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This scientific paper describes the creation procedure and use of the radon-222 gener-
ator based on uranium ore. The research done resulted in selection of an optimal uranium
ore composition. Based on temperature field computations we selected the uranium ore
capsule material. A standard source structure has been suggested. Optimal options of the use
of uranium ore specimens for the generator, volumetric activity standard and also for the
device calibration were specified. The monitoring of some real radon-hazardous facilities,
using the devices calibrated by standard radon-222 sources, showed a considerable overstep-
ping of the volumetric activity of radon-222 in comparison with available standards.
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OnuceiBaercsa IIPOLEAYPa CO3LAHUA W MCIOJL30BAHUA reHeparopa pamoHa-222 Ha oCHOBE
ypaHoOBO# pynbl. B pesyibTare uccaemoBaHnil BEIOPAH ONTUMAJIBLHBLIN COCTAE YPAHOBOU PYIbI.
Ha ocnoBe pacueroB TeMmepaTypHOro IIOJA BbIOpaH MaTepUas KaIllCyJbl yPaHOBOII PyIbI.
IIpennoxeHa KOHCTPYKIMS CTAHIAPTHOrO MCTOUYHUKA. [IpeasiosXeHbl ONTHMAJbHBEIE BaPUAaH-
Thl KMCIIOJB30BaAHUA 00pPAa3IlOB YPAHOBOII PyALI JJId I'eHepaTopa, CTaHIapTa o0beMHON aKTUB-
HOCTH, a TaKiKe [IJs KaJIuOpOBKH ycTpoiicTBa. MOHUTOPHHI HEKOTOPBIX PeaJbHBIX PaLOHO-
OIIACHBIX O0'BEKTOB C HCIIOJNb30BAHUEM YCTPOUCTB, OTKAAHMOPOBAHHBIX II0 CTAHIAPTHBIM IKC-
TOYHHKAM pagoHa-222, mokasaJ 3HAUYMTEJbHOE IIPeBbIIIeHre O00beMHON AaKTHUBHOCTU
pazoHa-222 110 CpaBHEHMIO ¢ MMEIOIIUMMUCA HOPMAaMU.

CrangmaprHe Jxepenio pagioaKTHBHOrO pamoHy-222 mis CHCTEeMH BHCOKOTOYHOIO MOHI-
TOpUHry He(e3meuHux nas pagoHy o6’exris B Ykpaimi. JI.H.Conodosnirxosa, B.O.Tapacos,
H.J[.Cusosa.

Onucano mpolesypy CTBOPEHHA Ta BHKOPHCTAHHSA IeHeparopa pamoHy-222 Ha ocHOBIL
ypauoBoi pyau. IIpoBemene mocaimykenusa sabesmeunso BuOip ONTUMAJIBHOTO CKJAAY YPaHO-
BOI pyau. Buxoxguu 3 obumcieHb TeMIIEPATYPHOr'O MHOJisd, oOpaHo MaTepias KalcyJau ypaHo-
BOl pyau. 3aNpOIIOHOBAHO KOHCTPYKIIIO CTAHZAPTHOIO [IKepeja. S3AIPOINOHOBAHO OITHU-
MaJbHI BapianTy BHUKOPHCTAHHSA 3pPas3KiB ypaHoBOl pyau [OJd TeHeparopa, CTaHgapra
00’¢MHOI aKTHBHOCTI, & TAKOM I KaJai0pyBaHHA IpUCTPOor. MOHITOPUHI JeAKUX PeaJbHUX
pazoHoHebesneYHnX 00’ €KTiB 3a AOIIOMOIOI0 NPHJIALIB, KaniGpoBaHuX 31 CTAHZAPTHUMMU IHKe-
peramu pagoHy-222, IIOKasaB SHauHe IIepeBUIeHHA 006 eMHOI aKTHUBHOCTI pajgony-222 y
HOPiBHAHHI 3 HAABHUMHU HOPMaMU.
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1. Introduction

It is known that the radioactive radon-
222 gas and the fission products of it make
a dominating contribution (about 60 %) to
the collective dose of radiation of the popu-
lation in Ukraine that exceeds
2700 uSv/year [1]. The territory of Ukraine
has strong radon sources, in particular ura-
nium ore and coal fields, the storages for
the industrial waste sources of ionizing ra-
diation, and the anthropogenically-intensi-
fied sources of a natural origin. In this con-
nection, a high-accuracy monitoring of
radon-222 is considered to be a national
problem in Ukraine [2-5].

The most important components of a
high-accuracy monitoring of radon-222 are
measuring devices, control methods and
standard sources. Radon-222 volumetric ac-
tivity standard sources need the radon
sources, i.e. the generators. These should be
stable and safe and be able to generate
radon-222 with the volumetric activity re-
production ranging from 1 to 5-10% Bq/m3.

The references describe different radon
generator options, in particular liquid gen-
erators, film generators and solid-state gen-
erators. For example, national radon-222
volumetric activity standards in the USA
[6], England [7], Germany [8], etc. [9-11]
include standard radium-226 salts-based
radon-222 liquid generators that are
metrologically related to radium-226 mass
standards [12]. France [13] suggested the
radon-222 source formed by the galette
made of porous material with the radium-
226 deposited on it. To provide the radon-
222 emanation stability the galette is
blasted by gas of a high humidity (90 to
95 %). Russia [14] suggests the method
that consists in dissolution of the radium
salt in the carrier material that can be rep-
resented by low-melting salt mixtures of al-
kali metals and alkaline earth metals, and it
also consists in the solid-state radon accu-
mulation and the liberation of it when the
carrier material is melted.

The reference data analysis showed that
liguid, film and solid-state radon-222
sources used in practice by many countries
of the world fail to meet many requirements
set to the standard radon-222 source devel-
oped in Ukraine. The selected material and
source construction must provide a low-
backgrounding, the radiation safety and us-
ability of the radon-222 source.

The paper [15] suggests an option for
radon-222 generators based on uranium ore.
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This scientific paper analyzes the properties
of a suggested radon-222 generator based
on uranium ore. It also defines optimal op-
tions for the use of this material for the
generator, for the volumetric activity stand-
ard and for the device calibration. The
radon-222 concentration measurement data
are discussed for real radon hazardous fa-
cilities using the devices calibrated by
standard radon-222 sources.

2. Experimental

Standard iron ore specimens were se-
lected taking into consideration their com-
position and dispersion, based on the re-
search data and the analysis of the certifi-
cates of uranium ore specimens issued by
the State Company "Kirovgeology”. The re-
search methods are based on comparison of
the mass fractions of uranium and radium
in specimens under investigation and refer-
ence specimens (NSS). Storage conditions of
the NSS provide the stability of its charac-
teristics and correspond to the Standard
Specimen Certificate for the UR-768C
No483-74 specimen.

The NSS chemical composition stability
was assessed by the experts from the NGC
"Kirovgeology™ according to the industry
standard (IS) 41-08-252-85 [16].

Uranium mass particles contained in the
NSS were measured using the X-ray spec-
tral method and the X-ray fluorescent ana-
lyzer XFA-6.

Radium-226 was measured using the
UIP-1 device according to the instruction
recommended by the Mingeo of the USSR
[17].

A major characteristic of the radon
sources (standard uranium ore specimens),
i.e. the emanation capacity was defined
using the liquid scintillation spectrometer
Quantilus-1220 manufactured by the Wallac
Company (Finland). The nine samples were
prepared for the measurement and the
measuring technique was selected in compli-
ance with the in-line documentation pro-
vided for the alpha beta spectrometric sys-
tem Quantilus-1220.

To develop the radon generator structure
the source geometry, the capsule material
and the temperature mode of generator op-
eration were optimized. The computations
done allowed for the optimal choice. The
estimates of temperature fields and radon
concentrations were done using the method
of R-functions [18].

A volumetric concentration of radon in
the enclosed space atmosphere and at out-
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Table 1. Determination data of uranium and radium contents in standard uranium ore specimens
and mathematical processing data

A type of the | Element | Attested | Attestation | Analysis data d* Sd* t — the Student
NSS, NSS mass. |error 10-8% 10-8% 10-8% (10-3% criterion
N° according fraction, - - .
to the register 10-3 % C-1 C-2 Operating | Table
UR-47S uranium 47 1 47.1 47.0 0.1 1.3 0.3 2.09
480-74 radium 49 1 48.9 49.0 -0.1 1.1 0.4 2.09
UR-1148S uranium 114 2 113.6 | 114.4 -0.8 2.2 1.6 2.09
481-47 radium 115 1 115.2 | 114.9 0.3 1.8 0.8 2.09
UR-2408 uranium 240 4 240.4 | 239.0 0.9 3.8 1.1 2.09
482-74 radium 238 12 238.2 | 230.4 | -0.2 2.5 0.4 2.09
UR-768S uranium 768 11 766.8 | 768.4 | —1.6 11.7 0.6 2.09
483-74 radium 762 15 761.9 | 761.1 0.8 4.8 0.2 2.09

C-l“':" is an average contribution of the defined element to the NSS that is subject to the Verifi(;ation;
C-27 is an average contribution of the defined element to the NSS used for the comparison; d~ is an
average difference of analysis data for each sample; Sd” is the analysis data difference dispersion.

door sites was measured using several de-
vices, in particular the radon-monitor Al-
phaGUARD PQ2000 with the radon-222
volumetric activity measurement range of
2 to 2-10% Bq/m3; the radiometer RGA-09
with the radon-222 volumetric activity
measurement range of 50 to 1-104NBq/m3;
the inert gas and aerosol activity control
unit RAM-31 manufactured by the RADOS
Company with the radon-222 volumetric ac-
tivity measurement range of 10 to
1-10% Bq/m3. These tools of the measuring
technique were verified using a special
DETU 12-01-97 unit [19] according to the
DSTU 3536-97 standard [20].

3. Results and discussion

Standard UR-47C, UR-114C, UR-240C
and UR-768C specimens were studied to se-
lect the specimens for the developed radon-
222 source proceeding from the composition
stability, dispersion, and uranium and ra-
dium contents and to provide their govern-
mental certification for the period of 1995
to 2025 according to [21].

To study each type of the NSS, the ten
NSS specimens of an ordinary storage and
ten check specimens were provided for the
research. Two samples of each NSS speci-
men were selected for the analysis and later
on these were analyzed as individual sam-
ples. An entire batch of the samples (20 test
samples and 20 check samples of each type
of the NSS) was analyzed in one gulp in the
next order: first the NSS sample that is the
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subject to the verification, and then the
NSS reference sample, etc.

A content of uranium and radium in stand-
ard uranium ore specimens and mathematical
processing data are given in Table 1.

Based on the data given in the Table 1
we have the following:

Average values of the mass fractions of
uranium and radium in UR-47S, UR-1148S,
UR-240S and UR-768S specimens corre-
spond to those given in the certificates
within the error of estimate.

According to the Student criterion, av-
erage values of the difference between the
content of radium in compared UR-47S,
UR-114S, UR-2408S and UR-768S specimens
are close to zero.

Based on the research data obtained for
uranium ore specimens as for the composi-
tion stability, dispersion, and uranium and
radium content the UR-786S specimen with
the highest content of uranium-238 and ra-
dium-226 was selected to create the radon-
222 source. Additional research of the
standard UR-768S specimen was done by
the State Science and Industry Organization
"Metrology” [22].

To define a specific emanation of radon-
222 the nine packages of original standard
UR-768 specimen were subjected to experi-
mental investigations.

One sample with the mass of 1 gram of
the total amount was taken from each pack-
age. As a result we had nine samples only.
All the samples were put into Teflon cu-
vettes. Specific radon activity in the samples
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Fig. 1. Averaged relationship of the specific
emanation of radon-222 as a function of
time.

was measured with the alpha beta spectro-
metric system Quantilus-1220 after pro-
longed exposure to cuvettes. Obtained aver-
age value for measurement data of radon-
222 specific emanation are expressed as:

Ey=(5.52+ 0.5T)Bq/g, at P = 0.99.

However, according to the certificate No.
483-74 of the same sample UR-768C, the
value of the specific emanation is less than

obtained value Eq = 4.7910.72 Bq/g at P = 0.9).

More detailed studies of the accumula-
tion of radon in the samples, obtained using
the alpha beta spectrometric system Quanti-
lus-1220, made it possible to explain this
difference.

Figure 1 gives the change in the specific
activity of radon in the sample with time.

Figure 1 shows that the specific activity
of radon, equal to 4.8 Bq/g, is achieved
after 15 days of exposure of the sample.
The value of specific activity approaches
5.2 Bq/g after 30 days of exposure. The
value of 5.5 Bq/g can be achieved with a
much longer exposure time. This value can
be taken as the equilibrium value of the
specific activity of radon-222.

Using the uranium ore UR-768C speci-
men we created the three identical reference
generators of radon-222, in particular GRT-
1E, GRT-2E and GRT-3E, each with a speci-
fied mass of the standard specimen to re-
produce the volumetric activity of radon-
222 in the standard specimen in the range
of 1 to 5-10% Bq/m3. When developing the
radon-222 generator the mass of standard
UR-768S specimen required for the genera-
tion of radon-222 in the amount of 1 to
1-10% Bq [22] was defined for each of them.
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Fig. 2. Temperature field level lines for the
materials of capsule wall made of stainless
steel (Fig. 2a), titanium (Fig. 2b) and tung-
sten (Fig. 2c¢).

A 1-10*Bgq
M = Eq~ 5.52Bq 1923g.

When developing the reference source
the capsule volume was calculated to place
the required mass of standard UR-768
specimen into it. The capsule material was
selected based on the research data of the
distribution of temperature field in the
standard specimen exposed to the heating in
the capsules made of a different material,
using the method of R-functions [18].

Table 2 gives physical characteristics of
the materials used for the experimental
specimens of the capsules that are used for
the placement of the standard specimen of
uranium ore UR-768C in the reference
source, where p and ¢ are the material den-
sity and the specific heat capacity of it,
accordingly, and A is the heat emission coef-
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Table 2. Physical parameters of the capsule of a reference radon-222 source

Stainless steel Titanium WT-4, Tungsten UR-768S
12X18H10T WT-6 (standard uranium
ore specimen)
A 15 W/m-K 22 W/m-K 179 W/m-K 17 W/m-K
c 460 J/kg-K 520-522 J/kg-K 134 J/kg'K 116 J/kg'K
P 7.9 kg/m3 4.5 kg/m? 19.3 kg/m? 12 kg/m3

ficient of the material of which the capsule
is made.

All geometric parameters of the capsule
of the reference source of radon-222 except
for one were invariable. Only one parameter
B, the capsule wall thickness was varying in
the range of 5 to 80 mm. A coefficient A of
heat emission from the powder surface of a
standard specimen of uranium ore UR-768S
was also varying in the range of
8 W/m2-deg to 12 W/m?2.deg.

Fig. 2(a,b,c) gives the patterns of level
lines of the temperature field at constant
geometric parameters of the capsule for the
three materials whose physical charac-
teristics are given in Table 1 at heat emis-
sion coefficient A values equal to
8 W/m2-deg. Qualitatively, the patterns of
level lines of the temperature field resemble
those for the materials of capsule wall made
of stainless steel (Fig. 2a) and titanium
(Fig. 2b). If tungsten is used as a capsule
wall material (Fig. 2b) the pattern of level
lines of the temperature field shows an ap-
parent rise of temperature in the middle of
the reference source of radon-222.

It should be noted that the zone of heat
distribution in the temperature field gives
an opportunity to trace the character of its
penetration into the capsule. For example,
the comparison of temperature values in the
green color gamma shows that the tempera-
ture zone occupies a larger area for the cap-
sule made of tungsten in comparison with the
capsules made of stainless steel and titanium.

Analogous temperature field research
data were obtained for heat emission coeffi-
cient A values equal to 10 W/m2.deg and
12 W/m2-deg for the same three capsule
materials [18].

The heating of experimental capsules
(Fig. 2a, b, ¢) made of stainless steel, grade
12C18N10T, titanium grade WT-4 (WT-6)
and tungsten showed that the capsule made
of stainless steel, grade 12X18H10T pos-
sesses all physical characteristics required
for the maintenance of optimal temperature
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mode for the emanation of radon-222 by the
reference source. It provides the achieve-
ment of an optimal temperature mode to
stabilize a constant value of the emanation
coefficient of radon-222 that is the major
metrological performance of the reference
source of radon. Hence, the -calculated
analysis of temperature fields in the capsule
with the standard uranium ore specimen en-
abled the selection of appropriate capsule
material and the source structure, i.e. the
radon generator. Fig. 3 gives the developed
reference source structure, in particular
that of the radon-222 generator.

The reference source includes the casing
made of stainless steel 1 that houses the
capsule 2 with the uranium ore 2 enclosed
by the radon-222 filter 4 and the lead shield
5. The capsule 2 is encircled by the heater 6
and it is surrounded by the dielectric hollow
cylinder 7 with the lead shield 8. The stor-
age chamber 9 of incoming radon 10 is ar-
ranged over the radon filter 4. It is closed
by the cover 11 equipped with the inlet
valve 12 and the outlet valve 13. The tem-
perature sensor 14 that is arranged over the
storage chamber 9 and is fixed to the lead
shield 8 and the heater 6 are connected to
the temperature control unit 15. A system
of the filtration of atmospheric air 16 re-
quired for the displacement of radon-222
from the storage chamber 9 to the measur-
ing chamber 17 connected to the outlet
valve 13 is connected to the inlet valve 12.
A vacuum in the measuring chamber 17 is
achieved using the vacuum pump 18 and the
vacuum meter 19.

The radon generation procedure is as fol-
lows. The radon-222 source with the ura-
nium ore 3 is connected to the temperature
control unit 15 that maintains a constant
temperature in the capsule 2 with uranium
ore 3 and accurately measures an average
value of the temperature of uranium ore 3.
The radon-222 source is matured for
30 days to create the radiation equilibrium
inside the uranium ore 8§ — radon 10 sys-
tem. The purified air that ousts the gener-
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Fig. 3. Reference radon-222 source structure

ated radon 10 is supplied under pressure to
the storage chamber 9 through the inlet

valve 12 [15].
Developed radon-222 sources were used

for the periodic calibration and control of
metrological performances of the measuring
tools of the volumetric activity of radon-
222 straight at monitored radon hazardous
facilities, in particular Kharkiv Special-
Purpose Center UKR State Association
"Radon” of the Ministry of Emergency Situ-
ations, former Soviet Union nuclear weapon
waste repository "Makarov Facility”, the
"Ukrytie"” Facility, State Special-Purpose
Enterprise Chernobyl Nuclear Power Plant
and the Section II of Sukhachevsky tailing
nuclear waste storage facility of the former
PA "Predneper Chemical Plant™ [23—-26].
The monitoring showed a considerable over-
stepping of the volumetric activity of
radon-222 in comparison with available
standards [27].
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4. Conclusions

This scientific paper describes the com-
prehensive research of the material used for
the reference source and the generator
structure with the prediction of tempera-
ture fields for the radon source, calibration
of the devices and the monitoring of radon
hazardous facilities. In the course of work
an optimal uranium ore composition was se-
lected. Based on the computations of tem-
perature fields the capsule material was
also selected and the reference source struc-
ture was suggested. Using the reference
source, the measuring tools of the volumet-
ric activity of radon-222 were calibrated to
ensure a high-accuracy monitoring. The
monitoring data showed a considerable ex-
ceeding of the radon content in the air of
monitored facilities.

Hence, the created reference source of
radon provided an operation of a primary
standard of the volumetric activity of
radon-222; it gave an opportunity to cali-
brate the measuring tools of the volumetric

Functional materials, 25, 1, 2018
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activity of radon and provide a high-accu-
racy monitoring of the volumetric activity of
radon at different radon-hazardous facilities.
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