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An experiment on measuring the equivalent dose rate over the Shelter object after
the completion of the construction of the New Safe Confinement is described. Mea-
surements of the gamma radiation were performed in the time of commissioning of the
New Safe Confinement with the help of the sensor installed on its Main Cranes System.
The carriage with a sensor was moved by a chaotic trajectory so the method of missing
data interpolation was proposed. As a result, a cartogram of the distribution of the gam-

ma field at the level of movement of the bogies of the Main Cranes System of the New
Safe Confinement is provided in this paper.

Introduction

After completion of construction and commissioning
of the New Safe Confinement (NSC), 2019 was the year of ac-
tual completion of the “Shelter Implementation Plan” (SIP)
(1] project, which was funded by the international communi-
ty for the implementation of phases 1 and 2 of the long-term
strategy for the transformation of the Unit 4 of the Chor-
nobyl Nuclear Power Plant (ChNPP) into an ecologically safe
facility which was destroyed due to the accident in 1986 [2].

In the future, Ukraine will be faced with the task
of implementing phase 3 — the direct transformation
of the Shelter object (SO) facility, including the disman-
tling of unstable structures, radioactive waste manage-
ment (RAW) and the development and implementation
of technology for the extraction of fuel-containing masses
(FCM) from the SO. These activities will be carried out
under very difficult radiation conditions, both in respect
of gamma radiation equivalent dose rate (EDR) and aero-
sol activity.

Thus, in order to prevent personnel over-exposure
and based on the need to minimize the collective dose
during the implementation of Phase 3 of SO conversion,
the task of effective planning of activities based on the
current radiation situation at the SO will remain relevant
throughout the life cycle of the NSC. In its turn, such
planning will be inefficient without development of a
system for updating information on radiation situation
at the SO.

The conceptual decision to dismantle the SO is based
on the “top-to-down” principle [3]. It means the use
of Main Crane System (MCS) under the roof of NSC
to deliver mechanisms and personnel to the work ar-
eas, to extract the RAW and fragments of the SO, and
to perform other necessary works. The planning of such
activities requires up-to-date knowledge of the dose en-
vironment both in the work areas and at the height of the
MCS movement.

To date, the most relevant published studies of EDR
distribution on the roofs of the SO are dated 2002. [4].
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The lack of more relevant data is due to high dose loads
on the personnel required to perform these works, as well
as the absence of a proven technology for remote mea-
surement. The proposals of a number of organizations
to perform such measurements with the help of commer-
cially available drones were rejected by the ChNPP be-
cause of the justified risk of the control electronics failure
and the subsequent uncontrolled drone fall on the OS.

The works on completion of the NSC project, togeth-
er with the fact of creation in Ukraine the functional com-
patible device of the Mirion GIM204 type EDR measure-
ment unit (which make it possible to connect it to NSC
Radiation Monitoring System (RMS)) [5] has opened pos-
sibilities on placing of such device directly on the MCS
and performance of remote measurements of a gamma
dose distribution over the SO. As a result, the ChNPP,
together with the Institute for Safety Problems of Nuclear
Power Plants (ISP NPP) of the National Academy of
Sciences of Ukraine (NASU) developed Decision No.
0500/14-04 of the ChNPP Radiation Protection Shop
[6] on conducting such measurements in parallel with
the tests on putting into operation of the MCS.

The works on this Decision were distributed as follows:

The ISP NPP of the NASU developed the methodology
of the experiment and is engaged in interpretation
of the result;

The Institute of Mathematical Machines and
Systems Problems (IMMSP) of the NASU developed
the program and technical architecture and conceptual
mathematical algorithms;

The company “Digital Data Pro” developed software;

The company “Inter Atom Instrument” manufactured
and delivered the experimental device;

ChNPP placed the device on the MCS and ensured
an experiment with the participation of representatives
of the NASU and the developers of the device.

The results of these measurements are presented
in this article.

Input data for the experiment

Traditional methods of radiation situation mapping
assume the division of the investigated area into a condi-
tional coordinate grid (usually with a fixed step in both
coordinates). Further, the measurements at the nodes
of this grid are performed with the subsequent construc-
tion of isolines of the spatial distribution of pollution. If
the grid spacing is large, then it is necessary to estimate
the pollution at any point of space resort to methods
of spatial interpolation. For a two-dimensional coordinate

grid, these are usually the bilinear and bicubic interpola-
tion methods. In this case, it is considered that the factors
influencing the radiation situation are in a static state, i. e.
the radiation situation in the investigated area is practi-
cally constant in a reasonable time interval.

According to the design criteria, the resolution of the
MCS mechanisms ensures the positioning of the trol-
ley with the installed EDR detector with an accuracy of
+35 mm. The trolley can be moved at speeds of up to
15 meters per minute. The spatial position of the trolley
(and the bridge) is updated approximately once per second.

Gamma radiation detection unit itself provides mea-
surement in the range from 0.05 pSv/h to 10 Sv/h with
arelative error of + 17 % [7]. The actual data update is car-
ried out every 2 seconds due to the operation of micro-
computer software implemented in the detection unit.

In both cases, data on trolley location coordinates
and EDR readings are recorded in the NSC ICS histori-
cal database. In this case, the registration is based on the
principle of “on change” recording.

The existing restrictions in the MCS commissioning
test programme did not envisage the possibility of orga-
nizing the movement of MCS components along a regular
grid. Moreover, the participants in the experiment could
not significantly influence the trajectory and speed of the
trolley movement.

Thus, the decision was made to limit the data ob-
tained as a result of the actual movement of the trolley
with the measuring instrument and to estimate the miss-
ing data by spatial interpolation.

Research progress

The detector of the instrument was placed on the
“safe trolley” of the MCS with a slight offset from the cen-
tre of its movement axis, from the “north” side of the trol-
ley under its floor at the level of the lower plane of the
MCS movement, so that from above the detector shields
the MCS structural elements are placed (Fig. 1). It was
made to avoid potential effects of scattered gamma radi-
ation from NSC structures.

Several series of measurements were made. In all cas-
es the trolley movement and EDR readings were recorded
by the NSC’s ICS and archived on the historical server.

In order to eliminate the risk of data loss due to un-
stable communication with the instrument, all EDR
measurements were duplicated to the internal memory
of the device and were available for retrieval after com-
munication recovery. Direct synchronization of the de-
vice operation with the NSC’s ICS archive data server was
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Fig. 1. Placement of the instrument on the Safe Trolley of MCS

provided by a single NTP server for the device and NSC’s
ICS (precise time server, with network protocol support
for synchronization of the computer’s internal clock using
variable latency networks).

First experimental measurements

The purpose of the first experiment was to check the op-
eration of the device under conditions of dynamic movement
of MCS across the “working field” over the SO. Namely:

the influence of possible interferences from
the operation of the MCS electric power equipment;

the presence of possible “dead” zones, where there
is no radio communication with the device;

stability of the device interface with the NSC RMS;

stability of the device operation in high gamma fields
(more than 1 R/h).

After installation of the device, the ChNPP personnel
moved the safe trolley of MCS according to the planned
test program. The movement trajectory and time diagram
of the experiment are shown in Figs. 2 and 3, respectively.
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Fig. 2. Sensor trajectory over the Shelter object
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Fig. 3. Time diagram of the experiment

In the course of the experiment, a minimum value
of 230 uS/hr (in the area of the northern garage of the
NSC) and a maximum value of 28490 uS/hr (2.84 R/h)
were recorded. Thus, the main purpose of the experi-
ment — to check the operation of the software and hard-
ware complex of the device and to obtain raw data for de-
bugging mathematical algorithms — was fully achieved.
As aresult, it was decided to leave the device at the MCS
in order to record all subsequent data on EDR values
above the SO in automatic mode in the device memory
and (if possible) on the NBC’s IMS archive server.

On the basis of the obtained data, a software module
in Python language was developed, which made it possi-
ble to build a “thermal map” of EDR density distribution
over the SO. The direct visualization was performed using
the Seaborn module. The data obtained in this way were
processed as follows.

1. The rectangular segment in the plane under
the MSC was divided into squares with the side of 1
meter. Each square was assigned coordinates (x, y) —
corresponding to an integer number of meters from
the beginning of the MCS coordinates. The obtained
points are considered as nodes of a simulated EDR
distribution grid over the SO.

2. Iftrolley was above a certain square in coordinates
(x, y) of one or more time intervals t, — then the EDR
for this square (D, ) was defined as the arithmetic mean
of the detector measurements at the union of all the above
time intervals. A square meter with the calculated EDR
in coordinates (x, y) is taken as interpolation node, and
pairs ((x, y), ny) are taken as basic data point.

3. By means of bilinear interpolation methods,
the values in the remaining nodes of the modeled grid
are calculated from the known data base points.

As a result of the algorithm work, the following data
have been obtained (Fig. 5).
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Fig. 5. Results of processing the first experimental data

As it can be seen in the figure, the calculated distribution
of EDR has a pronounced form in the form of oscillating
flame, and the contours of oscillation are clearly associ-
ated with the trajectory of the trolley.

A detailed analysis of the primary results showed
that there is an 8-second delay in the reading of the
BDBG-09 type EDR detector. That, when the trol-
ley moves from a “hot” place to a “cold” place, shifts
the “heat” pattern to a “cold” place and vice versa. Such
delay is typical for all detectors having microprocessor
processing and it is caused by delays in signal process-
ing and applied numerical filters. It should be noted
here that the lag effect for the original NSC RMS detec-
tor — GIM-204 — is more significant (about 30 seconds
at low activity).

Further measurements

As it was noted above, the EDR measuring device
mounted on the MCS provided functional compati-
bility with the standard radiation monitoring instru-
ments of the NSC RMS. Besides, the EDR readings are
duplicated in the device memory. This made it possible
to make a sampling of experimental data post factum,
after the completion of the complex of works on testing
the MCS, carried out by the ChNPP. And based on the
results of long-term observations during the commission-
ing with the help of stationary sensors of the NSC RMS,
which indicate that EDR under the NSC roof is in stable
condition and its changes are related only to the shield-
ing that occurs when the MCS is moved, it was decided
to combine the results of all measurements, including
the first one. The combined result of the measurements,
combined with the trajectory of movement, is shown
in Fig. 6.
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Fig. 6. Total EDR sensor trajectory for all observed time intervals

Thus, a new dataset was selected, on which the cor-
rected algorithm for constructing the “heat map” was ap-
plied. The essence of the algorithm changes from the one
described above was reduced to the correction of the delay
time of the EDR readings relative to the actual position
of the cart, as well as the use of various methods for in-
terpolating the missing data. And here it should be noted
that a discussion of the “best” interpolation method is be-
yond the scope of this article.

Interpolation is performed by the method of iterative
reconstruction of missing data with the help of the closest
neighbours located at a single distance from the point un-
der reconstruction. The essence of interpolation method
is reduced to the following algorithm.

1. All the points whose values need to be
reconstructed are searched for.

2. For each such point, the nearest neighbours
located at a given distance are found. These neighbours
form a sample, in the terminology of mathematical
statistics. In this case, the distance is equal to one, and
the neighbours are located along the perimeter of a square
matrix of 9 cells.

3. Asavalue for the point to be reconstructed, some
weight function is applied. In this case, if the number
of neighbours is greater than or equal to 7, the median
of the sample is taken as the value of the point to be
reconstructed. If the number of neighbours is greater
than or equal to 3, then the value of the point to be
reconstructed is determined as the arithmetic mean
in the sample.

4. The algorithm is repeated until all the missing
points are reconstructed.

5. When all missing points are discovered a Gaussian
blur filter with radius 1 is applied on the whole map.
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Results and Discussion

The final calculated heat map of EDR distribution
over the SO after the NSC slide is shown in the Fig. 7.

It should be noted that there are different types
of interpolation available. The calculated heat map of EDR
distribution over the SO after the NSC slide by the Kriging
interpolation is shown in the Fig. 8. It gives probably more
conservative but quite similar results by identification
gamma anomalies over the SO. However, the verification
of the both methods were not performed and the problem
of “best” interpolation of EDR data on measurements on a
chaotic monitoring network requires further study.

The obtained result was integrated with the existing
3D model of the SO-NSC system. The result of such visu-
alization is shown in Fig. 9. As it was expected, the zone
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Fig. 7. Calculated “heat map” of EDR distribution over the SO
after NSC slide by the algorithm above

w

Fig. 8. Calculated “heat map” of EDR distribution over
the SO after NSC slide by Kriging methods

Fig. 9. Calculated “heat map” of EDR distribution over the SO
superimposed on the 3D model of the SO-NSC system

with the highest gamma rate is located close to the west side
of the SO. It could be easily explained by the closest dis-
tance between the sensor and structures of the SO during
measurements and the fact that while cleaning the roof
of the ChNPP just after the accident, the biggest and high-
ly contaminated (more than 1000 R/h) reactor’s core parts
found on the roof were dumped into the breakdown of 4
Unit exactly on this side. Here we could say that obtained
results are completely corresponds to existing studies of the
EDR distribution on the roofs of the SO dated in 2002 [4].

The gamma anomaly on the south close to reactor
hall could also be identified. However the measurements
done in 2002 show 2 anomalies when measurements show
only one. It will require future study and more detailed
measurements in this zone.

A new measurements show also an anomaly over
the reactor shaft, which are missing on the results ob-
tained 2002 [4]. This area will need more detailed inspec-
tion in the future.

Conclusion

The work performed made it possible to create an
operating technical system that ensures the actualization
of data on the EDR distribution over the SO. The data
obtained make it possible to continue research in the field
of assessing the current state of the SO.

The problem of “best” interpolation of EDR data
on measurements on a chaotic monitoring network re-
quires further study. And a verification approach for such
algorithms needs to be elaborated.

At this stage, the obtained result can be taken as a
basis for calculating the collective dose when planning
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the maintenance of the MCS of the NSC, for example,
using the tools of the ChNPP Visualization Center [8].

The obtained results of this work are planned to be
used as the basis for the creation of a technical vision sys-
tem to determine the radiation and technical state of the
SO during the planning and carrying out work to dis-
mantle its unstable structures.
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BuMiproBaHHA NOTY>KHOCTi €KBiBa/JIEeHTHOI 103
HaJ 00’€KTOM «YKPUTTS» MiC/IA 3aBePIIeHH
OymiBHMIITBA HOBOTO 0e31eYHOro KOH(aiiMeHTa

OmcaHo eKCIIepUMEHT IIOfI0 BUMipIOBaHHS eKBiBa-
JIEHTHOI 1031 11t 06’ekta «Ykpurtsi» (OY) mics 3aBep-
IIeHHs OyAiBHUIITBA HOBOTO Oe3neyHoro KoHgaimeHTa
(HBK). Hagani nepen, YkpaiHOIo ITOCTa€ 3aBoaHHA 3 fle-
MOHTaXy HecTabinbHux KoHcTpyKiit OY. IImanyBaHHA
TaKuX poOiT BMMarae akTyajabHUX 3HAHD I[OZIO O30BOI
00CTaHOBKM 5K y palfOHaX BUKOHAHH: POOIT, Tak i Ha BU-
CoTax IepeMilleHHs cucTeMu ocHOBHUX KpaHiB (COK).
BuMmiproBaHHA raMMa-BUIIPOMiHIOBaHHA NPOBOAVIIN
i 9ac BBefleHHA B eKcIUTyaranio HBK 3a gonomorozo
pospobneHoi B YkpaiHi cucteMi, sika QyHKIIiOHaIb-
HO eKBiBazleHTHa npunany Mirion GIM204 i noBHicTIO
CyMicHa 3 cucreMolo pagianiitnoro kourpomnio HBK. byno
BIKOHAHO JeKinbKa cepiit BuMiproBasb. Bisox COK 3 mart-
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YMKOM IepeMilllyBa/ly XaOTUYHOI0 TPAEKTOPIEI0, TOMY
6y/10 3aIIpOIIOHOBAHO METOJ iHTEepPHOIALIl BiICyTHIX
NaHKUX. MeTop peani3oBaHO Yy BUITIALI IPOTPaMHOIO
KOfy, a Bi3yasisallisl KapTorpaM pPO3IOAiTy raMMa-TIoNA
BMKOHaHa Y BUITIAJI «TennoBoi KapTu». Ilif 9ac inTep-
HpeTalii pe3y/bTaTiB BUMipIOBaHb BiI3HAYaBCS eeKT
3anisHoBaHHA BuMipioBaHb I1E]I, mo mif 9ac pyxy Biska
BiJ} «TapsY0TO» MICIIA IO «XOIOJHOTO» 3MIIIYE «TEMTIOBY»
KapTHUHY B OiK «XOTIOZHOTrO» Miclis i HaBmaku. Taxe 3ami3-
HIOBaHHS XapaKTepHE [I/id BCiX IeTEKTOPIB, 0 MalOTh
MiKpOIIpoIecOpHy 00pOoOKY, 1 Ije 06YMOB/IEHO 3aTPUM-
KaMM B 006poO1li CUTHAITY i 3aCTOCOBYBaHMMM YJCTIOBUM
¢inbrpamu. Sk pesynbrat, y 1jiit po6OTi MOKaHO KapTo-

rpaMy posHofiny raMMa-TIo/s Ha piBHi pyXy BiskiB COK
HBK. Po6oTa mo3Bomia CTBOPUTH [if09y TEXHIYHY CU-
cTeMy, 1]0 3a0e3IIedye aKTyaTi3allilo JaHNX PO PO3IIOAIT
ITE]] wapg OY. OTpuMaHmit pe3y/nibTaT MoXe OyTy B3ATHUI
32 OCHOBY pO3paxyHKY KOJIEKTMBHOI [JO3M Iif] Yac IjIa-
HYBaHHA TexHigyHOro obcmyrosysanHsa COK. V crarrti
POOMTBCA BUCHOBOK, LIO ITPO0O/IeMa «HaKpaloi» iHTep-
nonanii ganux IE]] 3a BUMipoBaHHAMM Ha XaOTUYHIl
MepeXi MOHITOPMHTY BMara€ mofaablioro BUBYEHH .

Kniouosi cnosa: 06’ €KT « YKPUTTSI», HOBUIL Ge3MeIHUIT
KOH(allHMeHT, pafiialliiiHe KapTorpadyBaHHA, FaMMa-
BUIIPOMiHIOBaHHS, IOTY>KHICTb €KBiBaJIEHTHOI JO3M.
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