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Abstract  A Gamma Locator designed for contamination survey inside the re-
actor hall of the 4th unit of Chernobyl NNP has been developed. The device
consists of a detector head and a remote control computer connected by a 150 m
long cable. The detector head (dimensions: 500mm by 500mm by 400mm;
weight: about 40 kg) is a collimated scintillation gamma detector (the collima-
tion angle is 10°). It is installed on a scanning unit and was placed inside the re-
actor hall. The Gamma Locator scans all surfaces of the reactor hall with angu-
lar steps ( ≥1° vertically as well as  horizontally) and the particle fluence from
the corresponding direction is recorded. The distance between the device head
and the measured surface is instantaneously registered by a laser distance
gauge. Inside the collimator there is a small CCD camera which makes it possi-
ble to obtain a visible image of the measured surface. The effective surface ac-
tivity levels are presented in colour on the screen of the control computer.  The
gamma detector essentially consists of a CsI(Tl) scintillator crystal (∅8 mm in
diameter, 2.5 mm in thickness) and a Si photodiode. The detector energy reso-
lution is about 8% for radiation from 137Cs. The exposure dose rate distribution
in the reactor hall is estimated from the measured effective surface activities
(137Cs is the main gamma emitting isotope inside the reactor hall). The results of
dose rate calculations are presented in colour superposed on a drawing of the
reactor hall.
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Preface

This report constitutes the final report for the scientific results of the fixed con-
tribution contract N IC15-CT96-0807 (DG 12-COPE) under the INCO-
COPERNICUS program. The project is a continuation of previous work under
the INTAS programme.

For the sake of completeness the description of the Gamma Locator developed
under the INTAS contract has been included in Chapter 2 of this report.
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1 Introduction

The main objective of the project is a measuring of surface activity distribution
and establishment of a dose rate map inside the damaged Chernobyl 4 reactor
unit. A special device, called the Gamma Locator, has been developed in the
frame of the INTAS program to perform these measurements. A detailed de-
scription of the Gamma Locator construction and its main systems are presented
in Chapter 2 of this report.
The main objective for this period of the project was to finalise the development
of the measuring equipment, to calibrate it, to select the location for measure-
ments and to provide an energy supply and communication lines inside the sar-
cophagus.

Currently, there is a great interest in many laboratories all over the world for
development of systems for remote measurement of radioactive contamination
levels of equipment and buildings in nuclear enterprises (He et al. 1995, Motter-
shead et al. 1996, Sudarkin et al. 1996, Simonet 1990 and Chesnokov et al.
1994a+b). The majority of the developed systems are based on visualisation of
gamma radiation sources (He et al. 1995, Sudarkin et al. 1996 and Volkovich et
al. 1990a). These systems are normally based on a position-sensitive detector
for high-energy photons. Such systems make it possible to impose a measured
intensity of gamma radiation on a visible image of the radiation source on a
computer screen and enable only a qualitative estimation of the radiation inten-
sity. Systems comprising collimated detectors (Gamma Locators) are applied to
obtain quantitative data on the activity of the gamma radiation source (Motter-
shead et al. 1996, Chesnokov et al. 1994, Volkovich et al. 1990b and Ches-
nokov et al. 1996). To obtain the gamma image in these systems the position-
sensitive detector views the object at different angles in consecutive scans. The
spatial resolution is here defined by the angular step of the scanning and by the
aperture of a collimator.

2 Description of Gamma Locator

A main feature of the Gamma Locator is the possibility to obtain a radiation
energy spectrum. This gives information about the different contaminant iso-
topes and about the structure of the radiation source. The results of measure-
ments using this type of equipment have been used to generate a computer data-
base of radioactive contamination levels of surveyed objects, which makes it
possible to simulate sequences and identify the optimal way to decontaminate
the object, to calculate exposure dose rates (EDR) at any point and to predict its
change after decontamination. It is also possible to identify doses to decontami-
nation personnel.

2.1 Construction and Main Components of the
Gamma Locator
The Gamma Locator was developed recently (Chesnokov et al. 1997a) in order
to measure surface activities inside the reactor hall of the Chernobyl NPP 4th
unit. It consists of two measuring heads and it is controlled by a computer. The
main measuring head only differs from that of the version developed under the
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framework of the INTAS program (reference number - INTAS-93-2288) by
sensitivity. It has the same systems and construction. The second measuring
head is similar to the first, but contains no laser distance device (this is the part
that is most vulnerable to radiation). The two heads can be operated jointly
through the control computer. The second measuring unit is equipped with a
small laser, which points to the center of the surveyed surface. The main meas-
uring unit is equipped with a laser distance gauge. This makes it possible to cal-
culate the distance to the measured surface from a knowledge of the relative
coordinates of the measuring units and angles to the surveyed object. The con-
struction of the measuring equipment makes it possible to create a model of the
surveyed surface, to impose the measured distribution of surface activity on it
and to use these data for EDR calculation at any point in space between the sur-
faces.

The dose potentially absorbed by the measuring head during the complete se-
ries of measurements in the damaged reactor hall is high (up to 100 Gray).
Therefore, the automated system has the option of using the measuring heads
separately in order to reduce the dose they absorb.

The Gamma Locator is an automated, collimated spectrometric detector
(CSD) of gamma radiation, which gives information on the energy spectrum of
the activity. The main task of this version of the equipment is the measurement
of the surface activity distribution with an unknown geometry in the damaged
reactor hall of the 4th unit of the Chernobyl NPP, and of any changes to this
distribution which may occur during work inside the building.

The CSD includes the following units and systems

• a pan-and-tilt unit that can turn the detector head vertically and horizontally.
• a laser distance device.
• a CCD-camera.
• a spectrum analyser;
• an interface for the CCD-camera
• a control computer.

The measuring head of the Gamma Locator (see Figure 2.1) is designed to en-
able measurements in areas with dose rates (EDR) as high as 100 mGy h-1. Such
high radiation fields impose additional restrictions on devices and their compo-
nents and significantly reduce the expected lifetime of the electronic equipment.
Average surface activities that can be measured by the CSD may be as high as 4
×1012 Bq m-2 (for 137Cs gamma radiation). This corresponds to a fluence rate in
the detector of about 5×106 s-1 cm-2. To reduce the count rate of the detector for
higher levels of contamination a 0.125 cm3 CsI(Tl) scintillator crystal with a
photodiode and a collimator with an entrance aperture of 2 mm is used. The
count rate of the above mentioned set-up of the detector is some 5×103 s-1. To
reduce the count rate lead filters are used. Where higher sensitivity is required,
in the lower surface activity range between 4×106 Bq m-2 and 4×109 Bq m-2, a 1
cm3 CsI(Tl)  detector with a collimator with an entrance aperture of ∅9 mm is
used.  The construction of the Gamma Locator makes it easy to rapidly change
the lead collimator to reduce or to increase the number of photons incident to
the detector.
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Figure 2.1 The measuring head of the Gamma locator mounted on a pan-and-
tilt unit (to the left). On top of the collimator the laser distance device can be
seen.

2.2 The Main Parameters and Characteristics of
the Gamma Locator Systems
All systems of the measuring head are mounted on pan-and-tilt tables, which
can be rotated in two dimensions (330 degrees horizontally and 180 degrees
vertically) and are controlled by PC. The spatial gamma radiation source distri-
bution can be mapped by systematically pointing the detector in different direc-
tions. This movement can be programmed and executed automatically by the
controlling PC. After the observation, the gamma ray image can be superim-
posed on the video image obtained by the CCD camera to identify the physical
objects associated with the gamma radiation emission. The computer controls
all Gamma Locator systems in real time and is also used to process the results.

The Gamma Locator makes it possible to measure 137Cs surface contamination
levels between 4×106 Bq/m2 and 4×1012 Bq/m2. This wide range is facilitated
through the use of exchangeable detectors of gamma radiation for both measur-
ing heads:

• The detector with scintillator volume of 1 cm3 is applied at contamination
levels between 4×106 Bq/m2 and 4×109 Bq/m2;

• The detector with scintillator volume of 0.125 cm3 is used at contamination
levels between 4×109 Bq/m2 and 4×1012 Bq/m2.

• The spatial entrance angle of the collimated detectors is 10°.
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• The measurement time of individual measurements can be varied between 1
s and 10 minutes.

• The distance from the measuring head to the surveyed surface is measured
by a laser distance device.

A diagrammatic representation of the Gamma Locator using one measuring
head is shown in Figure 2.2. The equipment includes the following basic func-
tional systems:

1. Collimated detector of gamma radiation.
2. Pan-and-tilt unit with control board.
3. Laser distance device.
4. CCD - camera.
5. Unit of communication and management (one on both measuring units).
6-7. Computer and software of management to control and record the meas-

ured information (one for both measuring heads).

1

2

3

4
5 6 7

200 m

Figure 2.2 Schematic diagram of the Gamma Locator. 1 - collimated detector; 2
- scanning unit; 3 - laser distance device; 4 - CCD camera; 5 - controller; 6 -
block of communication and control; 7 - computer.

1. Collimated detector. The detector of gamma radiation is based on the system
of a scintillator (CsI (Tl)) and a silicon photo diode. It is placed inside a lead
shielding (the thickness of the lead shielding is about 60 mm) with a collimator,
to shield against extraneous radiation. The detector is supplied with a preampli-
fier, a shape amplifier and input and output connectors. It is constructed as a
separate unit.  The preamplifier of the detector and the shape amplifier are made
as separate units and are located inside the lead shielding of the detector to re-
duce radiation doses to electronic systems and chips as much as possible.

2. Pan-and-tilt unit with control board. The pan-and-tilt unit (VPT-50/24-POT)
is a remote controlled unit for adjusting the orientation of the detector head in
both horizontal and vertical direction. It is a weatherproofed version manufac-
tured by Videor Technical of Germany. There are two electrical motors (hori-
zontally and vertically rotating) and two discrete gauges of angular movement
(horizontal and vertical rotation). The scanning angles are 0 to 360° horizontally
and -90° to 90° vertically. The error on a single angular movement does not ex-
ceed 0.3° at a rotation speed of 6.25 degrees per second in the horizontal plane
and 2.5 degrees per second vertically. The pan-and-tilt unit can carry a load of
35 kg and it does not require additional counterweights or springs. Its centre of
gravity is displaced. The total weight of the unit is 9.5 kg. It is reliably protected
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from various types of natural influences, such as a wind, snow or ice. The pan-
and-tilt unit can be used from -20 to 80 °C.

3. Laser distance device. The laser distance device is applied to measure dis-
tances from the Gamma Locator to the surveyed object. The principle of its
function is based on a time measurement of a light beam passage from the laser
up to the object and back. The range of distances that can be measured generally
goes from 10 m to 100 m. The maximum errors of measurement are :

- systematic error - 0.1 m + 0.2 % D (where D is  the measured distance, m);
- uncertainty  - 0.2 m.

At distances of less than 10 m the error becomes significant.
The laser is used to identify the centre of the area of the gamma measurement.

It is only established on one of the CSDs. The light spot of the laser (laser
pointer) can be observed by the CCD-camera inside the measuring head. The
main features of the applied laser are the small size and the relatively great
power. The laser has the dimensions of ∅ 20 mm and 60 mm in length. The
power of the laser beam is 2.5-3 mW.  The laser beam can be followed visually
at distances up to 50 m. The small laser size makes it possible to shield the de-
vice with lead, if necessary.

4. CCD-camera. In order to view the physical shape of the surveyed objects a
black-and-white CCD-camera MTV-261EM/CM (one on each measuring head)
is used. This CCD-camera is chosen because of its small size (50×50×30 mm),
which makes it possible to shield with lead, to protect against the radiation.
With this design the camera can be operated for relatively long periods of time,
with high levels of radiation, as is the case inside the damaged reactor hall. The
CCD-camera has automatic adjustment of brightness and an objective with short
focus, that provides a precise video image of studied objects.

5. Controller. The controller is used for processing signals and for control of the
pan-and-tilt unit. The controller is based on a receiver (PTZFI/C-EN) and pro-
duced in a weatherproofed version. This unit makes it possible to remote control
the pan-and-tilt unit with fixed or variable rotation speed. The communication
between the PTZFI/C-EN and a transmitter (PTZFI/C-S8) is made through two
coaxial cables of 200 m length. In addition, if necessary, the controller makes it
possible to operate with a video camera.

6. Block of communication and management. The communication block trans-
fers all information about the current condition of the scanning unit (horizontal
and vertical angles of rotation, application, etc.), the signal of the detector and
the video image to the computer.
Shapers of received signals from the controlling computer, amplification of sig-
nals to the computer (up to an adequate level for transfer through 200 metres
long cables), the power supply and the printboard for the spectral analyser are
also located inside this block.

6a. Transmitter PTZFI/C-S8. To switch the CCD-camera and transmit a televi-
sion signal, a transmitter (PTZFI/C-S8) is used. The PTZFI/C-S8 is a consecu-
tive eight-channel video switch. The transmitter has a wide set of additional
functions (such as the program switch on and off, an alarm-switching, etc.). The
presence of 8 video channels makes it possible, if desired, to easily increase the
number of controllable collimated detectors from two to eight. The PTZFI/C-S8
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has an RS-232 interface, which provides direct communication with the con-
trolling computer.

7. Controlling computer. This PC is used to control all the systems mentioned
above. To import the video image into the computer a board for digitalisation of
the video signal is used. This is installed inside the controlling computer. The
specially developed software makes it possible to control all systems, to switch
on and off separate parts, to record data on a disk, to show it on the screen and
to process the measured data completely. The measured distances are also
shown on the computer screen. The measured surface activity, presented with a
colour palette, can be super-imposed on the video image of the investigated ob-
jects obtained by the CCD camera, and the total picture is displayed on the
computer screen. The software makes it possible to process the video images.

To co-ordinate separate parts of the equipment, video ground-loop correctors
(VT1117) are used.

Using the equipment specified above it is possible to supervise conditions in
the location of the collimated detector, on the video monitor and on the screen
of the controlling computer.

2.3 Data Presentation Software
In the frame of the INCO-COPERNICUS project a computer program
(3DVIEWER) was developed, which can be used to visualise all data obtained
in the reactor hall of the Chernobyl NPP 4th unit. This program, which was run
on an IBM PC with WINDOWS 95, uses the Borland run time library
BC450RTL.DLL and the following two data bases:

MDB.CZ - measured data, including effective 137Cs surface activity density
(deposition) and coordinates of the investigated surface;

EDR.CZ - calculated effective dose rate (EDR) in the surveyed reactor hall.
A series of photos (BMP-files) of the reactor hall may be used by

3DVIEWER to show data superposed on visible images.
The program has 4 windows for data presentation and guidance on the com-

puter screen:

- the main window;
- the draw window;
- the information window;
- the status bar window.

The main window is always displayed. The user may show or hide all other
windows by pressing ‘hot keys’ on the keyboard: key F3 for draw window; key
F4 for information window; key F2 for status bar window.

The main window is used to show the three-dimensional view from any view
point in any direction with a view angle within the range of 10 - 80 degrees. The
shown data include:

• a model scheme of the reactor hall;
• distances for the model scheme;
• distances for the measured surfaces;
• measured 137Cs deposition;
• calculated EDR in the surveyed region;
• photos of the central hall.

The selection of the data to be shown is made from the program menu.
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All data are presented and described in Cartesian coordinates (absolute sys-
tem). The X-axis of the absolute system is directed from South to North, and the
Y-axis from East to West. The Z-axis is in vertical direction.

For the model scheme of the reactor hall the following dimensions were used:
The South and North walls of the reactor hall correspond to x=12 and 36 m, ap-
proximately. The East wall of the reactor hall lies in the plane y=0, whereas the
West wall has the co-ordinate y=54 m.  It has been established that before the
accident, the floor in the reactor hall lay at the level z=0 and the roof of the con-
structed sarcophagus is at the level of z=27 m.  The vertical axis of the de-
stroyed reactor has the horizontal co-ordinates of x=24 m, y=42 m.

The image is displayed in this ‘view’ co-ordinate system. The viewpoint is the
origin of this system. In order to pass from absolute system of co-ordinates to
the view system, the origin of the co-ordinate system must be transferred to the
view point, then the co-ordinate system must be rotated counter-clockwise
around the z-axis by the angle Fz, around the y-axis by the angle Fy, and around
the x-axis by the angle Fx. Thus, Fz and Fy angles are the horizontal and verti-
cal angles of the spherical co-ordinate system.  The angle Fx corresponds to im-
age rotation in the view direction. The user may change the view parameters by
pressing ‘hot keys’, or by using the view dialogue panel from the program
menu.

The EDR image is formed for a x-, or y-, or z-cross section in a rectangular
window. The EDR cross section window size and position are established by the
user from the dialogue panel for EDR options under the program menu.

The iso-line values, which are displayed for the contamination level, distance
or EDR data, are selected from the program menu.

The draw window, information window and status bar window are used to de-
scribe the image in the main window.

The draw window can be used to obtain horizontal and vertical cross section
drawings of reactor hall.  This window shows the viewpoint position in the re-
actor hall, the direction of view, size and orientation of the image in the EDR
window. The Gamma Locator position in the reactor hall is also shown in the
draw window.

The information window describes the shown system and its parameters (col-
ours and iso-line values).

The status bar window contains information about the current view point po-
sition, direction and angles of view.

Fig. 2.3 shows an example of a computer screen during operation.
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Figure 2.3 Example of how the EDR results may be presented superposed on
photographic pictures.

3 Calibration Procedures

3.1 Laboratory Measurements of Apparatus Func-
tion of Detectors
To determine the sensitivity and angular apparatus functions of the Gamma Lo-
cator detectors, test measurements were carried out in the laboratory using plane
and point sources of 137Cs (gamma photon energy : 662 keV).

The activity of the 137Cs point source was about 3 109 Bq. The source was
placed at a distance of about 5 m for the test of the more sensitive detector
(scintillator volume: 1 cm3) and at a distance of about 1 m for the less sensitive
detector (scintillator volume: 0.1 cm3). These distances provide a sufficiently
high count rate for the detectors to eliminate the influence of geometrical fac-
tors. The Gamma Locator was scanning an angular segment of 40° by 40°,
where the source was placed at the centre.  The angular step size of the scanning
was 1°.

The angular apparatus functions of the detector were defined from these
measurements. The image of the radiation source seen from the detector with
the CCD camera is shown in Figure 3.1, with the measured distribution of ra-
diation superimposed.
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Figure 3.1 Visible images and gamma measurements of the point source (an-
gular size :  ca. 0.1°).  An angular step size of 1° was used for the scanning.

The apparatus function of the large volume detector is shown in Figure 3.2.
Here, it is seen that the angular width of the measured peak at half height of
maximum (FWHM) is 6°. Similar data were obtained for the smaller detector,
for which the angular FWHM was found to be 7.5°(see Figure 3.3). The func-
tion shown in Figure 3.2 is not as smooth as could perhaps be expected. This is
not a result of any statistical error of the measurements as such. Rather, the un-
evenness of the function illustrates the great sensitivity of the detector response
towards small deviations in the operation of the pan-and-tilt unit. The accuracy
of the pan-and-tilt unit adjustment is better than 0.3° on a single step, but an er-
ror can gradually accumulate and may be as high as 1°-2° on large angular seg-
ments when scanning at 1° steps. Thus, the error in connection with the installa-
tion of an angle substantially exceeds the statistical error of the measurement
(the integral count number in the main part of the spectrum exceeds 2000, corre-
sponding to a standard deviation of less than 2.2 %).
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Figure 3.2 Angular apparatus function of the large volume detector. The num-
ber of counts is shown as a function of angular steps in two dimensions.
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ber of counts is shown as a function of angular steps in two dimensions
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The resolution of both detectors at one tenth of maximum (FWTM) was found
to be 10°. The resolution of the large detector at 80 % of the maximum was
found to be 2°, whereas it was found to be 4° for the smaller detector.  The bet-
ter resolution of the large detector makes it well suited for accurate determina-
tion of the position of for instance point sources.

The calibration of the detectors was carried out using a plane homogeneously
distributed source of 137Cs measuring 35 cm by 35 cm. The distance between the
source and the detector was 0.25 m. At this distance, the plane source was, due
to the detector collimation, sufficiently large to simulate an infinite area. The
manufacturing and certification of the source was carried out at a special Rus-
sian certification enterprise in 1992.  The surface activity of the created plane
source was 555 MBq/m2 at the time of the certification. The heterogeneity of the
activity distribution over the plane source was found not to exceed 6 %.

3.2 The Spectral Characteristics of the Detectors
The calibration spectrum for the plane calibration source, as measured with the
small detector, is shown in Figure 3.4. The distance between the source and the
entrance window of the measuring unit was 0.25 m. The exposure time was
10800 s.  The energy resolution of the detector was found to be about 8% (for
the 662 keV energy peak of 137Cs radiation) and this is sufficient to obtain in-
formation about the sources of gamma radiation inside the damaged reactor hall.
Also the background spectrum (i.e. the spectrum obtained without any sources
present) was measured and used to correct for the contribution of naturally oc-
curring radionuclides and cosmic radiation in the calibration spectrum. The
calibration data was used in the calculation of surface activity and exposure
dose rate (EDR) distribution.
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Figure 3.4 The calibration spectrum of the small detector.

To verify the calculation of the EDR level in the laboratory, three point 137Cs
sources of different activities were placed in the room. The entire room (4π
solid angle) was scanned with the Gamma Locator. The distances to surfaces
and the corresponding distribution of the surface activity in the room were
measured. This data was used as input for a special computer programme, which
calculated the EDR distribution at a height of one meter above the floor of the
room. The obtained result is shown in Figure 3.5. The difference between the
calculated distribution and measurement data obtained with a standard dosime-
ter at separate points was found to be less than 20 %. The greatest deviations
were observed for small distances from the point sources (r ≤ 0.5 m).
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Figure 3.5 EDR (in units of 10’s of µSv h -1) distribution calculated for a height
of one meter above the floor in the laboratory room.  Three peaks are indicated.

3.3 Test Measurements Inside the Chernobyl Reac-
tor Unit 4
The control system for the Gamma Locator was installed in room N 554 of the
4th unit of the Chernobyl NPP. The exposure rate in this room was about 2 mR
h-1. This room was used as a control centre for the measurements in the reactor
hall.

A sample containing nuclear fuel debris was obtained to study the characteri-
stics of the measured spectra. This sample was taken from the reactor hall for
testing in the laboratory. It was placed in a special lead container. The Gamma
Locator was placed at the distance of 5 m from the sample. The gamma spec-
trum of the sample was measured with the Gamma Locator and stored. A video
image of the sample, as recorded with the video camera of the Gamma Locator,
is shown in Error! Unknown switch argument.. The white circle shows the
position of the gamma emitting sample identified with the Gamma Locator.
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Figure 3.6  The CCD camera picture of the measurements in the room N 554
with the position of the sample shown as a white circle.

The gamma spectrum obtained for this sample with the Gamma Locator is
shown in Figure 3.7. It can be seen that the main gamma emitting isotope is
137Cs. The rather large low-energetic part of the spectrum is caused by scattering
of gamma radiation inside the nuclear debris sample and in the Gamma Locator.
The increased scattering in the volume sources inside the reactor hall was taken
into account in the calculations of the EDR distribution inside the reactor hall.
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Figure 3.7 The radiation spectrum obtained by the Gamma Locator in room N
554.  The number of counts is shown as a function of the energy-dependent
channel numbers.

The definition of the surface activity of 137Cs, σ, based on the total count rate, is
not quite correct due to the large contribution of high-efficiency detected low
energy photons to the count rate of the detector.

As the measurements were carried out by the energy spectrum recording de-
tector other approaches for definition of the surface activity are possible.

The first approach is based on a determination of the counts in the full energy
absorption peak Nf (∆� = 600 -740 keV). It is obvious, that

σ = �onst N f

where the value of the constant is found from the calibration of the detector on a
smooth surface source with known activity.

However this approach has a shortcoming in relation to measurements in the
reactor hall, due to the presence of volume sources, rather than surface sources
of radiation. With a volume source a significant part of the unscattered (direct)
radiation is absorbed.  Therefore the estimation of σ will in this case underesti-
mate the surface activity.

It is known, that more than 95 % of the EDR is due to the radiation from con-
taminants located in a surface layer of a thickness of 3 mean free paths (mfp) of
photons with energy 662 keV. Therefore, in the case of volume sources, the sur-
face activity is the total 137Cs activity per unit of the surface area coming from a
layer with a thickness of  3 mfp. This is the main dose contributing activity.

To define the activity from a 3 mfp thick layer, it is necessary to use other en-
ergy ranges of the recorded energy spectrum. In Fig. 3.8 the recorded spectra are
shown of the detector with the scintillation crystal thickness of 2.5 mm, detect-
ing the radiation on a surface (curve 1) and homogeneously distributed in con-
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crete (curves 2-4) of thicknesses of 1, 2 and 3 mfp, with identical total activities
per areal unit.

Figure 3.8 An energy spectrum recorded with the detector, detecting the radia-
tion from a surface source ( curve 1) and of homogeneously distributed activity
in concrete layers of  1 mfp (curve 2); 2 mfps (curve 3) and  3 mfps (curve 4).
The number of counts is shown as a function of the energy in MeV.

As can be seen from Fig.3.8, in energy range II (the peak of full energy absorp-
tion) the count rate decreases markedly with increasing thickness of the layer
throughout which the source is distributed, whereas energy range I is character-
ised by a relatively invariable count rate. The dependence of the count rate in
energy range I on the thickness of the source layer is shown in Fig. 3.9, relative
to the count rate from a surface source. As can be seen from this figure, the
change in the count rate with increasing source thickness does not exceed 25 %.
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Figure 3.9 Dependence of the relative count rate in spectrum range I on the
thickness of the source layer Z (expressed in mfp units). N0 is the corresponding
count rate from a smooth surface source.

Thus, to define the main dose contributing 137Cs activity per unit of surface area,
it is possible also to apply an expression of the type:

σ = �onst N�

where Nc is the number of counts in the 400-600 keV window (energy range I),
and the value of the constant could also be established from the calibration of
the detector with a surface source of known activity.
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4 Measurements Inside the Reactor
Hall

The Gamma Locator was installed inside the reactor hall of the 4th unit of the
Chernobyl power plant. Figure 4.1 shows a picture taken during the installation
of the device in the reactor hall. The light visible in the upper centre of the pic-
ture is due to the leaks in the sarcophagus. The umbrella seen in the picture was
positioned to protect the gamma locator from the falling moisture in the reactor
hall. The moisture is partly due to leaks in the roof and partly from the spraying
of water in the reactor hall to reduce resuspension of dust. Figure 4.2 shows an
example of the sort of images that can be obtained of physical objects with su-
perposed surface activity colour patterns. The position of the Gamma Locator in
the reactor hall is mapped in Figure 4.3. From this position it is possible to scan
most of the reactor hall. Especially, there is a good view of the top of the reactor
core and the reactor cover. The dose rate in the reactor hall is highest around
these objects and it is thus expected that the most intense sources will be in this
area. The reactor cover stands in a nearly vertical position after the explosion.
The cover has a diameter of 18 metres and it is 3 metres thick.  From this loca-
tion all surfaces of the building were scanned with an angular step of 5o. The
activity distribution in the reactor hall is very heterogeneous and in some direc-
tions, a significant fraction of the photons, which are registered by the detector,
passes through the collimator shielding of the CSD.  Therefore, it was necessary
to measure this background separately. Measurements in which the collimator
was closed by a lead shutter were carried out with the same angular step to de-
termine the influence of these photons. The energy spectrum was recorded in
the computer at each position of the pan-and-tilt unit. The background spectrum
(with shutter) was subtracted from the main spectrum (without shutter) to de-
termine the surface activity at each position of the collimated detector.  Thereby,
the surface activity distribution was recorded.   Figure 4.4 shows the main (1)
and background (2) spectra obtained by measurement at the most heavily con-
taminated place in the reactor hall.
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Figure 4.1 The measuring head of the Gamma Locator under installation in the
reactor hall.

Figure 4.2  The superposition of colour level of surface activity on a visible im-
age of the destroyed reactor.
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Figure 4.3 A: Cross section along the axis of the destroyed reactor; B:- Hori-
zontal cross section at a level of 43 m above ground.
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Figure 4.4. Gamma energy spectra measured at the most heavily contaminated
area in the Chernobyl reactor building.

In addition to the scanning with 5o steps, the surfaces with the highest contami-
nation were scanned with an angular step of 1º. Using the device calibration
described above, the surface activity distribution was calculated for each spec-
trum. The obtained maps of the surface activity distribution were superposed on
the images obtained with the CCD camera. In this way it was possible to iden-
tify the objects that were the most intense sources of radiation. In the picture in
Figure 4.2 the camera is pointed towards the area around the open reactor, and a
surface activity map is superposed on it. Not surprisingly, the main contributing
source to the dose rate inside the destroyed reactor is in this area.

The distribution of the contamination is shown in Figure 4.5, in the angular
coordinates ϑ from -85° to +90° and ϕ from +31° to +356°. An estimate of the
angular activity distribution based on the whole energy spectrum from 50 to
1500 keV is shown in Figure 4.5 A, whereas Figure 4.5 B shows an estimate
based on the full energy peak (600-740 keV).  Figure 4.5 C shows an estimate
based on the counts registered in the energy range from 400 to 600 keV, corre-
sponding to a Compton scattering part of the spectrum. The main part of the
activity is located in the area of the destroyed reactor ('scheme Elena'). An
analysis of the spectrometric data has shown, that the contaminated area must be
regarded as a volume source, and due to self-absorption, the estimate of the ac-
tivity which was based entirely on the full energy peak underestimates the result
by a factor of 2.5 - 3 compared with the estimate which is based on the
Compton scattered part of the energy spectrum (400-600 keV). The estimate
based on the total spectrum overestimates the activity due to the influence of the
scattered and reflected radiation. The average surface activity near 'scheme
Elena' was found to be as high as 4 1012 Bq/m2. The places with the highest sur-
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face activity were scanned with an angular step of 1°. In this case, one energy
spectrum was recorded for each segment of 3° by 3°. The surface activity distri-
bution was superposed onto a colour image of the destroyed reactor ('scheme
Elena'). The total activities of the three strongest sources are ~6 1013, ~12.5
1013 and ~18. 1013 Bq respectively.

Figure 4.5 Angular surface activity distribution in the reactor hall.
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5 Modelling of Dose Rates

The method for calculation of the EDR distribution inside contaminated build-
ings is described by Chesnokov et al. 1997b. This method works well, when the
contamination is located on surfaces. However, as previously mentioned, the
measurements carried out by CSD in the reactor hall have shown that several
sources have the character of volume sources, which demand changes in the
above-mentioned method.

For each measuring position of the Gamma Locator the radiation spectrum
with and without shutter was recorded by the computer. To determine the sur-
face activity, first of all, the background spectrum (with shutter) was subtracted
from total spectrum (without shutter) and using the 3 energy ranges mentioned
above, the surface activity was calculated.

The next problem is connected with the presence of volume radiation sources,
either in the form of larger pieces of the reactor core scattered by the first explo-
sion during the accident, or by subsequent covering of sources by absorbing
materials. Photons are scattered and reflected inside the covering materials, de-
positing their energy, as illustrated in Figure 5.1. Due to this repeated scattering
and reflection the photon energy decreases. This increases the efficiency of its
detection by the crystal.

2 2
1

3

4

5 6

Figure 5.1 Geometry of Gamma Locator measurement in a complex structure of
radiation sources. 1 - Gamma Locator; 2 - surface radiation sources; 3 - vol-
ume radiation source; 4 - flux of non-scattered radiation; 5 - flux of repeatedly
scattered radiation; 6 - flux of reflected radiation.

For Gamma Locator measurements in the intensive radiation fields, the scintil-
lation volume is decreased to reduce the count rate of the detector. This was the
case for the measurements inside the reactor hall, where the thickness of the
scintillation crystal in the direction of the axis of the collimator was 2.5 mm. In
Table 5.1 the measured detection efficiencies of detectors with specified sizes
are given for photons of 60 and 600 keV energy. It can be seen from Table 5.1
that for the smaller detector the efficiency of low energy radiation detection is
much higher than that for high-energy radiation.  This greatly influences the
detected spectrum of radiation.
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Table 5.1 Efficiencies of two detectors of different sizes, at different photon en-
ergies.

Energy Efficiency of detection

keV thickness of 2.5 mm Thickness of 10 mm
60 0.998 1.00

600 0.087 0.301

In Figure 5.2 an energy spectrum obtained with the Gamma Locator with the
geometry shown in Figure 5.3 is presented. From this figure it can be seen that
for the detector with a crystal thickness of 2.5 mm the contribution of scattered
radiation is 90 %. Therefore the estimation of surface activity and EDR calcula-
tion based on an integrated count rate will be incorrect. In this case it is neces-
sary to take into account the radiation spectra to calculate the EDR distribution.

Figure 5.2 Energy spectrum obtained with the Gamma Locator, calculated for
geometry of measurements. 1 - is the total spectrum, 2 –is the contribution from
reflected radiation (45 %) and 3 – is the contribution of non-scattered (direct)
radiation (10 %).
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Figure 5.3 Schematic representation of the location of Gamma Locator (1) and
plane sources of radiation (2) for numerical simulation of an apparatus spec-
trum. Components of detected radiation: 3 - non-scattered (direct) photons; 4 -
repeatedly scattered photons; 5 - reflected photons.

5.1 Theoretical Considerations on the Conversion
of Measured Spectral Data to Dose Rates.
The main factor which characterises the radiation field is the angular and energy

differential flux of photons Φ(
r
r0 ,

r
Ω. ' )E , as defined by Mashkovich, 1982. As-

sume that the Gamma Locator is located at the point 
r
r0 . The spectrum, N(E),

recorded by the detector located in the radiation field may be described by the
formula:

N(E) = d d E G E E E

Er r r
Ω ΩΩ Φ

∆Ω
∫ ∫ϕ ε( ) ' ( , ' ) ( ' ) (0

0

0
r
r0 ,

r
Ω, ' )E , (1)

where ϕ ( )
r r
ΩΩ0  is the angular apparatus function (see Figure 5.2), 

r
Ω0  is the

direction of the detector’s collimator axis, ε(�’) is the total detection efficiency
of photons as a function of their energy, �’, G(E,E’) is the detector response
function for detection of photons of the energy �’, � 0  is the maximum photon
energy and ∆Ω is the solid angle of the collimator.

The photon flux in the solid collimator angle ∆Ω at the point 
r
r0  determines

the exposure dose rate (EDR) ∆�(
r
r0 ), which is expressed by the formula:

∆�(
r
r0 ) = ()'(

0

04

ΦΩ ∫∫
Π

EfdEd a

Er r
r0 ,

r
Ω, ' )E (2)

Here f Ea ( )  determines the EDR as a function of photon energy, expressed by
the cross section of photon interaction with the substance (as described by e.g.
Kolchugkin and Uchaykin, 1978).

Since the detector response N(E) and ∆� (the EDR) are determined by the
same photon flux, it is obvious that they are functionally related.  Assume that
this function is determined by the expression:

∆�(
r
r0 ) = K E N E d E

E

( ) ( )
0

0

∫  (3)
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Where K(E) is some unknown energy-dependent function. K(E) can be de-

scribed as )(),()( ** EKEK ΩΩ= ϕ . Here ϕ ( * , )
r r
Ω Ω0  is the value of the an-

gular detector response function for a fixed aperture 
r
Ω ∆Ω* ∈ .

Using (1 - 3), it is easy to show that the function K(E) in equation (3), is the
solution to the integral equation:

f E E d E K E G E Ea

E

( ' ) ( ' ) ( * , ) * ( ) ( , ' )= × ×∫ε ϕ
r r
Ω Ω 0

0

0

(4)

As equation (4) is linear, the function K(E) may be determined with the accu-

racy of the constant factor of ϕ ( * , )
r r
Ω Ω0 . The integral equation (4) may be

solved by the method of Tikhonov et al. 1990. The numerical solution of equa-

tion (4) for �*(�) using ϕ ( * , )
r r
Ω Ω0 =1 is shown in Figure 5.4.  As men-

tioned previously, equation (4) is linear, so the function �(�) for

ϕ ( * , )
r r
Ω Ω0 ≠1 is related with �*(�) through the simple relation:

�(�) = �*(�) / ϕ ( * , )
r r
Ω Ω0 (5)
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Figure 5.4 �*(�) versus the photon energy, �. Curve 1 is the numerical sol u-
tion to equation (4); curve 2 is the approximation of �*(�) by a fifth order
polynomium.
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In the following calculations the function �*(�) was approximated by a fifth

order polynomium �*(�) ≈ i
i

i

EaΣ
=

5

0

. This representation of the �*(�) function

and the numerical solution to equation (4) are in a good agreement, as can be
seen in Figure 5.4.

The detector response function G(E,E’) was determined by the Monte-Carlo
method, whereas f Ea ( ' )  was determined from table values of cross sections for

photon interaction with substances (Storm and Israel, 1973).  ε(�’) is a simple
analytical expression for the case of photons perpendicularly incident to the
crystal of the scintillator.

The dependence of �*(�) on E, as shown in Figure 5.4, has a simple physical
explanation. As mentioned above, the low energy photons have a high detection
efficiency, but their contribution to the total dose is smaller than that of the high
energy photons with a lower detection efficiency.

The EDR determined according to equation (2) is the contribution to dose
from the solid angle ∆Ω. The total EDR is an additive value and is determined
by the formula:
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r0 ) = d d E f E
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The surface of the measured objects is replaced by an approximated closed sur-
face consisting of triangles, the corners of each of the triangles being the meas-
uring points. In this case, the integral in expression (6) may be replaced by a
sum:
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where ∆Ωj  is the solid angle of the j-th triangular surface Sj  from point 
r
r0 . and

∫∑ Ω=∆Ω
= π41

r
d

M

j
j . � is the total number of triangles which cover the whole i n-

vestigated area.
The photon mean free path in air for practically the whole energy range is

several tens of metres (at least for the unscattered radiation), so it is possible to
neglect the absorption and reflection in air inside the Sarcophagus. This leads to
the expression:

Φ (
r
r0 ,

r
Ω. ' )E = )',/)(,( 00 Errrrr sss

rrrr
−−Φ (8)

expressing that the photon flux is constant along the direction
r r r r r
Ω = − −( ) /r r r rs s0 0  (the point 

r
r s  lies this direction) when there is no ab-

sorption or reflection in the medium.

In this case, the integral in expression (7) along the solid angle d
r
Ω  may be

replaced by the integral along the triangle surface (see Figure 5.5), using the
obvious relation

d n d r r rj s s

r r r r r r
Ω Ω= −/ 0

2
 , (9)
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where 
r
n j  is a normal to the triangle surface Sj, the point 

r
r s  is on surface Sj

( d r d ss

r
≡  is an element of the surface area). Equation (9) simply expresses that

the solid angle covered by a surface is given by the projected area divided by
the squared distance. Thus, taking into account equations (8) and (9), the fol-
lowing can be deduced:
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Here 
r r r r r
Ω = − −( ) /r r r rs s0 0 .
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Figure 5.5 The triangle surface element which may be seen from the point
r
r0 under the solid angle ∆Ω j .

For the expression (10) the average theorem may be used:
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As the solid angle ∆Ω j  is small, the ‘average’ value 
r
Ω *  may be approximated

by a arithmetic mean of the three corners of the triangles
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The flux is averaged along the solid angle of the collimator ∆Ω, here for each
direction on the i-th top of a triangle. Thus, using (11), the j-th component of
EDR in formula (7) may be represented by:
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where Nij(E) is the energy spectrum of the detector for the geometry where it
points to the i-th top of the j-th triangle. The function ηj

(
r
r0 ).=

S j

∫ d r r rs s

r r r
/ 0

2
− , corresponds to the substitution of the triangle surface

Sj  by a circular surface with the same area and is determined by expression (9).
The expression in square brackets, Ccol, in expression (12) is the factor of pro-

portionality, which has the following physical meaning: it is the angle seen by
the detector through the aperture. This may be found from the apparatus angular
function of the collimated detector (see Figure 3.2 and Figure 3.3) or from cali-
bration at the measurement location of the Gamma Locator (i.e. from the value
of EDR, �(

r
r0 )):
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where M is the number of measurements. For any arbitrary point of the reactor
hall, the EDR is described by the formula:
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which expresses that changes in the EDR change are taken into account through
a geometrical factor, defined by the function ηj (

r
r ). This follows from the iso-

tropic angular distribution of flux of the photons, emitted by the surface pseudo-
sources of the considered triangles. It is a good approximation for scattered and
non-scattered (direct) radiation emitted by contaminated surfaces.

The methodology of the EDR calculation is a reconstruction of the gamma-ray
field inside the hall taking into account the energy and angular parameters at the
location of the Gamma Locator.

5.2 Calculated Dose Rates inside the Reactor Hall
The calculation of the EDR distribution in the reactor hall was performed ac-
cording to the algorithm discussed above, using the measurements described in
Chapter 4. The EDR calculations were carried out in horizontal sections of
planes on a uniform grid with a fixed step size of 1 m. The number of planes
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was 36, and the distance in the vertical direction between planes is 1 m.. The
level of the Gamma Locator was applied as the ‘zero’ horizontal level. In Figure
5.6 and Figure 5.7 the EDR distributions in planes located at levels + 2, + 8 m
are shown. The vertical EDR distribution over the centre of the destroyed reac-
tor is shown in Figure 5.8.

Figure 5.6 The EDR distribution 2 m above the position of the Gamma Locator.

Figure 5.7 The EDR distribution 8 m above the position of the Gamma Locator.
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Figure 5.8 Dependence of EDR on the height (at a point near the reactor).  The
‘EDR equivalent’ exposure rate in Röntgens is plotted against the height in me-
tres.

Figure 5.9 shows the results obtained for the EDR in a plane at a level of 8 m
above the Gamma Locator, based on surface activities estimated �) from the
integrated count rate N,  b) from the count rate N�  in range I (400-600 keV),
�)  from the count rate N f  in range II (600-740 keV),   d) from the count rate
found from the weight function K(�) (as discussed above).
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Figure 5.9 EDR Distribution in a plane at a level of 8 m, using an estimation of
surface activity based  a- on integrated count rate; b - on count rate in range I;
c - on count rate in range II; d – on the method of weight function.

The Figure shows, that the pattern of the EDR distribution differs significantly
for cases �) and �). The estimation of EDR based on the integrated count rate
is overestimated, and the estimate based on the count rate, Nf, in the photopeak
is underestimated. The reasons for the overestimation and underestimation are
discussed in section 3.3.   The cases b) and d) give the most reliable results and
these correspond to each other.
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6 Modelling of Forced Dose-Reduction

All the obtained measurement data forms a basis for modelling of implementa-
tion of countermeasures to improve the radiation situation. The main objective
for the future is to reduce the dose rate inside the building.  The main dose con-
tributing sources in the reactor hall are the sources near the destroyed reactor.
Since these sources are distributed in volumes, the simplest dose-reductive
measure would be to cover them with clean sand, concrete, etc. The dose-
reduction simulation was restricted to this procedure only.

To estimate the efficiency of this operation, calculations of the EDR were car-
ried out for the case where a clean layer of sand of 1.7 g/cm3 in density is ap-
plied to cover the reactor area with the angular coordinates ϑ from -12° to -33°
and ϕ from 280° to 327°. From Monte-Carlo calculations it was established, that
the influence of the clean layer can be estimated by the change of the effective
activity at the surface of the radiation source according to the formula:

A* = A exp (-α ∆z),

where the factor α is 0.119/ρ, ρ is the density of the sand [g/cm3] and ∆z (the
thickness of the clean sand layer [cm]) is determined from the results of Monte
Carlo calculations. The EDR calculations were made in the plane of the CSD
arrangement, for thickness of the clean sand layer of z = 10, 30 and 50 cm. The
results of the calculations of the EDR distribution for z = 30 cm are shown in
Figure 6.1.
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Figure 6.1 The EDR distribution in the reactor hall at the plane of the colli-
mated detector before (top) and after (bottom) decontamination.
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To clarify the influence of the clean sand layer, the relative change of the EDR
(∆P/P) at the point indicated with a ‘C’ in Fig. 6.1 (top) is shown in Fig. 6.2. As
can be seen from these Figures, at greater thickness of the layer of sand than
z� 30-40 cm, the increment in dose reduction is limited, since other radiation
sources here give the main contribution to the EDR.

0 10 20 30 40 50 60

0

10

20

30

40

50

60

70

∆Z, cm

∆P/P, %

Figure 6.2 The EDR reduction in the reactor hall versus the thickness of the
clean sand layer applied

7 Conclusions

The Gamma Locator was developed and tested in the damaged reactor hall of
the Chernobyl NPP. The equipment has been used to measure the radiation inci-
dent from all angles in the reactor hall.  The test showed that it was possible to
carry out the complete radiation survey program, although the measuring head
was exposed over a three-week period with an exposure rate of as much as 5
R/hr.

From the obtained data, the most intensive sources of gamma radiation were
identified. Based on the measurements, the distribution of the surface activity
inside the reactor hall was calculated and superposed on maps. The surface ac-
tivity of the most heavily contaminated places is more than 20 times higher than
the average value of the surface contamination. Based on the surface activity
distribution, the EDR distribution inside the surveyed building was calculated.

From the measurements it is possible to identify the most efficient ways to re-
duce the dose rate inside the reactor hall and to estimate the individual contri-
butions to dose rate from the different sources in the building. This type of
analysis can be used to form a strategy for further dose reductive action.

The data base generated from the measurements could be supplied with addi-
tional data from measurements in other rooms of the 4th unit of the Chernobyl
NPP.  This would make it possible to establish a computer model of the radio-
logical situation inside and outside the sarcophagus.
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