactor is much
more complicated than PWRs and BWRs.

Control and protection system
The control and protection system (CPS) of the RBMK reactor has absorbing rods and different
measuring devices for a control of a number of parameters. There are 211 absorbing rods in case of the
RBMK reactors of the second generation [3,4]. According to their functions they are divided in 4 groups
[71:
- shortened absorbing rods (SAR) for regulation of the axial neutron distribution;
- absorbing rods for a manual regulating of the radial neutron distribution (MR);
- absorbing rods for an auto control of the reactor power (AC);
- emergency rods (ER).
The total numbers of the SAR, AC, MR and ER absorbers are 24, 24, 139 and 24, respectively [4].
The absorbing rods used for control and protection systems of the RBMK reactor are assembled from the
identical absorbing elements made of carbide boron [7]. These elements have the same length equal to
967.5 mm. The absorbers of the type SAR have only three absorbing elements. Their length is 3,050 mm
[7]. Other absorbing rods are assembled from 5 absorbing elements. Their length is 5,120 mm [7]. There
are another feature in absorbing rods of the RBMK reactor. The absorbing rods of the type SAR, MR and
ER have special graphite displacers that are assembled from 5 graphite elements. These displacers remain
in the core by full withdrawal of absorbing fractions of rods. The use of graphite displacers improves
significantly the neutron economy of the RBMK reactor because graphite absorbs neutrons much less than
the light water. Fig.3 demonstrates schematically different absorbers of the control and protection systems
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of the RBMK reactor.

Negative features of the RBMK reactor.

The RBMK reactors have a number of negative features that strongly influence the safety of their
operation. Some of them were eliminated after the Chernobyl accident. However, we shall discuss here the
negative features of the RBMK reactor that existed before the accident.

One of them is an enhanced sensitivity of neutron fields to the moving of control rods [7]. This effect
is caused through a big number of absorbers in the core for compensation of a large reactivity surplus. By
withdrawal of some absorbers, especially absorbers in peripheral zones, a local criticality is also possible.
According to [7], it can appear in the zone consisting of 15 - 20 channels loaded with fuel when there are
no one absorber among them. These features of the core cause significant problems in controlling of the
RBMK reactors in comparison to PWRs and BWRs.

Another significant problem creates the large positive steam-void coefficient of the RBMK reactor.
Experimental studies carried out at the end of 1970s have shown that the steam-void coefficient increases
up to 5 Ber by decreasing of the number of additional absorbing rods (AAR) in the core and by increasing
of the fuel burnup [4]. Appearance of such large positive reactivity decreased the period of the power
stabilization of the core to 3 minutes [4]. This made the safe operation of the RBMK reactor quite
problematic. A special local auto-control system was developed in order to prevent uncontrolled power
excursions. It was clear already in 1970s how to decrease the high steam-void coefficient [4]. It disappears
by introducing of a certain number of additional absorbing rods in the core. The permanent presence of
them in the core required fuel with a higher enrichment. Therefore, from 1970s the enrichment of fuel
used for RBMKs was 2 % instead of 1.8 % used at the beginning of the operation of the first RBMK
(reactor of the Unit 1 of the Leningrad NPP). It was found later that the enrichment of fuel up to 2 % was
not enough for decreasing of the steam-void coefficient [4]. Experimental studies carried out at the end of
1970s has shown that only by enrichment 2.4 % and by the permanent presence of about 80 additional
absorbers in the core the value of the steam-void coefficient could be made less than B.s. These data were
also confirmed in a experimental study carried out after the Chernobyl accident [9]. However, the use of

16



additional absorbers and fuel with higher enrichment was implemented for RBMKs only some years after
the Chernobyl accident.

The significant shortage was also in the design the SAR, MR and ER absorbers of the RBMK reactor.
These absorbers had special graphite displacers in the length of 4.5 m [10]. By a withdrawal of the SAR,
MR and ER absorbers up to their extreme top position above the core, the midpoint of each displacer is at
the midpoint of the core. Because their length (4.5 m) is less than the height of the core (7 m), the water
columns in the height of 1.25 m are formed below and above the displacers. On moving down of absorbers
into the core, their displacers displace water columns from the lower part of the core. Thus, inserting of
absorbers from their extreme top position introduces a positive reactivity into the core because graphite
absorbs neutrons much less than water. This effect of absorber displacers is shown in Fig. 4. It was known
by operators of RBMKs. They named it the “end-rods effect”. Specialists named the “end-rods effect” as
the positive reactivity surge. It was not fully understood by them because it appeared occasionally and
only by some neutrons distributions in the core. For example, in one document of the Chief Designer
organization it was told that the positive reactivity surge could appear only in case of neutron field
disturbed downwards [10]. This statement was wrong. It is known that before pressing the button AZ-5 the
neutron field was distorted upwards and not downwards. This fact says about misunderstanding by the
Chief Designer organization of the real nature of the positive reactivity surge caused by inserting of
absorbers from their extreme top position.

The situation with the control and protection systems of RBMKs became complicated because of a
very low speed at which the control and emergency rods could be inserted into the core from their extreme
top position. The speed was only 0.4 m per second. Thus, they could be fully inserted into the core for 18-
20 seconds [4,9]. Such protection system was not able to shut down the reactor in cases, when the
excursion started. In such situation, the reactor period can be in order of some seconds.

The additional problems of RBMKs arise from a very complicated system of the core cooling and the
use of the coolant that can change its physical state in the core.

Accident at the Unit 4 of the Chernaobyl NPP
Chronology of the accident

The accident at the Unit 4 of the Chernobyl NPP occurred on 26 April 1986. This unit had to be
shutdown on 25 April 1986 for the planned maintenance. Before the shutdown, it was planned to study the
possibility of utilization of the mechanical energy of a turbogenerator after cut-off of steam supply, in
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order to ensure the power requirements in a case of a power failure [3]. This test had to be carried out at
the power level 1,000 =700 MW thermal. The decrease of power began on 25 April 1986 at 01 hr 06 min.
The reactor had at this time the nominal power 3,200 MW thermal (the time and other data are given here
and below after records of the operator in the operative log-journal) [4]. At 03 hr 47 min the reactor
power reached the level of 1,600 MW thermal. It fell to the value 1,500 MW thermal by the time 04 hr 13
min. The reactor was operated at this power until 12 hr 36 min. The operation reactivity surplus (ORS)
beginning from 07 hr 10 min decreased to 13.2 manual absorbing rods (MR). At 13 hr 05 min, the
turbogenerator TG7 was switched off. Four main circulating pumps, two electrical feed water pumps and
other equipment that was connected with this turbogenerator were switched to the busbars of the
turbogenerator TGS.

The following pump configuration arose as a result of these actions: four pumps running from the
turbogenerator TG8 (MCP-13, 14. 23, 24), two pumps running from grid (MCP-12, MCP-22) and two
pumps (MCP-11, MCP-21) connected to grid on standby. At the foreseen experiment the pumps MCP-13,
MCP-14., MCP-23 and MCP-24 had to run together with the turbogenerator TG8. The main circulating
pumps: MCP-11, MCP-12, MCP-13, MCP-14 belonged to the loop for cooling of the left half of the core.
The main circulating pumps: MCP-21, MCP-22, MCP-23, MCP-24 belonged to the loop for cooling of the
right half of the core.

At 14 hr, the emergency core cooling system (ECCS) was switched off according to the experiment
program. At this time, the Kiev dispatcher of the electrical grid ordered to continue the operation of the
Unit 4 because of a shortage of power [4]. From this time the reactor was operated at the power 1,500 MW
thermal with the switched-off ECCS system. The order of the Kiev distributor caused an important
disturbance for the test because the later continuation of the experiment had to be done by another shift of
the Unit 4 that was not planned for this important work.

At 23 hr 10 min, the operator of the reactor was allowed to decrease the power of the unit. At 00 hr
10 min on 26 April, it reached the level 720 MW thermal that was the lower limit of the power according
to the experiment program [4]. However, the operator could not stabilize the power of the reactor at this
level. It continues to fall and at 00 hr 28 min, it fell down to 30 MW thermal. The operator of the reactor,
the senior engineer, Leonid Toptunov and the shift foreman, Alexander Akimov decided to insert
absorbing rods in the core in order to shutdown the reactor. They were forced by the deputy chief engineer
for operation of Unit 3 and Unit 4, Aleksander Dyatlov to withdraw the absorbers out the core in order to
increase the power of the reactor [11]. The latter wished to carry out the planned test at any price. The
necessity of the withdrawal of practically all absorbers out the core was dictated by a very strong xenon
poisoning as a result of very quick decrease of the reactor power.

After the withdrawal of a number of absorbers, the power of the reactor began to increase. At 01 hr
03 min, it reached 200 MW thermal [4]. At this time 2 reserve circulating pumps were put additionally
into operation. The total number of operating main circulating pumps reached 8 pumps. Therefore, the
summary flow-rate of water through the core became higher than at the nominal power of the operation.
Such increase in the summary flow-rate of the coolant was reached at very low reactor power and very
low steam generation. This caused the decrease in a cavitation and boiling surplus. According to [4], it
was only about 3 °C. Thus, the withdrawal of the majority of absorbers from the core after the fall of the
power to 30 MW thermal put the reactor into an unstable thermo-hydraulic state.

The use of two additional main circulation pumps after reaching of the thermal power 200 MW was
undertaken in order to guarantee a safe cooling of the reactor after finishing of rundown of the
turbogenerator TG8 and 4 main circulating pumps connected to busbars of it (MCP-13, -14, -23, -24).
Four circulating pumps (MCP-11, -12, -21, -22) had to remain after finishing of the rundown. Performing
some actions the operating stuff could bring the reactor in a stable state before the experiment beginning
[3,4]. An analysis carried later shown that no signals appeared indicating that something happened with
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the reactor that could hinder conducting of the experiment [4]. It seemed for the operating stuff that the
reactor was in the normal state. This was a very serious mistaken. In reality, the reactor was in a very
dangerous state. At 01 hr 22 min 30 sec, the operative reactivity surplus was only 8 rods [4]. It means that
the water in the core, especially in its lower part, became the most important absorbers of neutrons. A
decrease of a pressure or an increase of a temperature of water at the inlet to the core could cause a local
boiling of water in the lower part of the core. Such process inserts the positive reactivity and as a result of
a large positive power coefficient causes a high increase of the reactor power. .Unfortunately, the operator
did not understand this dangerous feature of the Chernobyl reactor and continued to operate the reactor in
this dangerous state.

At 01 hr 23 min 04 sec, the experiment was started. At this time, the emergency regulating valves of
the second turbogenerator, TBG8, were closed [3,4]. The power of reactor was 200 MW thermal. The
operative reactivity surplus was only about 6-8 absorbers. This was shown by the analysis carried out after
the accident. Shortly after the beginning of the experiment, the reactor power began to rise [3,4]. At 1 hr
23 min 40 sec, the unit shift foreman gave the order to press the button AZ-5, which would send all
control and scram rods into the core [3,4]. The rods began to move into the core. However, after several
seconds a number of shocks were felt and the operator saw that the absorber rods had halted without
plunging fully to the lower stops. Seeing this stop of absorbers the shift foreman cut off the current to
sleeves of the servo drivers of absorbers in order to ensure the falling of rods [11]. -- This action did not
help to insert the rods into the core. Some seconds later the reactor was fully destroyed.

According to observers that were outside of the Unit 4, at least 2 explosions, one after the other
occurred in the reactor at 01 hr 24 min on 26 April 1986 [3]. Here is a story of one fireman that heard
several explosions at the time of the experiment [11]: “At the time of the explosion I was near to the
dispatcher bureau. I was in service. Suddenly we heard a loud clap of steam. We did not take into
consideration this event because throws of steam into atmosphere were quite often. I wanted to leave the
room for my rest and heard at this moment an explosion. I ran to the window and heard in a very shot time
the other explosions.” This story was recorded in the clinic in Moscow where the affected fireman and
personnel members were treated because of the acute radiation sickness.

Another observer (a concrete worker of the Chernobyl NPP) told the following story [10]: “I was
near the Unit 4, about 500 meters away, when I suddenly heard a loud clap. Then came something like the
sound of an explosion. I thought it was the steam valve, which we used to hear from time to time. Then in
a couple of seconds a bright, blue flash was followed by en enormous explosion. When looking at the
Block 4, I saw that there were only two walls of it left. The structure was in ruins, water was pouring out,
bitumen was burning on the roof of the Unit 4”

Destruction of thereactor

The explosions at 01 hr 24 min completely destroyed the core of the reactor of the Unit 4 [12]. Walls
and the ceiling of the central hall were demolished. Ceilings of the premises of the steam separators were
displaced and walls were destroyed. Premises housing the main circulating pumps as well as two stories of
the de-aeration stack were demolished. The reactor emergency cooling system was completely destroyed
from the north side of the reactor building and buried with frame details. The upper metal structure
together with top covering (the summary weight 2,000) and rests of the steam—water system were thrown
into vertical direction and fell on the rib with the inclination angle 15°[12]. The artist picture in Fig. 4
shows its position after the explosions as well as the scale of the reactor destruction. The lower metal
structure after the explosion went down by 4 m lower than their initial position, crushing the supporting
constructions and pulling the water pipeline system. The southeast quadrant of the lower metal structure
does not exist. It was destroyed during the accident. The reactor space is empty. It does not contain any
more or less large fragments of the reactor laying [12].
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In addition to destructions listed here, many other premises and constructions were demolished too.
By destruction of the reactor a large amount of core materials were thrown out the core [13]. Large pieces
of graphite and whole graphite blocks, fragments of fuel channels and fuel assemblies could be found even
in big distances from the reactor [13]. Practically the whole site of the Chernobyl NPP as well as all rooms
of the reactor was covered with the graphite dust.

Physical nature of explosions

Soviet experts who participated at the Post-Accident Review Meeting in Vienna suggested the
following hypothesis of the physical nature of explosions that demolished the Unit 4 of the Chernobyl
NPP. According to them, the first explosion was a steam explosion [3]. It had to occur on the following
scenario. A very fast and high increase of a heat generation occurred in the core. It caused an intensive
steam formation and then a nucleate boiling. Soon, the melting of cladding and fuel as well as destruction
of fuel tablets into small particles followed. Then the destruction of fuel channels occurred. The next step
was a very massive steam generation because of contacting of the destroyed fuel with water. This caused a
first explosion in the core because of a very high steam pressure. It can be named as a steam explosion.
Later a number of explosions followed as a result of exothermic reactions in a mixture containing
hydrogen formed in the water-zirconium process and carbon monoxide formed by a fire of graphite.

The hypothesis about the steam explosion was accepted by specialists [4,14]. However, the
assumption about the role of exothermic chemical reactions in the mixture of hydrogen, carbon monoxide
etc was not discussed more. It was shown in special model experiments carried out after the Chernobyl
accident that the role of them was negligible [13].

Some specialists are sure that after the steam explosion a nuclear explosion similar to an atomic
bomb explosion occurred in the core of the 4th Unit [13,15,16]. Its power had to be much higher than
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power of the steam explosion.

The conclusion of the authors [15] is based on experimental findings established by studying of
activities of isotopes '**Xe and '**Xe,, in the air that existed in the first days after the Chernobyl accident.
Their study was carried out in the city Cherepovets that is about 1,000 km in north direction from the
Chernobyl NPP. The authors [15] could find that the ratio of activities of these isotopes is the same as in
the case of nuclear explosion.

Two different models of the nuclear explosions are known. According to [13], the core of the
Chernobyl reactor transformed to a turbo-jet solid-phase engine after a very short initial overheating of
fuel. It flied like a missile from the reactor vault to the central reactor hall by the hydrodynamic forces of
gas-phase streams flushing down from the fuel channels. Then it exploded as an atomic bomb in the space
of the central hall. Practically, the whole fuel and graphite had to be thrown away from the reactor by this
explosion. This hypothesis explains a number of questions. For example, it explains why there is no fuel in
the vault. It gives an answer on the question why the metal shroud of the core could be in the central
reactor hall. It is situated now in the central reactor hall 35 meters from the entry to the reactor vault. This
finding was established in 1995 [13]. The hypothesis [13] makes also clear how could remain without any
visible demolishing the paint on the lower surface of the upper metal structure that stays now on its rib in
the vault. This paint is able to sustain only up to 300 °C. In a case of graphite burning during a long time,
it had to be destroyed. This is a reason for authors [13] to reject the possibility of graphite burning in the
core after explosions. Their hypothesis seems quite reliable because it explains a number of other findings
established some years after the accident. At the same time, it can not explain some very important facts.
For example, it is well known that radioactive substances escaped from the destroyed reactor with a quite
constant release during 10 days after the accident. This had to be only in a case when significant amounts
of fuel and graphite remained after the explosions and a long term fire of graphite was in the core.

Data on composition of radionuclides deposited in the areas contaminated by the accident indicate
also the presence of large amounts of fuel in the core after the explosions that destroyed the Chernobyl
reactor. In case of a scenario proposed by [13], no fuel and graphite could remain in the core. This means
that the radioactive contamination of territories affected by the Chernobyl accident had to be caused by
radioactive substances discharged to the environment only during the explosions. However in this case,
radionuclides, deposited at any place of the world, had to have the same composition as the composition in
the core before the accident. Let’s consider here only one example. According to [1] 280 PBq of the
isotope *’Cs and 200 PBq of the isotope *°Srwere in the core of the Unit 4 before the accident. Their half-
lives for the radioactive decay are quite similar. Thus, at any place of the world the ratio of the'’’Cs
concentration to *°Sr concentration has to be equal to 1.4. However, reliable experimental data [17] show
that such values of this ratio exist only in areas close to the Chernobyl NPP. They increase up to 100 in
areas that are more than 100 km from the Chernobyl NPP. These high ratios of "*’Cs concentration to *°Sr
concentration indicate that the discharge of radioactive substances into the environment had to be caused
not only by explosions but also mainly as a result of fuel melting in the reactor core. This means that a
significant part of fuel had to remain in the reactor after explosions. This could happen when only a part of
fuel was thrown from the core by the nuclear explosion, for example, in case when the nuclear explosions
occurred only in one part of the core. The last assumption explains why only one segment of the lower
metal structure was destroyed.

Another model of the nuclear explosion was proposed by authors [16]. According to them, soon after
the beginning of the experiment a sudden boiling of water occurred in the core. It was caused as a result of
depressurization and flow rate reduction of the coolant. The introduced positive reactivity was higher than
the anti-reactivity Doppler margin. Therefore, the fuel reached the enthalpy of disaggregation just being
able to quench the first reactivity trip. Some tenth seconds after this first power burst, the energy deposited
initially in the fuel was transferred to the water. This process was very fast and the heat transmission to the
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water was so high that convective streams could not develop within the water. The steam film and bubbles
formed on the cladding. The internal pressure of the bubbles increased so rapidly that the water was
expelled from the reactor. This was the first explosion (steam explosion). It caused a demolishing of
coolant communications. The reactor became dried and more reactive than the wet one, and a new power
burst occur. The authors estimated the energy of the last power burst to be 1.0 TJ. This energy is
equivalent to the energy of explosion of approximately 200 tons of the trinitrotoluene [18]. Similar
estimations were established also in the reports [13,15]. Western specialists claimed after the Chernobyl
accident that the catastrophic consequences of this accident were caused because an absence of the
containment of the Chernobyl reactor. However, it is clear that there is no such containment in the world
that can sustain to such explosion.

The assumption about the nuclear nature seems reliable. It allows to explain some facts, for example,
the observation of the witness that saw “a bright, blue flash” over the reactor of the Unit 4 and heard “an
enormous explosion” at 1 hr and 24 min [10]. It is known that the blue light corresponds to the
temperature about 6,000 °K. Such temperature can not appear at the steam explosion. It is also clear that in
case of the steam explosion a gray ball of steam and graphite dust had to appear over the building but not a
blue flash.

It is evident the hypothetical character about the possibility of the nuclear explosion in the core of the
Chernobyl reactor despite of its seeming reality. It is necessary to carry out more detailed studies in order
to establish a conclusion about its possibility.

Main reasons of the accident
According to the Soviet participants of the Post-Accident Review Meeting in Vienna severe

violations made by the personnel of the Unit 4 of the Chernobyl NPP on 25-26 April 1986 were the main
reasons of the Chernobyl accident [3]. As especially serious violations were named the following:

- operation of the reactor at a very low operative reactivity surplus (ORS),

- conducting of the experiment by the power below the level provided for test,

- blocking of the protection system relaying on water level and steam pressure in steam-separators,

- blocking of the protection system relaying on shutdown signal from two turbogenerators,

- connection of all the main circulating pumps to the reactor,

- switching off the emergency core cooling system (ECCS).

The Sternberg commission [4] recognized only the first violation from given above. It stated that in
accordance with existing technological regulations the operator had to shut down the reactor already at 07
hr 10 min on 25 April 1986. The power of the reactor was then 1,500 MW thermal and the OSR was 13.2
rods. The existed technological requirements for operation of the Unit 3 and Unit 4 required the shutdown
of the reactor when the operative reactivity surplus decreased to such value at such power level. The
operator did not fulfill this requirement. However, the Sternberg commission stated that this violation
could not initiate the accident or influence it [4]. Records made by the operator in the operative logbook
show that at 23 hr 10 min on 25 April 1986 the ORS value was 23 full rods. This means that in the period
from 07 hr 10 min to 23 hr 10 min the reactor of the fourth unit was brought in accordance with
technological requirements.

The Sternberg commission noticed at the same time that this violation was possible because of very
unclear operation’s requirements existing in the USSR before the Chernobyl accident. For example, there
were no documents before the accident indicated the ORS as an important technological parameter.
Additionally, such equipment that could establish operative value of the ORS in a short time did not exist
as a whole. The operator had to establish at first fractions of absorbers inserted into the core. Then he had
to calculate the effective number of rods fully inserted in the core. The operator could also receive this
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information by using the computer of the reactor unit. In this case, he needed to wait 7-10 minutes for
estimation of the operative reactivity surplus. These procedures for an operative estimation of the OSR
value indicate clearly that the ORS was never considered as a factor determining the safe operation of the
RBMK.

The Sternberg commission concluded that all other violations of the personnel named by Soviet
experts did no influence on the initiation and development of the Chernobyl accident. Let us consider, for
example, the switching off the emergency core cooling system. Data recorded by the reactor control
systems show that no emergency signals came to the ECCS system during the development of the accident.
They could not came because the sensors of the emergency core cooling system reacts on the events in the
premise compartments, but not on the events in the core. This means that there was no difference, was this
system switched off or in.

The analysis of the Commission demonstrated also that some violations of the Chernobyl NPP stuff
were done because of a very poor regulations and instructions developed for operators of RBMKs by
designers of this reactor. The Sternberg commission could demonstrate that the Chief Designer of the
RBMK reactor was not able to understand clearly some negative features of the reactor, especially by
operation at low power

There is no doubt that severe shortage in the design of the RBMK and freak infringements of safety
regulations by construction of the Unit 4 are real reasons of the Chernobyl accident [4].

It is also evident today which physical factor caused the accident at the Unit 4 of the Chernobyl NPP.
This factor was the large positive reactivity inserted into the core. However, it is unclear up to present
what kind of initiating factors could cause this event.

Same specialists believe that the Chernobyl accident was triggered by pressing of the emergency
button AZ-5 [4,17]. According to them, the accident developed after the following scenario. After pressing
of the button AZ-5 all absorbers for the manual regulation and all emergency absorbers began to move
into the core. Before the pressing of the button AZ-5 the summary lengths of all absorbing elements that
were in the core was approximately worth 6-8 rods of full insertion into it [3,4]. By moving of all these
absorbers down the water columns under the graphite displacers were displaced out the core. This caused
the entry of the positive reactivity into lower part of the core.

In this case, the question about the responsibility for the Chernobyl accident is very easy to answer. It
is clear that the Chief Designer organization is responsible when the pressing of the button AZ-5 triggered
the accident. It designed such protection system that can introduce the positive reactivity into the core
followed by fast increase of power instead of the negative reactivity required for the shutdown of the
reactor. This means that a freak infringement of safety regulations was made by this organization for
construction of the Unit 4 of the Chernobyl accident. According to these regulations, the control and
protection systems have to be able to shut down the chain reaction at any circumstances.

On the contrary, the authors [16] believe that the pressing of the button AZ-5 did not play any role in
initiating of the Chernobyl accident. According to them, the boiling of water in the lower part of the core
caused because of the unstable thermo-hydraulic regime of the coolant flow was the initiating factor.
There was an unstable thermo-hydraulic regime of the reactor before the accident. The temperature
surplus for water boiling was very small at least in case of some fuel channels. This could cause the water
boiling in the lower part of the core and introducing the positive reactivity into it. This caused an
excursion of the power in the lower part of the core and a very high release of heat in fuel channels. The
pressing of the button AZ-5 in this case had only a secondary meaning. It only added an additional
positive reactivity to the lower part of the core.

The hypothesis of [16] explains the reason for pressing of the button AZ-5 by the operator of the
Chernobyl NPP. We believe that he pressed this button because he could see a very rapid increase of
power. Other reasons for pressing of the button AZ-5 are less probable.
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Computer simulations made on the basis of more sophisticated codes [19,20] shown that acceptance
only one hypothesis that were described above can not explain the development of the Chernobyl accident.
They both have to be concerned in order to carry out the correct evaluation of the accident

An interesting assumption was proposed by Checherov [21]. He worked during some years as a head
of the laboratory for fuel studying of the accidental unit of the Chernobyl NPP. Later he was a head a
department for reconstruction of the accident reasons. Checherov could find that electric motors of the
main circulating pumps of the Chernobyl NPP had the internal protection for a decline of frequency and
voltage. This protection disconnects electrical motors of the MCPs in 30 seconds after the decrease of the
frequency to 45 Hz and in 0.5-1-5 seconds after the decline of voltage to the level of 75% of its nominal
value. Checherov [21] believes that as a result of the decrease of the frequency and voltage of the current
of the turbogenerator TG8 approximately at 1 hr 10 min 40 sec electrical motors connected to busbars of
the turbogenerator TGS were disconnected by the signals of the internal protection of the electrical motors
of the MCPs that participated at the run down experiment. This caused a significant drop in the pressure at
the inlet to the core and boiling of water in its lower part. This caused an inserting of the positive
reactivity and a large power excursion in the lower part of the core and the first explosion.

In the light of above discussed discrepancies, it is clear the necessity to carry out the further study of
the initiating factors of the accident.

Discussion

The analysis of information on the main features of the design of the RBMK reactor indicated that a
number of shortages and a low safety culture in the USSR caused the accident at the Chernobyl NPP on 26
April 1986. The infringements of operation regulations made by the personal of the Unit 4 could only
contribute to the scale of the accident. It was very possible that the most severe destructions of the reactor
were caused by the nuclear explosion that happened after the steam explosion.

The Chernobyl accident was practically “planned”. Its roots lay in the history of the RBMK
development. The RBMK design was developed by the same organizations and specialists that were
involved in the development of the Soviet nuclear weapon. Therefore, the same level of secrecy was
brought in the development of nuclear power reactors for electricity generation. It was forbidden in the
USSR to make public any information about incidences even at foreign NPPs. The former deputy head of
the department for the NPP construction supervision in the USSR Ministry of Power, Grigorii Medvedev
remembered that the technical information about the accident at the Three Mile Iceland NPP was
classified in the USSR [11]. No information was published in the USSR as a whole about various
incidences and accidents at the Soviet NPPs. On the contrary, it was said every time that the Soviet NPPs
were the safest in the world. Such statements were totally incorrect. A number of severe accidents
occurred in the USSR before the Chernobyl accident [11]. They are listed below.

< On 7 May 1966, an accident occurred at an experimental boiling water reactor in Melekess (near to the
city Gorjkii, now Nizhni Novgorod). In case of this accident, a power excursion appeared because of
chain reaction by prompt neutrons. The operator and shift foreman received high doses of irradiation.

< During 1964 — 1979, a series of destruction of fuel channels occurred in the reactor of the Unit 1 of the
Beloyarsky NPP. The reactor of this NPP was of a channel-type reactor quite similar to the RBMK.
These accidents caused every time a significant irradiation of the personnel.

< On 7 January 1974, an accident happened at the Unit 1 of the Leningrad NPP. In case of this accident,
a ferroconcrete gasholder of the system to retain radioactive gases was destroyed. There were no victims
by this accident.

< On 6 February 1974, a rupture of the intermediate circuit of the Unit 1 of the Leningrad NPP occurred
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because of water boiling in it. Three persons were killed by this accident. High radioactive water
together with radioactive sludge of the filter powder was discharged into the environment.

< In October 1975, a partial destruction of the core of the Unit 1 of the Leningrad NPP occurred. The
reactor was shut down and the core was cleaned on the next day after the shutdown by pumping of an
emergency reserve of nitrogen through the core to the ventilation chimney. Consequently, approximately
1.5 million Curie of radioactive substances was discharged into the environment.

< In 1977, 50% of fuel channels were melted in the core of the Unit 2 of the Beloyarsky NPP. The
reactor of this NPP was of a channel-type also quite similar to the RBMK. Repairing of the reactor was
about 1 year long. The high irradiation of the personnel occurred.

< On 31 December 1978, a large fire at the Unit 2 of the Beloyarsky NPP. The fire was initiated through
a downfall of a covering plate of the powerhouse hall on the turbine oil tank. 8 persons received high
doses during an organization of the core emergency cooling.

< In September 1982, a fuel channel in the center of the core of the Unit 1 of the Chernobyl NPP was
destroyed as a result of mistakes made by the personnel. A large amount of radioactive substances was
released to the industrial site of the NPP and the city Pripyat. The personnel involved in the liquidation
of the consequences of this accident received high irradiation doses.

< In October 1982, the generator of the Unit 1 of the Armenian NPP exploded. The hall for the
turbogenerator burnt down. The main part of the personnel of the NPP simply fled from the plant
leaving it in the emergency state. The special operative group of specialists from the Kolsk NPP flew by
an airplane and helped to save the Armenian NPP.

<> On 27 June 1985, an accident occurred at the Unit 1 of the Balakovo NPP. One secure valve of the
cooling circuit was pulled out. Therefore, the water steam at the temperature 300 °C came to a room
where people worked. 14 people were killed by this accident. The accident happened because of an
unusual tempo of the work and because of low experience of people.

< In August 1985, a severe accident happened in the bay near Vladivostok when reloading submarine
reactors [22]. This time, a water-water type reactor exploded. 10 people were killed by the accident. The
spontaneous chain reaction with a high release of energy arose. It caused a prompt evaporation of the
coolant. As a result of the explosion, the core with the fresh fuel was thrown to the pier. This accident
demonstrated clearly that water-water nuclear reactors can explode too.

Unfortunately, the information about these and other accidents was accessible only for high
authorities. The Soviet government forced the construction of nuclear power plants because this energy
source was considered in the USSR as a sign of the technological development. This practice did not allow
the Soviet specialists to improve the safety of nuclear powers. Such situation inspired them with an idea
that nuclear power plants do not differ significantly from the conventional power plants.

Detailed study of the accidents at nuclear power reactors in the USSR could have significantly
increased the safety culture and prevent the Chernobyl accident. Already at the end of 1975 specialists
could understand that the partial destruction of the core at the Unit 1 of the Leningrad NPP in October
1975 was caused by the positive reactivity surge [23]. The Chief Scientific Supervisor suggested a
solution of this problem: operation of RBMKs with permanent presence of a quite high number of
additional neutron absorbers in the lower part of the core and use of fuel with higher enrichment. This
recommendation was implemented only after the Chernobyl accident.

The reasons of the accident that happened in October 1975 at the Leningrad NPP or at other Soviet
NPPs was never discussed at scientific workshops and meetings. The similar power excursion because of
positive steam-void coefficient occurred also at the Unit 1 of the Chernobyl NPP in September 1982 [23].
There were still similar situations at other RBMKs when the central fuel channel was destroyed [23].
However, practically nothing was made in order to eliminate even known shortages of the RBMK reactor.

Two reasons were responsible for this strange practice. The first was the hyper-secrecy even in the
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field of the peaceful use of the nuclear energy. At second, such policy arose from the poor economics of
RBMKs. According to [23], the constant use of a large number of additional absorbers in the core and the
increase in the fuel enrichment were considered to decrease the competitiveness of this type of the nuclear
reactor as much as it could not compete with any other sources of the energy. At the same time, the Soviet
industry was not able to produce enough vessels for PWRs that could find a very bright use in other
countries of the world. The USSR was practically forced to construct and operate such unsafe reactors as
RBMKs.

The next complication arose from the fact that the Soviet specialists had not enough possibilities for
detailed study of nuclear reactors in various situations. This was the reason why the designer of the
RBMK was not able to receive a clear imagination about all features of it. All these circumstances resulted
at the end in the Chernobyl accident, which caused immense losses for the USSR. This accident made also
very negative influence on the development of the nuclear industry in the whole world.

The authorities of the former USSR tried to save the image of the Soviet nuclear industry and the
political system of the country. In order to achieve this goal the Soviet specialists at the Post-Accident
Review Meeting held on 25-29 August 1986 in Vienna, Austria [2] tried to put the responsibility for the
accident on the operation stuff of the 4th Unit of the Chernobyl NPP[3]. This attempt was totally
inadequate because the operating stuff as it was established later by the Sternberg commission [4]
operated in frames of the existed regulations and instructions.

Conclusions

The main reasons of the accident at the Chernobyl NPP were sever shortages of the design, severe
infringements of the safety regulations for construction of the reactor as well as low safety culture in the
USSR preceding the accident. These factors were responsible for various errors of the operators that tried
to carry out the electromechanical experiment at the time of shutdown of the Unit 4 of Chernobyl NPP.
The reactor was brought by operators into unstable regime of operation in which a positive reactivity surge
was introduced to the core. Possibly, the accident began from the boiling of water in some fuel channels in
the lower part of the core because of a small temperature surplus. The pressing of the button AZ-5 by
which all control and protection absorbing rods began to insert into the core increased the positive
reactivity surge instead to decrease it. This caused fission chain reactions by prompt neutrons and
uncontrolled excursion of the power. There is a high possibility that a number of explosions occurred in
the core. One of these explosions was a nuclear explosion that destroyed the reactor of the Unit 4 of the
Chernobyl NPP. The further studies are required in order to establish the real initiating factors of the
Chernobyl accident and the real scenario of it.
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Abstract

On the basis of analysis of old and new data, a realistic version regarding the causes of the
Chernobyl accident was developed. In contrast to the previous official versions, this version gives a
reasonable explanation to the accident process itself and the various circumstances around the
moment of the accident that have not been properly explained up to now. According to this version,
the personnel of the Unit-4 rushed to push the emergency shutdown button, AZ-5 after the first
explosion occurred in the reactor core, and the seismic impact by the second explosion, which was
more intensive than the first one, was registered at three seismic stations located 100 — 180 km from
the CHNPP. Little-known experimental data regarding the nuclear fuel release around the 4-th Unit
building are also presented.

1. Causes of Chernobyl accident: final choice between two versions
1.1. Two points of view

There are various explanations for the Chernobyl accident. Up to 2002 they can be counted more than
100 versions. However, from the point of view of reactor physics, only two versions can be deemed
reasonable. The first one was reported in August 1986 [1], its essence being that at night on 26.04.86 the
personnel of the CHNPP Unit-4 have outrageously violated the reactor safety regulations 6 times during
the setting and executing process of the electrical test. The last violation was so outrageous that 204
control rods out of 211 regular ones (i.e. more than 96%) have been drawn out from the reactor core. The
reactor safety regulations required meanwhile that “When the operational reactivity margin be reduced to
15 rods, the reactor should be shut down immediately” [2, p 52]. Moreover, the personnel have
preliminarily switched off almost all of the emergency protection devices. While the reactor safety
regulations stated that “11.1.8. Any interference in protection devices, automated protection mechanisms
and blockage devices is forbidden, except for system malfunction cases [2, p 81]”. These personnel
actions have caused the reactor going out of control, followed by the uncontrolled chain reaction and
finished with the thermal explosion of the reactor. In [1] “a careless reactor operation” has also been
mentioned as well as the lack of understanding by the personnel about “the peculiarities of the reactor
technological processes” and a loss of the “risk feeling” by the reactor personnel.

In addition, some specific features of the RBMK reactors have been pointed out that “helped” the
personnel in bringing the serious nuclear accident to international catastrophe. In particular, “the reactor
designers have not considered a possibility of such situation that the security system signals capable of
preventing the accident would be intentionally disconnected from the technical protection system under
the condition of the violations of the reactor safety regulations, only because they deemed such factor
combination impossible”. One can not object against the designers’ opinion because the intentional
disconnection and violations meant the “grave digging” that no-one is keen in. The final conclusion was
stated as “the primary cause of the accident was the hardly possible combination of violations of safety
and exploitation rules committed by the personnel of the Unit-4” [1].

In 1991 the second official governmental commission, organized by Governmental Committee for
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Atomic Power Supervision (GCAPS) and composed of various NPP operators, has produced another
explanation for the causes of the Chernobyl accident. The main idea provided by the second commission
was that certain “construction defects” present in the Unit-4 reactor “helped” the reactor personnel to
bring the reactor to explosion. The positive steam coefficient and the installation of long (until 1 m)
graphite displacers of water at the end of the control rods are usually named as the main defects. The
neutron absorption capability of the named displacers is lower than that of water. Therefore, their
simultaneous insertion into the reactor core after the AZ-5 button pressing has displaced the water from
technological channels. This, in turn, has added so much positive reactivity that the remaining “effective”
6-8 rods have no longer been capable to compensate it. Thus an uncontrolled chain reaction has started in
the reactor, which has ended by the thermal explosion of the reactor.

After all, the pressing of the AZ-5 button is considered to be the starting accident event, having
initiated the rods’ moving into the reactor core. Water displacement from the lower parts of technological
channels has caused the increase of the neutron flux in the lower part of the reactor core. Local thermal
loads in technological channels have exceeded the relevant mechanical strength limits. Breakage of
several zirconium tubes of technological channels led to partial detachment of the reactor cover plate from
the reactor casing. It caused multiple breakages of technological channels and the wreckage of the rods
that were on their half-way to the lower position.

Consequently, scientists and the reactor designers were accused of the accident, as they created the
reactor and the graphite displacers, while the personnel on duty had nothing to do with the causes of the
accident.

In 1996 the third official governmental commission, also dominated by the former NPP operators,
has confirmed the conclusions of the second commission after having analysed the cumulative materials.

1.2. Balance of standpoints

As the years passed, both parties have been keeping up their own standpoints. It is a curious point
that the three official governmental commissions (all of the commissioners being highly experienced
authorities) have reached absolutely opposite conclusions based on the same materials. There appears a
general impression that suggests some kind of concealment in either the research materials or the
commissions’ functioning. Especially, in the reports of these commissions, a series of key issues at the
critical moment of the accident seem to be not described, or too simply described. Probably this is the
reason why none of the parties could indubitably prove its case.

The ‘criminal relation’ between the reactor operators and its designers remained unclear, in particular,
due to the fact that during the electrical test “only the operation factors important for the analysis of the
test results were registered” [4]. The personnel is explained the situation as such. It is strange, however,
that the personnel failed to register a series of main operation factors that were subject to automatic and
continuous measurement (e.g. reactivity). “Therefore the accident development was reconstructed by
mathematical simulations of the Unit 4, using the DREG printouts, the registered data and the
interrogation of the reactor personnel” [4].

In this way, a long contradiction between scientists and operators has urged the need for an impartial
study of all the accident-related data and materials accumulated during the last 15 years. This research
should be on the leading principle of the Academy of Sciences, i.e. every statement needs convincing
proof and every process needs natural and reasonable explanation. The most important results of such
study are set forth herein.

1.3. The AZ-5 button pressing or doubts turning to suspicions
Scientists are commenting on the numerous documents produced by the governmental commissions

(the Commission, afterwards) [1] that, if someone reviews the documents quickly, he has an impression of
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a well-composed and consistent picture of the Chernobyl accident. A closer look, however, leaves a
feeling of certain vagueness, as if there were either an incomplete investigation or withholdings of certain
information by the Commission, e.g. concerning the AZ-5 button pressing episode.

“At 1 h 22 min 30 sec, the operator saw the program printout stating the operational reactivity margin
has reached the limit requiring the immediate shut-down of the reactor. The personnel disregarded the data
and the test was launched.

At 1 h 23 min 04 sec, the emergency stop valves (ESV) were closed at turbogenerator No 8...The
available emergency protection system for ESV closing ...was blocked to assure the possibility to repeat
the test in case the first attempt fails...

In a certain period of time the slow power rising was noted.

At 1 h 23 min 40 sec, the operators’ chief ordered to press the emergency protection button AZ-5 that
initiates the insertion of all the emergency protection control rods into the reactor core. The rods started
moving down, but in a few seconds the blows were heard ....”[4].

The AZ-5 button is usually the last resort to be pressed in case there is an urgent emergency process
within the reactor that can not be stopped by other means. In the quoted evidences, however, there was no
reason for pressing the button, as there was no emergency process developing.

The testing period was initially fixed as 4 hours, and the quoted texts prove that the new attempt of
repeating the test was planned by the shift personnel, which will take another 4 hours. During the test itself,
i.e. on 36-th second of the experiment, however, the operators suddenly changed their opinion and started
shutting down the reactor. One must have in mind that 70 seconds ago they refused the same procedure
despite a highly risky situation and contrary to the requirements of the reactor safety regulations. All
reporters have noted the groundless pressing of the AZ-5 button [5,6,9].

In addition, “The combined study of both the DREG printouts and teletypes indicates specifically that
the 5-th category emergency signal ... AZ-5 appeared twice, the first one was recorded at 1 h 23 min 39
sec” [7]. But there are also additional data stating the AZ-5 button was pressed three times [8]. The
question therefore is: why was the second and the third pressing needed, if the “rods started to move
down” after the first pressing? Besides, when the testing was keeping up the initial plan, why should the
shift personnel be so nervous? So, physicists started suspecting that at 1 h 23 min 39 sec or earlier some
serious emergency did arise, which has made the shift personnel to change their plans, even at the cost of
giving up the electric test program that could cause them serious administrative and other punishments.
However, the issue was not subsequently reported by either the Commission or the shift operators.

This suspicion grew, as the scientists studying the causes of the Chernobyl accident have found out
the asynchronous records within the original proving documents (DREG printouts and oscillograms). The
suspicions grew even more when they found out they were given not the originals, but the copies thereof,
“copies lacking the timing marks” [6]. That was a very likely attempt to mislead the scientists in respect of
the real chronology of the emergency process development. And the scientists had nothing to do but say
that “the most completed accident chronology is available...only until the test beginning at 1 h 23 min 04
sec 26.04.86” [6]. The subsequent “event information has essential gaps....and the accident chronology is
highly contradictory” [6]. The above-cited scientific-diplomatic wording means practically the lack of
credit to the copies presented for research.

1.4. Motion of the control rods

The majority of the afore-mentioned contradictions can be found in the information covering the
issue of the control rods motion into the reactor core after the AZ-5 button pressing. One must bear in
mind that after the AZ-5 button pressing all control rods had to be moved into the reactor core, 203 of
them being from the upper limit stop switches. Consequently, by the moment of explosion they were to be
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moved to the equal depth into the reactor core, which had to be registered with the selsyns pointers in the
Unit-4 control room. The real picture is quite different. Some quotes below would be helpful:

“The rods started moving down....”[4]. No more records.

“01 h 23 min — strong blows, control rods stopped before having reached their lower limit
stopswitches. Power supply key was switched off”. This is a quote form the operation log.[9].

“...approximately 20 rods kept staying in the upper position, while 14-15 rods were plunged into the
reactor core not more than 1...2 m...“[16].

“...displacers of the emergency control rods have passed the distance of 1. 2 m and displaced
completely the water columns thereunder...” [9].

“The neutrons absorbing rods started moving down and stopped almost immediately, their
penetration to the reactor core being around 2-2.5 m instead of normal 7 m” [6].

“The investigation of the rods’ final positions under the selsyns pointers data showed approximately a
half of rods stopped at a depth of 3.5 to 5.5 m” [12]. The question therefore is: where was the second half
of the rods, provided all of them started moving down after the AZ-5 button was pressed?

“The positions of the selsyns pointers as conserved after the accident gives an assumption that...
some of the rods reached the lower stop switches (the total of 17 rods, 12 of them being from the upper
stop switches) [7].

The afore-stated quotes show various official documents describe differently the rods’ movement
process. The oral evidence by the personnel indicates that the rods have moved into the core up to 3.5 m
and stopped afterwards. The main proof of the rods’ motion into the reactor core is thus an oral evidence
by the shift personnel and the selsyns pointers positions in Unit-4 control room. No other proof to the
rods’ movement was discovered.

Should the pointers’ positions be documentary fixed during the accident, these data could serve the
basis for reconstructing the accident. However, the afore-said pointers positions were fixed only during the
daytime of April 26, 1986 [7], that is 12-15 hours after the accident. This fact can be deemed crucial,
because the physicists working with selsyns are fully aware of their crafty properties. The first one is that
the pointers of the selsyns-synchroreceivers can take any position in case the selsyns-synchrotransmitters
undergo the uncontrolled mechanical impact,. The second property is that the absence of power supply to
the selsyns causes the same effect to the selsyns-synchroreceivers pointers. Selsyns are not a mechanical
watch fixing the specific moment of the air crash.

Therefore, defining the depth of the rods’ insertion into the reactor core at the moment of accident via
fixing the selsyns-synchroreceivers pointers’ positions in Unit-4 control room 12 - 15 hours after the
accident is highly inaccurate method, as the Unit-4 selsyns were exposed to both factors. This is disclosed
in document [7], stating that 12 rods after the AZ-5 button pressing have passed the 7 m distance from the
upper stop switches to the lower stop switches before the explosion happened. A logical question arises as
to how the mentioned distance could be passed in 9 seconds while the normal timing to the same distance
makes 18 to 21 seconds [4]. The data are obviously erroneous.

Therefore, the position of the pointers of selsyns-synchroreceivers in the Unit-4 control room as fixed
12 - 15 hours after the accident can not be deemed an objective scientific proof of the rods’ insertion into
the reactor core after the AZ-5 button pressing. The proof remaining is only the subjective evidence of
persons highly interested. The issue of the control rods motion into the reactor core after the AZ-5 button
pressing is therefore still pending.

1.5. Seismic impact

In 1995 a new hypothesis has been spread in mass-media, stating that the Chernobyl accident was
caused by a ‘narrow-beam like’ earthquake of 3 - 4 degree which took place near CHNPP approximately
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16 — 22 sec before the Chernobyl accident, and this fact was confirmed by the relevant seismogram peaks
[10]. The scientists, though, have rejected this version immediately as the unscientific and ill-proved.
According to the seismologists’ opinion on the issue, an earthquake of 3-4 degree with the epicenter in the
north of Kiev region is nonsense.

But in 1997 a serious scientific report was published [21], containing the accurate data on the issue
based on the analysis of seismograms obtained from 3 seismic stations located 100 — 180 km from the
CHNPP. The data showed that at 01 h 23 min 39 sec (£ 1 sec) local time “a week seismic event” happened
at the distance of 10 km to the east from CHNPP. The MPV A magnitude of the source defined based on
the surface waves amplitudes was coordinated at all 3 seismic stations and was equal 2.5. Its TNT-
equivalent was 10 t. It was impossible to estimate the source depth on the basis of the available data. In
addition, the low amplitudes level on the seismograms and the one-way location of all seismic stations
with regard to the epicenter gives the geographic coordinates error that can not to be less than 10 km.
Therefore, this “week seismic event” could really happen at the CHNPP location [21].

These results made the scientists to reconsider more attentively the geotectonic hypothesis, because
these seismic stations appeared to be the supersensitive ones that could register the underground nuclear
tests all over the world. Therefore, the fact of an earthquake 10 — 16 sec before the official moment of the
Chernobyl accident became an indisputable argument that no one could ignore.

The only strange circumstance with regard to these seismograms was the absence of peaks at the
moment of the ‘official” explosion of the Unit-4. We can say the following: the seismic devices registered
a seismic event no one else could notice, while the Unit-4 explosion, which shook the earth and was felt
by many persons, passed the attention of the seismic devices. One has to note that the devices in question
are capable of detecting the explosion of some 100 t of TNT at a distance of 12 000 km, while the Unit-4
explosion was equal to 10 t of TNT and the distance was 100-180 km.

1.6. The new version

Numerous contradictions listed above as well as the lack of clarity in the materials in respect of
various issues have strengthened the scientists’ suspicions regarding the facts’ concealment by the reactor
operators. As the time passed, a revolutionary concept has been growing with the scientists — why could
not the events happen vice versa? First — the double explosion, 500-meters high violet flames over the
reactor, building of the Unit-4 shuddering all over, concrete beams shaking and steam-saturated air blast
bursting into the Unit-4 control room. The general lightning went off, and only three accumulator-fed
lamps kept functioning.

The personnel in the control room could not miss that. After having recovered from the first shock,
the personnel rushed to press the AZ-5 button. But it was too late. The reactor was already destroyed. The
whole story could take up to 10, 20 or 30 seconds after the explosion. Given that, the accident itself could
have begun not at 01 h 23 min 40 sec, but earlier, and consequently, the uncontrolled chain reaction began
before the AZ-5 button was pressed.

The suggested sequence of events gives a natural explanation for both the urgent multiple pressing of
the AZ-5 button and the personnel’ nervousness, which happened when they were going to exploit the
reactor peacefully at least 4 hours more. This concept explains also the registered peak on the seismic
curves at 01 h 23 min 39 sec and its absence at the ‘official’ moment of the accident. Finally, with this
concept a natural explanation can be given to certain events that happened before the explosion and had

previously no logical explanation, such as “vibrations”, “the increasing boom”, “hydroblows” from the
central hall, “jumping” of 2000 “biological shield” blocks in the reactor central hall, etc [11].

1.7. Quantitative proofs
The naturalness of the explanations given to a series of unclear events by the afore-stated new
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concept is a weighty argument in favor thereof. These arguments, however, have mostly of qualitative
character, while our implacable opponents could be successfully persuaded only by the quantitative
arguments. Therefore, the ‘rule of contraries’ (reductio ad absurdum) method will be used for
demonstration.

Let us assume the reactor exploded “in some seconds” after pressing of the AZ-5 button and graphite
displacers’ moving into reactor core. Such scheme presumes clearly that the Unit-4 was controlled by its
personnel till the events started. That is, by the moment the AZ-5 button was pressed, the reactivity was
somewhat near 0 . It is well known that the simultaneous moving of all control rods with graphite
displacers into the reactor core can add positive reactivity from 0.2 3 to 2 B dependent on the reactor state
[5]. Should the sequence of events be the ‘official’ one, the total reactivity could at a certain moment
surpass 1 B value, which means the start of the explosive type uncontrolled chain reaction based on
prompt neutrons.

Should that be the real accident scenario, the designers of the reactor would share the responsibility
for the accident instead of the reactor operators. But should the reactor explode before the AZ-5 button
was pressed or at the moment it was pressed, then the reactor reactivity at that moment was already more
than 1 B. In this case the fault for the accident falls apparently on the reactor personnel, as they lost control
over the chain reaction after 01 h 22 min 30 sec when the reactor safety regulations required the reactor
shut down. The question on the reactivity value at the moment of pressing of the AZ-5 button by the
personnel has therefore has a fundamental importance.

The Unit-4 reactivity-meter readings could help to answer the above question. These readings,
however, were not found among the accident-related documents. The question had been solved by various
authors based on the computer simulation of the accident. The possible total reactivity values were
obtained within the research process as lying between 4 3 to 10 B [12]. In these works the total reactivity
balance included mainly the effect of the control rods’ moving into reactor core (up to +2 ), the steam
void effect (up to +4 ) and the loss-of-water void effect (up to +4 B). The impact of other processes
(cavitation and others) was deemed secondary.

In all these works the accident process began with the AZ-5 button pressing followed by the moving
of control rods into reactor core (adding another up to +2 f to the total reactivity). That has caused the
beginning of the uncontrolled chain reaction in the lower part of the reactor core, which has led to the
breakage of the fuel channels. Then the steam and loss-of-water void effects came into action. They, in its
turn, could bring the total reactivity up to +10 B by the end of the reactor life. Our estimations of the total
reactivity at the moment of the accident (based on the analog method using the American experimental
data) [13], have shown a rather close value of 6-7 f3.

Now, assuming the most likely total reactivity value was 6 3 and deducting the highest possible +2 3
added by the graphite displacers, the final total reactivity value before moving the control rods into reactor
core made +4 . Such reactivity value is enough to cause the immediate destruction of the reactor. The
reactor lifetime with such reactivity level makes no more than 0.01-0.02 sec. No personnel, whatever be
their experience, could timely react to the appearing threat.

Hence, the quantitative estimations of reactivity before the accident also show the uncontrolled chain
reaction began in the Unit-4 reactor before the AZ-5 button was pressed. Therefore, its pressing could not
cause the reactor thermal explosion. Moreover, given the afore-stated circumstances, the specific time of
AZ-5 button pressing (either before, or within, or after the reactor explosion) was already of no matter.

1.8. What are the witnesses saying?

During the investigation and tribunal the witnesses present in the Unit-4 control room during the
accident were actually divided in two groups. The first one, composed of those who were liable by law for
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the reactor safety, was stating that the reactor exploded after the AZ-5 button pressing. The second group,
composed of those bearing no legal liability for the reactor safety, stated the reactor exploded either before
or immediately after the AZ-5 button was pressed.

As everyone of them was trying to justify his actions when recalling the events, such evidences have
to be treated with some caution. So did the author considering them as supplementary materials. The
correctness of our version, however, can be seen even through this stream of justifications. Here is some
quoting of the witnesses’ evidences.

“The main engineer of the CHNPP second stage, who was in charge of the experiment... reported to
me that he has pressed the AZ-5 button, as usually, to assure the reactor shut-down in case of any
emergency...” [14].

This quotation is taken from the memories of B.V. Rogozkin who was the shiftman at the CHNPP
during the night of the accident. It clearly shows that at first the emergency situation arose at the Unit-4
and then the operators pressed the AZ-5 button. In case of the reactor thermal explosion, the creation and
running of the “emergency situation” occurs very fast within a second. Once it arose, the operators had no
chance to react it.

“The whole event took 10 — 15 seconds. The vibrations appeared. The boom was growing quickly.
The reactor power dropped at first and then started growing out of control. Then followed the several
sudden claps and two “hydroblows”. The second one was much stronger and came from the central hall.
Lightning went off in the control room, the ceiling plates started falling and the equipment went off as
well” [15].

This is his description of the course of accident (no timing marks mentioned). Another such
description was given by N. Popov.

“... a low-toned boom was heard, its source being absolutely unclear, similar to a human groan (the
witnesses of the earthquakes and nature convulsions have been reporting similar sounds). The floor and
walls shook strongly, dust and small crumbs started falling from the ceiling, lighting went off and then a
dull sound came out, being followed with a thunderous burst ...”[17].

“I. Kirshenbaum, S. Gasin, U. Lisyuk, who were present in the Unit-4 control room witnessed they
heard the order to shut down the reactor just either before or after the explosion” [16].

“At that moment I heard Akimov’s order to shut down the reactor. Then immediately the strong
rumble came from the central hall.” (quote from A. Kuchar evidences) [16].

All these evidences show the moment of the reactor explosion and that of the AZ-5 button pressing
almost coincided.

The impartial data also point this important circumstance out. Let us remember that the AZ-5 button
was pressed at the first time at 01 h 23 min 39 sec and the second time — two seconds later (according to
teletype data). Seismic curves showed the Unit-4 reactor explosion took place within the period of 01 h 23
min 38 sec to 01 h 23 min 40 sec [21]. Bearing in mind that the teletype time shift towards the standard
USSR time could be £2 sec [21], one can firmly assume the moment of the reactor explosion and that of
the AZ-5 button pressing almost coincided. This fact implacably denotes the uncontrolled chain reaction
to have started in the Unit-4 reactor before the AZ-5 button was pressed.

But which explosion is now under consideration - the first or the second? The answer to this question
can be found in the seismic curves and in the witnesses’ evidences. Should the seismic stations have
registered only one out of the two weak explosions, the natural assumption is that the stronger explosion
was registered. According to the witnesses’ evidence, the second explosion was the stronger one. It leads
us to another firm assumption that the second explosion happened within the period of 01 h 23 min 38 sec
to 01 h 23 min 40 sec.

The witnesses’ evidences support this conclusion as follows.
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“The reactor operator L. Toptunov shouted the reactor power had reached the emergency markup.
Akimov shouted loudly: “Shut down the reactor!” and dashed to the control desk. There was the second
‘shut down’ order well heard by everyone. That happened apparently after the first explosion...” [16].

This evidence proves that the first explosion happened before the AZ-5 button was pressed for the
second time. This is very important for our further analysis. An easy timing calculation would be of
certain use. It is already known that the first AZ-5 button pressing took place at 01 h 23 min 39 sec and the
second AZ-5 button pressing took place at 01 h 23 min 41 sec [12]. The time interval between both
pressings makes 2 seconds. Viewing the emergency readings of the equipment, analyzing them and
shouting “emergency power increase” would take no less than 4-5 seconds. Then one would need another
4-5 seconds to hear that, take the decision, order the reactor shut down, dash to the control desk and press
the AZ-5 button. Thus, we have already 8-10 seconds ‘reserved’ before the AZ-5 button pressing.
Remember now that by that moment the first explosion happened already. That is, it happened even earlier
and definitely before the first AZ-5 button pressing.

How many seconds before the pressing? With regard to the inertness of the human reaction to an
unexpected danger, which makes usually at least several seconds, we‘ll need to add another 8-10 sec. So
we obtain the total of 16 — 20 seconds ‘reserved’. Should the personnel act two times quicker, we still
have 8-10 seconds ‘reserved’.

As the uncontrolled chain reaction finished with the thermal explosion, it had to have started 10 —15
sec earlier. We can therefore ultimately presume the uncontrolled chain reaction started within the period
of 01 h 23 min 05 sec to 01 h 23 min 10 sec. Whatever surprising it may seem, the main witness pointed
out, when answering the question regarding the adequacy or inadequacy of the AZ-5 button pressing at 01
h 23 min 40 sec (according to DREG), “I did not emphasize on the time — the explosion would have
happened 36 seconds earlier...” [16]. That is, at 01 h 23 min 04 sec. As noted above, as early as 1986 the
VNIIAES specialists pointed out the same moment as the moment, after which the accident chronology
(as reconstructed on the basis of the copies of accident-related documents presented for their study) was
uncertain. There seems to be too many coincidences. What mean these coincidences? Apparently, the first
accident features (“vibrations”, “unclear boom”, etc.) appeared already 36 seconds before the first AZ-5
button pressing.

The comparison of the accident materials and the witnesses’ evidences (as sited above) allows the
conclusion that the first explosion happened within the period of 01 h 23 min 20 sec to 01 h 23 min 30 sec.
It became the primary reason for the first AZ-5 button pressing. Remember now that no official
commission or any author could give natural explanation to that.

But, why did the Unit-4 operators, being not beginners but an experienced team led by even more
experienced the main engineer of the CHNPP second stage, nevertheless lose control over the chain
reaction? Their memories answer to this question.

“We never intended to violate ORM and we did not violate it in fact. The violation is a willful
disregarding of the devices’ readings, but on April 26", 1986, nobody saw the ORM less 15 rods... But
we evidently failed to notice that...” [16].

“One can never know why Akimov delayed his shut down order. We have been communicating each
other, till we were put to different hospital rooms...” [16].

This declaration was written directly by the main participant of the accident events many years after
the accident, when he was no more under the danger from either justice, or his former superiors. So he
could write frankly. This declaration shows obviously to any reasonable man that the reactor explosion is
definitely due to the fault of Unit-4 operators. Most likely the operators were so keen in the risky process
of supporting the reactor power that has come to self-poisoning process due to their own fault, at the level
of 200 MWt, and ‘failed to notice’ the inadmissibly dangerous rods removing out of the reactor core. And
then the personnel “delayed” pressing the AZ-5 button.
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That was the immediate technical cause of the Chernobyl accident. All the rest is misinformation (or,
at best, just a huge mistake). The time has come to finish the heated discussion on who is in charge of the

Chernobyl accident and shifting of the fault to scientists, as the reactor operators normally do. The
scientists were right as early as 1986.

2. Accident scenario
2.1. The initial event

The new version permitted to prove the most natural scenario of the Chernobyl accident. By now it
looks like as follows. At 00 h 28 min on April 26, 1986, while switching the reactor to the electric tests
operation via switching from local automatic control (LAR) system to the power automatic control (AR)
system, the operators made an error. Due to this error the reactor thermal power went down to 30 MWt
while the reactor neutron power went down to zero and continued like that during 5 min according to the
neutron power plotter [5]. The process of self-poisoning by short-life fission products started
automatically in the reactor. The process itself contained no threat of nuclear explosion. Moreover, as this
process develops, the reactor capability to support the chain reaction declines until the reactor fully stops
irrespective to the operators’ intentions. Throughout the world the reactor is being shut down in similar
cases, and a 1-2 days’ break is made till the reactor operation capabilities are restored. Then the reactor is
switched in again. This is not an extraordinary process and does not present any difficulties for the
experienced personnel of the Unit-4.

But this is a rather bothering and time-consuming procedure for RBMK-1000 reactors installed at
CHNPP. In our case it also meant the wreckage of the electrical test plans that could cause various
administrative troubles. So, being eager “to finish the testing as soon as possible”, as it was later explained
by the personnel, they began step-by-step removal of the control rods from the reactor core. Such removal
was to compensate the reduction of the reactor power that happened as the result of the self-poisoning
processes.

Such procedure was also usual for the Unit-4 reactor and could cause the nuclear accident only in
case of excess removing of the control rods from the reactor core. When the quantity of the remained
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Fig. 1. The power (N;) and the operational reactivity margin (R,,) of the Unit-4 reactor in

diapason of the time from 25.04.1986 to the official moment of the accident 26.04.1986 [12]. The
pre-accident and accident diapason of the time was marked by oval.
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“effective” rods reached 15, the operators were to shut down the reactor, as it was their definite official
duty.

By the way, similar violation happened for the first time at 07 h 10 min on April 25, 1986. That is,
almost one day before the real accident, and this violation continued till 14 h 00 min (Fig, 1). It is
interesting to note that within the course of this violation the operating shift teams and the shiftmen of the
Unit-4 and of the whole CHNPP changed. Still, none of them gave any alarm, as if everything was under
control, though the reactor was already on its breakpoint. The unwitting conclusion arises that the similar
violations were common not only within the course of the 5-th shift of the Unit-4. This conclusion is
supported by the evidence of I.I. Khazachkov, who was the day shiftman of the Unit-4 on April 25, 1986:

“We had many experiences of excessive removal of rods, I’d say — and nothing happened...”, “No
one of us could envisage those actions could cause nuclear accidents. We knew these actions were
prohibited, but we never thought...” [18].

The second time the violation took place on April 26, 1986, soon after midnight. But for some
reasons the operators did not shut down the reactor and continued the rods’ removal. As a result at 01 h 22
min 30 sec the ORM reduced to “effective” 6 —8 rods. But this fact did not stop the personnel and they
began the testing. Given that, we can definitely assume the operators continued the removal of the control
rods till the explosion moment. This point is supported by the evidence that “the reactor power started
growing slowly” [4] and the experimental curve of the timing markups of the reactor power changes [12]
(Fig. 2).

No one throughout the world treats the reactor this way, as there are no technical means to assure the
safe control over the self-poisoning reactor. The personnel of the Unit-4 evidently had no such means at
their disposal. Definitely no one intended to make the reactor explode, so the excessive (more than
standard “effective” 15) removal of the control rods was effected instinctively. From the point of view of a
professional it was a pure venture. Why they did embark to it is a separate issue to be discussed.

Somewhere between 01 h 22 min 30 sec and 01 h 23 min 40 sec the intuition betrayed the operators
and the number of “effective” rods remained in the reactor core appeared to be less than 6-8. Maybe 2 or 0.
The reactor switched automatically to the support of the chain reaction based on prompt neutrons. There
are no technical means to assure the reactor control within the similar regime, and such means are unlikely
to be ever created. Therefore, during some fractions of seconds heat release in the reactor increased 1,500
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times and nuclear fuel was heated up to 2,500 —3,000 °C [5,6]. Further the process named ‘the thermal
explosion of the reactor’ began. The consequences thereof made CHNPP ‘famous’ throughout the world.

Therefore, the excessive rods’ removal from the reactor core should be considered more certainly as
the event that initiated the uncontrolled chain reaction. The similar process happened in 1961 and in 1985
during other nuclear accidents that finished by the reactor thermal explosion. After the destruction of the
fuel channels the reactivity increased due to both steam effect and void effect. To estimate the individual
contribution of each of the stated factors to the final result, one needs a detailed computer simulation of
the most intricate and at least the studied of the second phase of the accident.

The afore-stated scenario of the Chernobyl accident looks much stronger and seems to provide a far
more natural explanation than the version based on the idea of moving the rods into the reactor core after
pressing of the AZ-5 button. Because the quantitative effect data of this moving as given by different
authors are scattering from rather serious 2 B to negligibly small 0.2 B, no one can say which of them has
‘worked’ during the accident. In addition, “as a result of studies by various teams of specialists....it was
found out that one positive reactivity input via moving of RCPS-rods into the reactor core after AZ-5
button pressing, was not enough, provided all the feedbacks are taken into consideration, to reproduce the
power peak, the start of which was recorded by the central control system CCS SKALA of the CHNPP
Unit-4” [7] (Fig 1).

At the same time it has long been known that the control rods removal out the reactor core can add a
bigger reactivity by itself — above 4 3 [13]. That is the first issue. The second one is that the rods’ insertion
into the reactor core still has no scientific proof. The new version shows meanwhile that the rods could not
be placed into the reactor core, because by the moment of pressing the AZ-5 button neither the rods, nor
the reactor core existed. Thus the version stated by the personnel meets the qualitative arguments’ check
but fails to meet in terms of quantitative arguments and, therefore, should be shelved from now on, while
the scientists’ version has gained the additional quantitative support.

2.2. The “first explosion”

The uncontrolled chain reaction within the Unit-4 reactor began in a certain (rather small) part of the
reactor and caused local overheating of cooling water. It is most likely to have started in the south-east
quadrant of the reactor core at the height of 1.5 — 2.5 m above the OR-system. When the steam-water
blend pressure exceeded the break point for the zirconium walls of the fuel channels, the channels were
torn apart.

The extremely overheated water has turned into a high-pressure steam almost in a moment. The
steam, while expanding, pushed up the heavy (2,500 t weight) E-system. The breakage of some of the fuel
channels appeared to be enough to assure this effect. The initial phase of the reactor destruction was
finished thereby and the second phase began.

While going up, the E-system was tearing the rest of the fuel channels like in the domino effect.
Many tons of the overheated water have turned into steam almost in a moment, and the steam pressure
pushed up the E-system up to the high of 10 — 14 m. The mixture of steam, graphite parts, nuclear fuel,
parts of the broken fuel channels and other constructive elements of the reactor core rushed to the crater.
The E-system itself, after swinging around in the air, fell back onto the crater having thereby crushed the
top of a reactor core and causing the additional release of radioactive substances to the atmosphere. The
double character of the “first explosion” can be explained by the blow caused when the E-system fell
down.

2.3. The “second explosion”
In parallel to the afore-said mechanical processes various chemical reactions started in the reactor
core. The exothermal steam-zirconium reaction is the most interesting one. It normally starts at 900°C and

38



Photo 2. The view to the Central hall of the Unit-4 reactor(side view). The points of the fuel sampling
for the following investigations were marked by circles.

proceeds intensively at already 1,100°C. Its possible role was studied in more detail in work [19]. This
work showed that with regard to the conditions of the Unit-4 accident only this reaction itself could
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generate more than 5,000 m’® of hydrogen.

When the E-system went into the air, the afore-said mass of hydrogen burst from the reactor into the
central hall. While mixing with the air of the central hall, it created a detonation air-hydrogen blend. Then
the blend exploded due to either a casual spangle or red-hot graphite pieces. According to the type of
damages caused to the central hall, the explosion was rather massive - an analogy to a famous “vacuum
bomb” explosion. It ruined the Unit-4 reactor building. Its outward results look rather impressive on the
May 1986 photo. Two of them (Photos 1 and 2) are given as an example. Later the photos describing the
explosion effect in under-reactor premises were obtained.

After both explosions the formation of the lava-like fuel-continued materials started in the under-
reactor premises. But this unique phenomenon is the result of the accident and is worth a separate detailed
consideration.

3. The fuel release to the Unit-4 site
3.1. First measurements of the radiation situation

After both explosions the nuclear fuel fragments, graphite fragments and radioactive constructions
fragments were scattered around the reactor building. Main part of the release was concentrated in heaps
near the walls of the Unit-4 building and on the roof of nearest building of the second stage of CHNPP.
The radius of the reactor core fragments scattering reached 100 m. Some fragments were even found at a
distance of 200 m. In addition to this release the fuel “hot particles” were falling on the Unit-4 site until 6
May 1986 (active stage of accident).

During the first days after the accident, exposure rate measurements were carried out by different
means and improvised technical devices, via walking on foot or military transport with no accurate fixing
of the measurements points coordinates (X,y,z) on maps.

Exposure rates on the Unit-4 site varied greatly — from tens of milli-Roentgen to thousands Roentgen
per hour. Maximum value was reported near the destroyed Unit-4 and near the reactor core fragments.

As the measurements of the radiation situation were fulfilled under the conditions highly dangerous
for the life of the investigators, they could not be systematic. The general radiation situation at the Unit-4
site by April 26, 1986, as reconstructed by the scientists of the “Khurchatov’s Institute”, Radium Institute
and ISTC “Shelter” on the base of systematization and analysis of the first measured data, is shown in Fig
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Fig. 3. The radiation situation on the CHNPP Unit-4 site at 26.04.1986 (P/uac=R/hr).
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3 [20].

3.2. Radiation measurements from helicopters

On May 22, 1986 the “Radium Institute” scientists began studying the gamma-field distribution
around the Unit-4 site from helicopters type MI-8T. It flied over 12 routes along the CHNPP building with
the 25 m interval from north to south and back. The site surface was scanned with the collimated detector
with the Nal-crystal at the height of 200 m. The lead collimator assured the coverage area of the site
surface at around =30 m in diameter. The initial calibration was fulfilled during the helicopter hang-up
over the radioactive territory out of the Unit-4 site, where the concentration of the radionuclides and
exposure rates were measured previously.

According to the “Radium Institute” estimations, the amount of the nuclear fuel released around the
Unit-4 site (that remained at the moment of measurements) was 700 kg with the error £30% [20].

Somewhat later (from 30 May 1986 to 09 June 1986) the joint team of “Khurchatov’s Institute” and
of the Ministry of Geology started measuring from helicopters the radiation situation at the Unit 4 site and
near the destroyed reactor. The measurements were taken over the reactor and near it using the measuring

0z 0 0.4 0. Q.3 Do 3.1 a0e 0.0 ] 0
09 | 04 | g45 | B o1 9,08 o n
0 0ar 4k oA . a0s o o

05 ns

0E b6 08 0B a7 o5 0 pay  aEm 05 009
0.0s oA 0+ 0.4 0a g2 0a 015 a1 008 0.0%

| Sl

Fig 4. The nuclear fuel distribution, released to the Unit-4 site at the accident (relative unit).
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apparatus system placed at the helicopter type Ka-32CH. It allowed the surface scanning for the exposure
dose at a height of 200 m and higher over the investigated surface.

Within the course of measurements the maps of the exposure rates at the reactor zone, the north and
south drum-separators zone and at the other parts of the Unit-4 was obtained. Around 2,000 measurements
were done on the surface sectors with the area of 10x10 m” to 20x20 m®.

The chart of the relative gamma-fields distribution at the Unit-4 site is shown in Fig 4. The errors of
these measurements are evidently much less than the errors of the absolute measurements. The results of
this measurements permitted to estimate the total fuel amount at the Unit-4 site as 600 £+ 300 kg [20].

The data obtained by both teams permitted, after certain analysis, to produce the most reliable chart
of the fuel distribution at the Unit-4 site, averaged by 50x50 m” sectors. For that purpose the quantitative
data of the Radium Institute team were averaged and marked on the chart according to the relative
measurements of the Khurchatov’s Institute” team. Then the special program calculated the most probable
correlation coefficient. As a result the full fuel amount at the Unit-4 site (outside the actual Unit-4
building) was estimated as 600 kg (-180, +300). The final estimations are shown in Fig. 5 [20].

The total error appeared to be rather serious. Therefore the investigators wanted to repeat the
measurements work with more accuracy. But in some time the area of the Unit-4 site started being filled
with different materials and then the concreting works started in order to cover the site surface. Therefore
the repeated measurements appeared to be impossible. Still, the main result obtained during these
measurements was that no more than 1 ton of the nuclear fuel kept staying around the Unit-4 site. The
later measurements taken by boring the wells at the territory of the Unit-4 site supported this estimation,
600% 200 kg [20].

4. Some words on the adequacy of DREG printouts

One can object that the afore-stated new version of the Chernobyl accident contradicts the official
chronology, based on the DREG printout as shown, for example, in [12]. The author does agree there is a
contradiction, but a closer look into the stated printouts ultimately shows that the official chronology is not
proved with the other accident-related documents starting at 01 h 23 min 40 sec and also contradicts
completely both the reactor physics and the witnessed evidences. The VNIIAES specialists have paid
attention to that as early as 1986 [4,5]. It was pointed out above already.

For example, the official chronology based on the DREG printout describes the accident process as

follows:

e 01 h 23 min 39 sec (on teletape) - AZ-5 button pressing.

e 01 h 23 min 40 sec(on printout of DREG) AZ-5 button pressing.

e 01 h 23 min 41 sec (on teletape) - AZ-5 button pressing.

e 01 h 23 min 43 sec (on printout of DREG) - An emergency increasing of the reactor power.

e 01 h 23 min 45 sec (on printout of DREG) - A reducing a amount of the pumped cooling
water to 18 000 m’/h.

e 01 h 23 min 48 sec (on printout of DREG) - An increasing a amount of the pumped cooling
water to 28 000 m*/h.

e 01 h 23 min 49 sec A signal of the emergency protection “The pressure

increasing in the reactor volume”.
That is, according to the official chronology an emergency increasing of the reactor power began 3
seconds after of the AZ-5 button pressing (on DREG).
While, the witnesses evidences describe the accident process in the opposite order:
“...I was diverted to something. Maybe, it was the Toptunov’s cry: “The reactor power increases
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with an emergency speed!”. I am not sure in accuracy of this phrase, but the sense remember just such.
Akimov dashed to the control desk quickly, opened the cover and pressed the AZ-5 button ...”. [22].

The main witness describes the same order of the accident events, which was shown above already
[16].

According to the witnesses’ evidences, at first an emergency increasing of the reactor power began
and then the AZ-5 button was pressed some seconds after it.

The official chronology contradicts to the reactor physics also. As directed above, a reactor life-time
at a reactivity value 4 B and above is a value of order 0.01-0.02 sec only. But, according to the DREG
printout, 6 seconds was needed from the moment of an emergency increasing of the reactor power before
the fuel channels began to break down only.

Nevertheless, for some reason absolutely, almost all of authors neglected this circumstance and
assumed the DREG printout as a document, that adequately described the accident process. But it is wrong.
The CHNPP personnel have known about it very long ago. The DREG program at CHNPP “was
recognized as a background program, which was interrupted by all other functions” [22]. Consequently
“... event time of DREG is not the true event time, but it is the time of signal recording about the event in
a buffer (for a following tape recording)” [22]. By other words, the pointed events occurred, but at other,
earlier times.

This very important circumstance was concealed from scientists 15 years. As a result of it, dozens of
scientists worked during a lot of time in vine, investigating physical processes that led to such grand
accident. They did their investigations based on the contradicted DREG printout and the evidences of
witnesses who were liable by law for the reactor safety and therefore were strongly interested personally
in an expansion of the version — “reactor exploded after the AZ-5 button pressing”. Meanwhile, for some
reasons, they neglected the witnesses, bearing no legal liability for the reactor safety and therefore were
more objective. And this most important recently opened circumstance confirms the conclusions of this
work additionally.

5. The conclusions

1. The initial cause of the Chernobyl accident was the unprofessional actions of the 5-th shift personnel
of the Unit-4. Most likely the operators were so keen in the risky process of supporting the reactor
power, which has come to self-poisoning process due to their own fault at the level of 200 MWt, and
‘failed to notice’ the inadmissibly dangerous rods removing out of the reactor core. And then the
personnel “delayed” pressing the AZ-5 button.

2. The motion of the graphite displacers into the reactor core could not be the cause of the Chernobyl
accident, because at the moment of the first AZ-5 button pressing (01 h 23 min 39 sec) there did not
exist the control rods and the reactor core already.

3. The reason for the first AZ-5 button pressing was the first explosion of the Unit-4 reactor, which
happened in the period from 01 h 23 min 20 sec to 01 h 23 min 30 sec and destroyed the reactor core.

4. The second AZ-5 button pressing happened at 01 h 23 min 41 sec and essentially coincided with the
second, more intensive explosion of air-hydrogen blend, which destroyed the Unit-4 reactor division
building.

5. The official chronology of the Chernobyl accident, based on printout of DREG, describes the
accident process inadequately after 01 h 23 min 40 sec. The VNIIAES specialists were the first men
who paid an attention to it in 1986. It is necessary to start the official reconsideration of the accident
chronology, taking into account the new circumstances, opened during the last years.
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Abstract

The main question, which determines the nuclear safety of the 4 destroyed unit of the
Chernobyl NPP, as well as the question about the amount and distribution of nuclear fuel inside the
“Sarcofagus” is discussed in the paper. The methods of determination of nuclear fuel quantity inside
the “Sarcofagus” and the quantity thrown out of its boundaries are considered in detail. Special
attention was paid to the quantity and distribution of the fuel in the under-reactor premise 305/2,
which is looked as the most nuclear dangerous. On the base of such investigation and also taking into
account the results of fuel containing material sample analysis, it is possible to make some calculation
of the fuel containing material criticality and scenario of self-sustaining chain reaction development in
the hypothetical situation of nuclear danger. Some of the results of such calculation are also presented
in the paper.

1. The general description
One of the basic problems of the destroyed 4-th unit of Chernobyl NPP (somebody began to call it as

"Shelter" or "Sarcophagus") which substantially defines the nuclear and radiation safety of the object, is
the problem of nuclear fuel inside the Shelter. In order to estimate the nuclear and radiation safety of
various premises of the Shelter, the knowledge is necessary about the nuclear fuel amount in each premise,
the degrees of its primary enrichment and burnup at the moment of accident, the physical properties of the
fuel containing materials (FCM), and opportunity of water incoming into each premise of the Shelter.

It is well known (see for example [1]) that at the moment of the accident there were approximately
214,600 kg of nuclear fuel in the fourth unit of ChNPP. The basic amount (190.2 ton) of this fuel was
loaded into the reactor core, the part of the spent fuel was placed in the south cooling pond (14.8 ton), at
the stand in the central hall (CH) there were the assemblies of fresh fuel (5.5 ton) prepared to loading to
the core, and, at last, there was 4.1 ton of fresh nuclear fuel in a room of fresh fuel preparation.

At the moment of the accident, there were 1,659 fuel assemblies in the reactor core, and each
assembly contained 0.1147 ton of uranium. The fresh fuel of the reactor RBMK-1000 before the accident
at Chernobyl NPP contained 2 % of uranium-235. By the moment of the accident the majority of fuel
assemblies were the first fueling assembly with fuel burnup from 11 up to 15 MWt-day/kg U. There were

Table 1. Burnup distribution of fuel assembly (FA).

Group Number of FA ﬁgiizs/fgmg

1 721 13.7
2 392 12.3
3 154 10.5
4 101 8.8
5 35 7.0
6 43 5.4
7 41 3.5
8 172 1.2

FA total number 1659

Average burnup 10.9
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also fresh fuels in the reactor core. The distribution of fuel assemblies by the burnup level of 8-group
approximation is given in Table 1.

A rough estimation shows that the burnup of 10 MWt-day/kg U approximately corresponds to a
reduction of uranium-235 concentration by 1 % and an increase of plutonium-239 concentration (at the
initial stage of campaign) by 0.4 %. Thus, if assuming an average burnup of 10.5 MWt-day/kg U, there
were approximately 1,900 kg of uranium-235 and 760 kg of plutonium-239 in the reactor core at the
moment of the accident.

Already in 1986 first estimations [2] have shown that as a result of the accident 3 - 5 % of nuclear
fuel originally concentrated in the reactor core was thrown out of the 4-th unit boundary. The researches,
which have been carried out during the subsequent 15 years, have confirmed these estimations as a whole.
Now it is considered [1] that more then 96 % of fuel of the core + fuel in the pool of endurance + fresh
fuel of the central hall remain inside the Shelter. 4.1 ton of fresh fuel was removed in 1986 from the fresh
fuel preparation room after the accident.

In order to understand the physical properties of the fuel containing materials of the Shelter it is
expedient to remind the basic stages of the accident scenario. As a result of reactor runaway with prompt
neutrons there was a destruction of pin claddings, and the heated fuel has entered contact to the coolant
(water). The explosive formation of water vapors has caused a sharp increase of pressure inside the reactor.
This first explosion has resulted that the reactor cover (scheme “E”, see Fig. 1 [1]) was thrown out in the
central hall at the height about 14 m, and the reactor bottom plate (scheme “OP”) was lowered
approximately by 4 meter into the under-reactor premise 305/2, and the southeast quadrant of the scheme
“OP” was completely destroyed. During the flight of the scheme “E” there was the second explosion
which has destroyed the reactor building and particularly a drum-separator premise a part of wall of which
has appeared inside the reactor vault. After that explosion the reactor cover was lowered in the position
shown in Fig. 1.

As a result of the explosions a part of the fuel was thrown out of the limits of the reactor building,
and the residual fuel in reactor began to be heated up due to heat release of fission products and burning of
graphite. This process proceeded approximately within 10 days. During this time about 14 thousand tons
of various materials: lead, dolomite, marble powder, sand, zeolite sorbent, and absorbers of neutrons
containing boron were dropped from helicopters to the central hall and the reactor vault.

A part of these materials which has got into the reactor vault was melted together with fuel, pin
claddings, walls of technological channel pipes, and material of the scheme “OP” backfilling (serpentinite).
These melted materials have penetrated into the under-reactor rooms, whence then they have spread on

Scheme’E

]

Loncrele blocks

Scheme [

Fig.1
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Fig.2

numerous premises of the lower floors of the reactor building (Fig. 2 [1]). In these premises the solidified
melt has formed so-called lava-like fuel containing masses (LFCM).

The lava-like FCM of the Shelter represent heterogeneous ceramics of brown or black color with
inclusions of various natures. For example, only black ceramics is located in the premise 304/3, and there
are both black and brown ceramics in the premise 305/2. The color of black ceramics is caused mainly by
radiation defects, and after annealing it gets the bottle-green color which is the characteristics of silica-
base glasses. The oxides of iron cause the color of brown ceramics, basically. The average content of
different nuclides in ceramics of the premises 304/3 and 305/2 with exception of actinides is submitted in
Table 2. A special attention should be given to the boron contents in LFCM. As it is known, boron is "a
burning-out absorber", i.e. the quantity of an isotope B-10, which absorbs neutrons, decreases in the media
with non-zero neutrons flux. In addition, boron is well-dissolved in water and can be washed away from
the porous LFCM. We can not make the exact estimations of the amount of "burnt out" and moreover of
the "washed up" boron. Therefore, it is necessary to make criticality calculations with content of boron
taken from 10 years old LFCM sample analysis, and also without boron.

Table 2. Chemical composition of the FCMin premises 304/3 and 305/2 and concrete in wt. %.

Chemical element Mixture
FCM, 304/3 FCM, 305/2 Concrete

B 0.06* 0.07* ;

O 43.4 37.1 55.26
Na 4.20 3.34 0.55
Mg 2.40 3.34 0.79
Al 4.80 2.90 2.90
Si 29.8 24.7 26.44
K 1.25 1.05 0.61
Ca 5.50 3.90 8.64
Fe 1.40 0.70 3.64
Zr 3.20 4.00 3.20
¢ - - 0.40
H - - 0.77
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Let us consider now the LFCM macroscopic properties. According to the data of numerous
investigations of samples taken from various under-reactor premises, the density of the LFCM changes
over a wide range depending on porosity of the material. In this connection it is necessary to note that the
LFCM are a strongly porous material with the sizes of pores and cavities of which change from
microscopic dimensions up to the sizes about 1000 - 2000 cc. The LFCM are also a strongly non-uniform
material whose density varies depending on the depth within the LFCM: for example, (0.9 - 1.8) g/cc in
the premise 304/3 and (1.8 - 3.5) g/cc in 305/2.

At the present time the nuclear fuel in the Shelter is in several modifications. First of all, there are the
kept fuel assemblies (the southern cooling pond and the central hall). The fragments of fuel pins and
assemblies (core fragments) are found out also in various places. In some places of the under-reactor
rooms, non-melted pellets of uranium dioxide were found out. In the LFCM, fuel exists as various
inclusions in a silica-base matrix with the sizes from several up to 300 micrometers of various chemical
structures [3]. Besides, uranium is also dissolved in a silicate matrix of the LFCM [4]. The concentration
of uranium dissolved and included in the LFCM matrix changes from 4 % up to 10 % in various premises
of the Shelter, and the mass portion of uranium-235 mainly corresponds to the burnup rate [5,6], though in
some samples the portion of uranium-235 was much higher than the average [7,8].

Practically in each premise of the Shelter, the finely dispersed fuel particles (fuel dust) are observed
with the sizes of particles from parts of micrometer up to hundreds of micrometers. This dust can represent
the main radiation danger in conditions of hypothetical caving of the Shelter structures.

At last, it was revealed in 1990 that in water, which accumulates in some places of the bottom floors
of the Shelter, salts of uranium, plutonium and americium are dissolved. The estimations show that up to
4,000 cubic meter of water per one year [7] can penetrate through the holes of the roofing of the Shelter
and at the process of moisture condensation from the air. Percolating through fuel containing materials,
this water dissolves some salts of uranium and transfers them to the bottom premises of the Shelter.

The nuclear safety of each premise of the Shelter is determined by the amount of fuel in this premise,
the geometrical arrangement of this fuel, the opportunity of water ingress in this premise and its
penetrations inside the fuel containing materials.

2. Estimation of fuel quantity in the Shelter premises and thrown out of its boundaries.

An estimation of the thrown out fuel quantity (3 = 1.5) % offered in 1986 in the report of the Soviet
delegation at IAEA meeting [2] has caused the large doubts. These doubts, which bound up basically with
plentiful release of radioactive iodine-131 and caesium-137, were expressed as a rule by the
nonprofessionals who did not take into account volatility of some components of the spent nuclear fuel.

It is possible basically to estimate the emission of nuclear fuel by three different ways [9]:

1. Measuring the quantity and the content of activity thrown out into the environment directly during the
active stage of the accident;

2. Measuring the density of radionuclide pollution of the territory both directly adjacent to the Shelter
and in the remote areas;

3. Determination of the fuel quantity in various premises of the Shelter. Then the knowledge of the total
fuel load of reactor make it possible to estimate the quantity of the thrown out fuel by the difference.

It is natural that the most exact estimation of the thrown out fuel amount can be obtained combining
all three methods.

The measurement of activity and contents of emission directly during the active stage of the accident
was connected to the large methodical difficulties of aerosol sampling above the damaged reactor. These
difficulties have resulted in the large enough errors (50 %) in determination of radioactive aerosol
concentration in emission. Therefore, the first estimations of the thrown out activity were rather
approached. Table 3 contains the results of researches published in work [2].
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Table 3. Radioactivity ejection from the 4-th unit (in % to the activity accumulated
in reactor to the moment of the accident).

Isotope Ejection,% Isotope Ejection,%

Pxe ~100 e 2.3
€ ~100 e 2.8
85Kr ~100 8981- 4.0

1311 20 9081- 4.0
1327 15 “’Np 32
134 10 233p, 3.0
1376 13 239py 3.0
Mo 23 240p, 3.0
QSZI_ 32 241Pu 3.0
"Ry 2.9 “py 3.0
"Ry 2.9 ““Cm 3.0
140B4 5.6

The second way requires an estimation of the radioactive pollution of the large territories in the
different countries and is very labour consuming. However, since the remote territories became polluted
mainly by the volatile radionuclides (iodine, tellurium, caesium), and finely dispersed fuel particles
containing heavy transuranium elements accumulated in the majority within the limits of a 30-kilometer
zone around the Shelter, then it is possible to make an exact enough estimation of fuel emission by having
carefully performed pollution investigations of the zone of alienation. In addition to this, undoubtedly, it is
necessary to estimate a degree of reduction of the pollution by transuranium elements with increase of
distance from a source of emission.

Such estimations were executed in 1986 by the group of researchers of Kurchatov Institute, and they
were continuously became more precise during all 15 years past after the accident [10,11,12]. These
estimations once again confirm a conclusion of work [1]: more than 95 % of fuel from the destroyed
reactor core is concentrated in the Shelter.

3. The distribution of nuclear fuel on the Shelter rooms.

It seems that the third way of determination of the nuclear fuel amount which has been thrown out
from the Shelter, i.e. the determination of the amount of fuel located in various premises of the Shelter, is
exactest and accessible. However, a plenty enough of reasons exist obstructing to the detailed inspection
of the Shelter. It is possible to attribute such handicaps to the followings: high radiation fields in the
Shelter premises, the blockages of various materials dropped from helicopters to the central hall, the
overflows of stiffened "fresh" concrete (1986) on the LFCM congestion and the large thickness of the
LFCM layer in the premise 305/2, where the basic LFCM congestion is located.

The determination of the nuclear fuel quantity inside the Shelter and its distribution on premises is
very important also from the point of view of nuclear safety of the Shelter and its radiation influence on
the ChNPP personnel and the environment in the case of possible emergencies. Therefore below, we shall
consider in detail the items of information about the distribution of nuclear fuel in the Shelter premises
obtained up to the present time.

Let's begin from the central hall (CH) - one of the most complex places of the Shelter premises for an
estimation of fuel quantity. Let's remind that in the CH before the accident, there were 5.5 ton of fresh fuel
prepared for loading into the reactor core and 14.8 ton of the spent fuel in the southern cooling pond. The
fuel pins are also in so-called “Helen hair” — the rests of technological channels which are hanging down
from the scheme “E”. Besides, in various places of the CH there can be fuel dispersed by the second
explosion. It is possible only to use the indirect methods to estimate the quantity of the dispersed fuel,
since the materials dropped from helicopters during the active stage of the accident cover the CH. The
estimation of fuel quantity in “Helen hair” also can be carried out by indirect methods in connection with
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high radiation fields in the CH.

Scientific groups from Khlopin Radium Institute and Kurchatov Institute carried out such estimations
on the basis of measurement of radiation dose rate and localization of its sources in 1992. The estimations
of such type can be only qualitative in connection with impossibility of exact localization of radiation
sources. The results of calculations based on measurements of such type give that the quantity of fuel on
the scheme “E” can be in limits from 10 up to 30 ton. There was found also up to 1 ton of fuel on the walls
of the CH and other structures. Totally together with the spent fuel of cooling pond (the periscope
inspection of which have shown the absence of water and the presence of all nondestroyed fuel
assemblies) there can be from 31 up to 51 ton of fuel in the CH.

On the basis of video and periscope inspections of the reactor vault, it is possible to make a
conclusion that there are no ordered structures of the former reactor in the shaft and now it is
communicated with the under-reactor premise 305/2. Therefore, it is meaningful to estimate the quantity
of fuel in the reactor shaft together with a premise 305/2.

Already in 1986 — 89, the first thermometric measurements of fuel quantity in the under-reactor
premises were performed. These measurements were based on the fact that the integrated thermal flow
outgoing from these premises completely should be determined by the thermal source power, and
consequently by the complete mass of the fuel [13]. The specified estimations of 1990 [14] taking into
account an error of measurements give for fuel mass in the premise 305/2 the value of 75125 ton.

It is possible also to estimate the fuel quantity in lavas of the under-reactor premises by balance of
caesium and magnesium [3]. The last specified data [11,12] show that the complete emission of caesium-
137 has made an activity about 2 MCi that forms about 28 % from the value of 7 MCi initially
accumulated in the reactor core at the moment of the accident (compare with initial assessments of works
[2], Table 3). This caesium took off only from the fuel, which has melted during the active stage of the
accident and has formed the lava-like FCM.

On the other hand, the data of the numerous analyses show that no more than 40 % of caesium-137
remained in lava. It means that about 60 % of caesium-137 from its initial quantity in fuel, which has
formed lava, has taken off, and these 60 % of caesium-137 have given the activity of 2 MCi. Therefore the
initial activity of the caesium-137, which contained in the fuel forming a lava, is equal to (2/0.6) =3.3 MCi.
It makes (3.3/7) =47 % from the amount originally accumulated in reactor, so 47 % of reactor fuel loading
(190.2x0.47) =89.39 ton has come in a lava. Taking into account an error of estimations, we have 90127
ton.

The similar estimations can be made by the amount of magnesium whose average concentration in
lava is equal to 3 % (compare with Table 2). The magnesium enters only into the structure of serpmtinite,
by which the scheme “OP” was filled up and its contents in serpentinite are 25.1 %. During the formation
of lava, about 140 ton of serpentinite were melted [3]. Taking into account the percentage of magnesium
in serpentinite and in the samples of a lava, it is possible to say that during the melting in the process of a
lava dilution by other materials its weight has increased in (25.1/3) =8.5 times and has reached
approximately 1200 ton. The average content of uranium in lava samples is about 7 % [3]. Therefore the
lower estimation of its weight in lava of the under-reactor premises makes about (1200x0.07) =84 ton.
Taking into account the possible error, we have 80+24 ton. All three estimations are in good coincidence
among themselves.

It is necessary to note that at these estimations the presence of reactor core fragments is not taken into
account, i.e. the fragments of pins and fuel assemblies and also non-melted fuel pellets which were
observed in the under-reactor premises, and also can be under the melt in connection with their large
densities. Therefore, and also with other reasons, it is necessary to consider the estimation of fuel quantity
by the amount of caesium and magnesium to be underestimated.

Nevertheless, there was a work [15] in 1992 in which these estimations are put under doubt. The
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Fig.3 Computer model of the premise 305/2 and the reactor shaft.

authors of the paper [15] used for the estimations only the data of visual inspection and principle of
communicated vessels. In their opinion, the under-reactor premises contain no more than 25+5 ton of
uranium.

This work was fairly criticized by many authors. However, it has served as a certain stimulus for new
careful auditing of all data on the fuel quantity in the premise 305/2 [16]. For this auditing, the authors
used the results of the analysis of more than hundred samples taken from the premise 305/2 in 1986-1997,
the measurements of dose rate of y - radiation, the results of all video- and photography of the premise
305/2 and the reactor shaft.

Then the whole space of the premise 305/2 was separated by the squares with a cross section 2x2 m.
The estimation of the fuel quantity was performed in the LFCM volume over every square taking into
account all data mentioned above. The square which data were absent or even partly was considered as
empty that certainly underestimated the results. The computer model of the premise 305/2 and the reactor
shaft was composed on the base of such detailed analysis of all materials which are located in this premise
(Fig.3).

The precise consideration of all data concerning the premise 305/2 and the reactor shaft allows to
make the following conclusion: there are not less than 60 ton of fuel in these premises. The LFCM passed
from the premise 305/2 through the concrete wall destroyed by the explosion (or burns by the LFCM?)
into the room 304/3 and then to steam distribution corridors (see Fig.2). The second flow of the heated
lava passed through the steam outlet valves of different floors even to the first floor of the pool bubbler.
The estimations of fuel quantity in all these premises raise no doubts. They are presented in Table 4 where
the data of all measurements and estimations of fuel amount in the Shelter are summarized [1].

As we can see from this Table, the premise 305/2 and the central hall are the most “suspicious” from
the point of view of nuclear safety. At the steam distribution corridors with marks 9 and 6 m, the lava
layers are thin (the maximum value of 0.6 m in the premise 304/3), and in spite of sufficiently large fuel
amount the probability of self sustaining chain reaction (SCR) ignition in these premises is negligible
according to some evaluation.

In the southern cooling pond of the spent fuel where the water is absent at the present time the
situation is safe until the pitch of the assembly suspension is conserved. The danger can arise only in the
case of assembly caving to the bottom of the pond and its affluxion by water.

The water in the lowest premises of the Shelter has no nuclear danger at the present time. However,
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