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INTRODUCTION 

The Chernobyl accident, which occurred on April 26, 1986 at the 

nuclear power plant (NPP) located less than 150 km north of Kiev, is the 

largest nuclear accident ever. Unprecedented scale of the accident was 

determined not only by the amount of released activity, but also by a 

number of population and workers involved and, therefore, exposed to 

enhanced doses of ionising radiation [1]. 

The population of the 30-km exclusion zone numbering about 116,000 

persons of all ages and both genders was evacuated within days and weeks 

after the accident. Emergency workers called "liquidators of the accident" or 

liquidators (males age 20-50) were involved into clean-up and recovery for 

5 years and their total number is estimated as 600,000, of whom about 

300,000 are Ukrainian citizens [2]. 

Due to an unexpected and excessively large scale accident, none of 

residents had personal dosimeters, coverage with personal dosimetry of 

liquidators was not total, dosimetry techniques and practices were far from 

the optimum [3]. 

As a result, an acute need for retrospective dose assessment was 

dictated by radiation protection and research considerations. This need was 

responded by implementation of wide scale dose reconstruction efforts, 

which covered main exposed cohorts and encompassed broad variety of 

newly developed methods: analytical (time-and-motion), modelling, 

biological and physical (EPR spectroscopy of teeth, thermoluminescence 

(TL) of quartz). 

The paper summarizes experience of Research Center for Radiation 

Medicine (RCRM) in the field of retrospective dosimetry of large cohorts of 

exposed population and professionals. These dose reconstruction projects 

were implemented, in particular, in the framework of epidemiological 

studies, designed to follow-up medical consequences of the Chernobyl 
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accident and study health effects of ionising radiation. The most notable 

research projects are the Ukrainian-American studies of cataracts [4] and 

leukemia among liquidators [5]. Due to limited volume of the paper, rather a 

highlight of the activities in the area of post-Chernobyl retrospective 

dosimetry will be presented; details of particular studies can be found in 

relevant literature references. 

 

RETROSPECTIVE DOSIMETRY OF EVACUATED POPULATION 

Soon after the accident 89,599 residents of the Ukrainian part of the 

30-km exclusion zone were evacuated. The evacuation began on April 27, 

1986; in about 36 hours after the accident the population of the ChNPP 

satellite town of Pripyat was evacuated. None of 49,360 residents of Pripyat 

had personal dosimeters and their individual doses remained unknown. At 

the same time, contamination pattern of the town area suggested significant 

variation of individual doses due to the difference in contamination of 

various parts of the town and shielding effect of dwellings. In more general 

terms, the Pripyat case is a good example of exposure of urban population 

and therefore, dose reconstruction effort had both utility and methodological 

value. In order to reconstruct individual doses of the residents of Pripyat, a 

wide scale survey was undertaken in 1988 – 1989 (2 – 3 years after the 

accident), when evacuees were asked to reconstruct and describe their 

movements and location before evacuation. Respondents were asked to 

recall their behaviour with the resolution of one hour in time and a sector 

(one of eight) in space: whether they stood in- or outdoors, describe 

radiation protection countermeasures (sheltering, administration of stable 

iodine pills, sealing windows etc). Another essential source of input data 

were direct dose rate measurements, which started 1.5 h after the accident 

and were conducted over the network of 31 monitoring points with average 

interval 3.5 h and lasted till the end of evacuation of population. Since 

residential areas in Pripyat were presented by brick and concrete multi-floor 

buildings, at the first round of dose reconstruction universal shielding 

factors for brick houses were taken for all individuals. 

All together 42,416 residents were interrogated, about 72 % of 

registered evacuees from both Pripyat and the settlements of the 30-km 

zone. 

Individual doses were estimated to 16,193 evacuees from Pripyat 

(33 % of pre-accident population) [6]. It was demonstrated that, though 

varying broadly, individual doses, received by evacuees from Pripyat did 

not exceed emergency limits, which were in effect in 1986 for general 
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public [7]. Average dose of Pripyat residents was 10.1 mSv, 95-percentile of 

dose distribution was 24 mSv. Interestingly, due to evacuation cross highly 

contaminated spots, residents of Pripyat had received additional 15 – 

20 mSv, which was accumulated while their buses had passed to clean areas 

– a dose comparable to the whole pre-evacuation exposure. 

Similarly, doses were reconstructed to the residents of 63 other 

settlements, who were evacuated between May 2 and 14, 1986. Individual 

doses were reconstructed to 19,605 persons (about 49 % of pre-accident 

rural population of the 30-km zone). Since the duration of pre-evacuation 

stay within their settlements lasted longer than in the case of Pripyat, 

individual routes and behavior were reconstructed with less resolution – up 

to one day in time (hours spent outdoors were requested for each day before 

evacuation) and one settlement in space. Options for the dwelling type 

included individual one-floor brick and wood-and-clay houses as well as 

multi-floor brick buildings. The distribution of individual doses to this 

cohort was broader (due to larger variation of dose rate fields): mean dose 

was 15.9 mSv, median – 7.8 mSv, 95-percentile – 67.7 mSv. 

The second round of dose reconstruction, which was conducted in 

cooperation with GSF (now – Helmholz Zentrum München), included the 

following improvements: revision of interpolation of dose rate fields using 

state-of-the-art geostatistical methods, application of age-dependent 

conversion coefficients, detailed modelling of typical buildings and 

estimation of scenario-specific (sky shine, radioactive clouds, deposited 

radioactivity) location factors using Monte Carlo photon transport 

calculations, application of stochastic modelling for estimation of individual 

doses along with their uncertainties. Although there was no significant 

change of dose estimates, this study [8] had marked significant progress in 

methodologies for assessment of doses following radiation emergency in 

urban environment. 

 

RETROSPECTIVE DOSIMETRY OF POPULATION DOWNWIND 

CHERNOBYL 

Doses to the population of the areas downwind Chernobyl release are 

substantially lower than for evacuated residents of the 30-km zone and are 

usually estimated on group (age, profession specific average doses) level 

using radioecological and dosimetric models [9]. However, the doses 

accumulated during passage of radioactive clouds or caused by short living 

radionuclides cannot be reliably evaluated by these techniques, which are 

based on the measurements taken later in time. By this reason, alternative 
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methods for retrospective dose estimation were sought for. Solution can be 

offered by TL dosimetry using naturally occurring materials (quartz, 

feldspar) in fired ceramics [10]. It was found in course of several fieldtrips 

that such materials (bricks, ceramic insulators, sanitary ceramics) are 

plentiful in Ukrainian villages at contaminated territories and dosimetric 

properties of quartz extracted from these samples are good for 

reconstruction of doses in excess of several mGy. Doses were evaluated 

using single and multi-aliquot high temperature TL, pre-dose TL technique 

as well as optically stimulated luminescence (OSL) of samples of quartz. 

Measurements of Ukrainian samples were performed both in RCRM (TL 

reader Harshaw 3500, high temperature option) and in University of 

Helsinki (TL/OSL reader RISØ) as well as in a number of other laboratories 

in Germany, Great Britain, Spain and Denmark. The results of this 

international study are presented in [11]. It was found that cumulative doses 

determined by TL dosimetric technique are in good agreement with dose 

estimates derived from radioecological models, and there is no indication of 

unaccounted component of dose due to cloud shine or contribution of short-

lived radionuclides. Aside scientific significance, this result had socio-

psychological impact eliminating "legendary" data on excessive exposure of 

population in course of passage of radioactive release from Chernobyl.  

 

RETROSPECTIVE DOSIMETRY OF CLEAN-UP WORKERS 

(LIQUIDATORS) 

The most exposed category of Chernobyl population is clean-up 

workers, also known as "liquidators". In Ukraine about 300,000 individuals 

are officially certified as liquidators, who had performed various activities 

within the 30-km exclusion zone over 1986 – 1990. By its nature this cohort 

is extremely heterogeneous and, respectively, accumulated doses vary 

significantly [2]: from a fraction of mGy to several Gy, methods and results 

of dosimetric monitoring undertaken at the time of clean-up [3] vary as well. 

Moreover, about half of Ukrainian liquidators do not have registered dose 

values at all. From the other hand, due to its quantity and reasonably high 

doses, this cohort is a good platform for epidemiological studies of health 

effects of radiation and estimation of risk factors for moderately low dose 

protracted exposure. Notably, two major epidemiological studies were 

performed in cooperation with the U.S. National Cancer Institute [5] and 

Columbia University [4], for leukaemia and cataracts among liquidators, 

respectively. These two studies had different design, investigated various 

endpoints and, respectively, concerned different organs of interest. 
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In case of case-control leukemia study, red bone marrow doses should 

be estimated to all subjects of the study (cases and controls in 1:5 

proportion, both diceased and alive). Since leukemia is quite rare disease, 

any identified case should be accompanied by dose reconstruction to be 

performed to all subjects in some uniform way. Existing methods of dose 

reconstruction were not applicable because of high sensitivity threshold 

(FISH dosimetry), limited availability of samples (EPR dosimetry with 

teeth) or both insufficient sensitivity and decay of markers of radiation 

(conventional cytogenetic dosimetry with unstable chromosome 

aberrations). In response to this demand a new analytical (time-and-motion) 

method called RADRUE [12] was developed by the international dosimetry 

group, consisting of researchers from Ukraine, Russia, Byelarus, Lithuania, 

USA and France. This method is based on the information about behavior 

and migration of a subject, which is collected in course of a personal 

interview (an alive subject) or interview with a proxy (a colleague of a 

diceased subject), dose rate maps related to respective areas and time 

intervals and expert evaluation and interpretation of the questionnaire data 

(Figure 1). RADRUE has built-in stochastic modelling capability, which 

allows generation of individual uncertainty distributions for all subjects of a 

study. 

  

 
Figure 1. Basic flow-chart of RADRUE method 
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This method was applied individually for reconstruction of doses to 

572 subjects of U.S. – Ukraine [5] and 357 subjects of EU – Russia – 

Byelarus – Baltic countries [13] studies. Details of application of RADRUE 

method to reconstruction of individual doses of Ukrainian liquidators are 

presented in [14]. It was found that individual doses of study subjects varied 

by 7 orders of magnitude – from fractions of mGy to more than 3 Gy, mean 

dose was 87 mGy, median – 16 mGy.  

Ukrainian – American Chernobyl Ocular Study (UACOS) [4] utilized 

cohort approach, when risk of cataract induction was studied in 8,607-

member cohort of liquidators of 1986 – 1987. It should be noted that due to 

presence of relatively long-lived beta-emitters in Chernobyl release, doses to 

lens were to be estimated from both gamma and beta radiation. Beta doses 

to lenses were estimated based on respective gamma dose values, 

conversion coefficients were estimated with respect to conditions of 

exposure (use of protective goggles, work in- or outdoors etc.) and time 

after the accident (which influenced time-dependent nuclide composition of 

contamination and, respectively, ratio of beta to gamma dose rates). 

Frequency distribution of individual beta/gamma dose ratios is presented at 

Figure 2. Both gamma and beta doses to eye lens were calculated using 

Monte Carlo method for the most typical irradiation scenarios [15]. 

Due to the large number of study subjects, individual interview and 

dose reconstruction was not plausible. Therefore, Official Dose Records 

(ODR) were used as a starting point for dose estimation effort. A simple 

questionnaire was sent by mail to the subjects aiming at collection of 

information about type of work, affiliation (which had effect on dosimetric 

monitoring practices at time of clean-up) and parameters, influencing 

beta/gamma ratio. Then, using the information about historic dosimetric 

monitoring practices, ODRs were retrospectively recalibrated (adjusted) 

using EPR dosimetry with teeth [16] as a "gold standard". Results of this 

"recalibration" are quite instructive – it was demonstrated that ODR for 

military liquidators (95 % of subjects with registered doses) are on average 

2.2 times overestimating actual exposure. This seemingly unexpected 

conclusion yet has rational explanation – doses at the time of clean-up were 

estimated using overly conservative method, however, degree of 

conservatism was never estimated before this study. For each study subject 

individual dose distribution of total (gamma + beta) dose was calculated and 

used in course of epidemiological analysis [4].  
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Development and application of instrumental dose reconstruction 

method using Electron Paramagnetic Resonance (EPR) of tooth enamel is 

worth separate reference. In early 1990s EPR dosimetry with teeth was a 

unique technique, each laboratory had practiced its own protocol. Highly 

focused research and development in this area, which was conducted in 

RCRM lab proved to be quite fruitful and yielded in highly efficient 

technique, which successfully performed in a number of international 

intercomparisons, starting from 1995 [17]. RCRM EPR dosimetry protocol 

allows reconstruction of doses in excess of 50 mGy with ±25 mGy 

uncertainty [16] – a useful dose range is well in agreement with doses 

received by Chernobyl liquidators. The abovementioned accuracy estimates 

were confirmed in course of blind intercomparisons (see, for example 

Table 1). The main limitation for application of EPR dosimetry with teeth is 

restricted availability of samples – whole teeth extracted in course of regular 

dental practice by medical prescriptions only. In order to address this issue, 

a nation-wide collection of teeth of Ukrainian liquidators was initiated in 

mid-1990s, to date 10321 teeth from 5875 liquidators were collected and 

stored in the Central Bank of Dosimetric Biosamples. This Bank provides 

plentiful supply of samples for various kinds of tests and comparisons (like 

mentioned above retrospective recalibration of ODRs). 

 
Figure 2. Relation between beta and gamma components of dose to lens for 

8,607 UACOS subjects. 
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Table 1.  Performance of RCRM protocol for EPR dosimetry with tooth 

enamel – results of the 3
rd

 International Intercomparison 

Dose range 

Absolute error, 

mGy 
Relative error 

Demonstrated vs. (predicted) 

Low dose 

(five 79 mGy samples) 

8 

(25) 

9.80 % 

(35 %) 

Medium dose 

(five 176 mGy samples) 

24.8 

(25) 

14 % 

(15 %) 

High dose 

(one 704 mGy sample) 

68 

(70) 

9.70 % 

(10 %) 

In the whole dose range 
27 

(32) 

12 % 

(26 %) 

 

 

CONCLUSIONS 

Over 25 years passed after Chernobyl accident a broad variety of 

retrospective dosimetry problems was addressed by the team of Research 

Center for Radiation Medicine AMS Ukraine. In most cases, particular 

needs called for development of new techniques and approaches. These 

approaches were quite different, yet all were aimed at reconstruction of 

individual doses to the subjects exposed after Chernobyl accident and paid 

special attention to assessment of associated uncertainties. The dose 

estimates were used for evaluation of impact of the accident on evacuated 

population and residents of contaminated areas downwind Chernobyl as 

well as for analytical epidemiological studies and estimation of risk factors. 

Although these tasks constituted a challenge, most of the aims were 

achieved and now dose reconstruction approaches and techniques were 

brought to new qualitative level. Though each dose reconstruction effort is 

unique and is determined by the needs of a particular study, the accumulated 

experience could be applied for broad variety of retrospective and 

emergency dosimetry applications. 
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