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Medical cyclotrons are widely used to produce positron emitting isotopes for positron emission tomography. High

level of air activation is possible due to high neutron flux as a result of **O(p, n)'® F reaction. Reaction *° Ar(n,y)*! Ar

with radioactive nuclide argon-41 gives main contribution in total activity of air. Value of this activity depends from

neutron spectrum and geometry of cyclotron equipment. We considered various approaches for estimation of 4! Ar

production and calculated concentration of argon-41 in vault air for cyclotron facility with inner shield containing

boron carbide. FLUKA code was used for these calculations.

PACS: 87.57.uk, 29.20.dg

1. INTRODUCTION

Positron emission tomography (PET) is one of the
most effective and informative diagnostic methods in
nuclear medicine. PET method is very useful for on-
cology, cardiology and brain studies. Production of
positron emitting isotopes with short half-life times
(18F, 11C, 13N, 150 and others) is needed for PET
technology. Medical cyclotrons are the most ap-
propriate for this purpose. Fluorine-18 is currently
widely used and being obtained often due to reaction
180(p,n)18F. Neutrons emitted in such reaction have
high energy and neutron fluence may be large enough.
Therefore it is important to take into account both in
design and operation periods of medical cyclotron fa-
cilities the activation, induced not only for construc-
tive parts of cyclotrons, but also activation of air com-
ponents. Nuclide *' Ar gives major contribution to
the total activity of air for cyclotrons with not very
high energy of protons (within 10...20 MeV). Esti-
mation of *' Ar concentration in the cyclotron vault
air is an important part of full scope radiation sur-
veillance system.

2. UPPER-BOUND ESTIMATES OF *' Ar
YIELD

Argon-41 is the product of reaction 4° Ar(n,~y)*! Ar,
induced by secondary neutrons emitted from reaction
BO(p,n)¥F. The natural concentration of Argon-40
in the air is 0.93% (volume part). Argon-41 mainly
emits [-particles with maximum energy 1198 keV
and gamma rays of 1294 keV with 109.3 minutes half-
life. The cross-section of neutron capture by 4°Ar is
equal 0, 66 barn for thermal neutrons and quickly falls
down with increase of neutron energy up to dozens
of microbarns. In the energy range between 10 keV

and 1.5 MeV this cross-section has complex reso-
nance structure. For cyclotrons without own shield
some part of neutrons can be efficiently thermalized
by concrete walls of cyclotron vault. These neutrons
can produce in large air volume of vault the dan-
gerous concentrations of argon-41. As a rule, sim-
ple upper-bound estimates are used for calculation
of 41 Ar yield, where all neutrons are considered as
thermal and cross section of neutron capture is large
[1]. According to this approach specific activation (in
Bq - cm™3) due to neutrons emitting is given by:

S=¢- "2 fpo, 1)
where p is the density of air, f is the weight frac-
tion composition of air of parent nuclide, ¢ is thermal
neutron fluence rate, N4 - Avogadro’s number, A -
atomic weight of element, o is cross section of neu-

tron capture by “°Ar. ¢ is defined as thermal neutron
fluence rate inside a concrete vault:
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where Qr is yield of fast neutrons and S, is an inter-
nal surface area of vault. Other form of equation (1)
is used also widely:

Ny

S=Qror

fv-o, (2)
where r is radius of the sphere (approximation of
vault volume by sphere), V' is volume of vault, V4
- molar volume, fy - is the volume argon concen-
tration in air. Calculations with using formulae (1)
and (2) give values of ' Ar mean concentrations ap-
proximately 10° Bg-m ™3 for medical cyclotrons with
proton beam current (40...100) uA and for radius of
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vault volume nearly 2 m. Mean concentration of ! Ar
amount can reach (107...108) Bq - m~3 for small vol-
umes (with radius 0.3...0.5m) close to Hi*O water
target . However these calculated values do exceed
experimental estimations more than tenfold. This
discrepancy results from the fact that only small part
of all neutrons is thermalized by vault and cyclotron
materials.

3. CONTRIBUTION OF NONTHERMAL
NEUTRONS IN PRODUCING
RADIOACTIVE ARGON

Some modern constructions of medical cyclotrons
use built-in complex shield consisting of lead, con-
crete and polyethylene with boron admixtures. As
an example this shield is used by Siemens cy-
clotrons of RDS ECLIPSE series [2]. Boron-10 has
large cross-section values for thermal neutrons cap-
ture. It leads to significant suppression of ther-
mal neutrons fluence in the air volume and using
formulae (1) or (2) is incorrect in this case. Cy-
clotron vendor supposes level of argon activation
as negligibly small, but resonance increase of cross-
section in the region within 10keV...1.5 MeV (see
Fig.1) [3] and cross section of fast neutrons can
give essential contribution to total argon activation.
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Fig.1. Estimated neutron capture cross section for
L Ar from database ENDF/B-VILO0 [3]

This addition can dramatically depend from cy-
clotron and vault geometry and material composi-
tion. Monte Carlo simulations are needed for correct
modeling of these processes. We estimated the contri-
bution to argon activation of neutrons in various en-
ergy regions for cyclotron configurations with built-in
shield using FLUKA code for ionizing particles trans-
port [4]. Estimated cross section of 80(p,n)¥F
reaction from TAEA database for medical applica-
tions [5] was used (see Fig.2). Values of dE/dx for
accelerated protons are shown in Fig.3. We used sim-
ple model of cyclotron built-in complex shield (see
Fig.4). Volume of H}80 water target is 2.5ml. Air
volume around target is 50 liters. Next layer consists
of thick high-density core cast fabricated of a mixture
of lead, epoxy with admixture of boron carbide. The
thickness of this layer is approximately 25 cm. Next
layer of borated polyethylene has width 16 cm and
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Fig.2. Estimated cross section of *30(p,n)'®F re-
action from IAEA database for medical applications
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Fig.4. Simple model of cyclotron built-in complex
shield

thickness of last layer with boron carbide loaded con-
crete is 60 cm. HoO water target was 93 % enriched
by 0. Proton current was 60 uA with energy of
protons 11 MeV. Argon concentration (volume part)
in air was supposed as 0.00934. As a result the calcu-
lated concentration of ! Ar in the inner shield volume
has value not exceeding 6 - 10* Bq - m~3. Estimation
of 4! Ar concentration for same volume of air near the



target using formula (2) comes up with much higher
value - nearly 107 Bq - m™3.

4. CONCLUSIONS

In this paper we considered various approaches for
estimation of ' Ar production and calculated con-
centration of argon-41 in the vault air of medical cy-
clotron facility for '8 F production with inner shield
containing boron carbide. FLUKA code was used for
these calculations. Result shows that concentration
of ' Ar in air near cyclotron target for such case is
not negligible and consists of nearly 0.5 % (saturation
activity 6 - 10* Bq - m~2) of yield (saturation activ-
ity 107 Bq- m_g) for very conservative approximation
of thermal neutron fluence produced by proton beam
with current 100 pA due to reaction ¥O(p,n)8F.
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AKTUBAIINSA APTOHA B BO3AYXE ITPU ITIOJIVIEHUUA ¥F HA MEIUIIMHCKOM
IIMKJIOTPOHE RDS ECLIPSE

O.A. Becwetixo, JI.A. Ioaunxa-Becwetixo, U.H. Kadenxo

MeuiuHCKIe UKJIOTPOHBI IIIMPOKO UCIOIB3YIOTCH I POU3BOJICTBA M30TOIOB JIJIsi IIO3UTPOHHO SMUCCH-
omHoit ToMorpadun. IIpu HapaboTke '®F Bo3MOXKeH BRICOKHII YPOBEHL aKTHBAIINH BO3LyXa B OYHKepe ITHK-
JIOTPOHA HeHTPOHAMHE, KOTOpbIe 00pasyfoTcst B pesyabrate peakimn 2O (p,n)8F. Ocrosroit BKIa1 mpu sTOM
naer peaxmus Y Ar(n,y)* Ar, B pesy/bTaTe KOTOpOil 06pasyeTcs paMoaKTUBHbIH apron-41. Bemmanna saTo-
ro BKJIaJ[a 3aBUCUT OT CIEKTPa HEATPOHOB U NeOMETPUYECKHX (DAKTOPOB OOOPYIOBAHUs UKJIOTPOHA. MbI
PACCMOTPE/IH PA3JIMIHbIE TIOAXOABI JJIS OIEHKH KOoJImdecTBa ‘' Ar W paccumTam KOHIEHTDPAIMIO aprona-41
B BO3/yXe BHYTPEHHHUX IOJIOCTEN MUKJIOTPOHA, KOTOPBI UMEET CIEeNUAIbHYIO 3aIlUTy ¢ ColepKaHueM bopa.
g pacgeroB ucnosb3oBasica nporpamMusiii naker FLUKA.

AKTUBAIIISL APTOHA B IIOBITPI ITPY BUPOBHUIITBI ¥ F HA MEAUYHOMY
OVKJIOTPOHI RDS ECLIPSE

0.A. Besawutixo, JI.0. TI'oainkxa-Beswutixo, I.M. Kadenko

MeanyHi IUKJIOTPOHU IIHPOKO BUKOPUCTOBYIOTHCS JIjIs BUPOOHUIITBA 130TOINB JJIsl O3UTPOHHO eMiCiiiHOT
Tomorpadii. Ilpu mampamosanni '®F MOKIHBHI BHCOKHI PiBeHb aKTHBAIIl NOBITps GYHKEPY IUKIOTPOHY
HefTpOHaMH, AKi yTBOPIOIOThCs B pesynbraTi peakii 20 (p,n)8F. OcHosHuit BHECOK TIpH ITHOMY JTa€ PeaKItisa
40Ar(n,y)* Ar, B pesyabTaTi AKOT yTBOPIOETHCA PATi0aKTHBHMIT apron-41. Bemanna mboro BHECKY 3a/IeXKHTh
BiJI ClIEKTPY HEHATPOHIB Ta TeOMETPUIHUX (PAKTOPIB 00/ THAHHS ITUKJIOTPOHY. MU PO3TJISTHYIN Pi3Hi T IX0 1
JUTe OIiHKY KimbkocTi ' Ar i pospaxyBaJii KOHIIEHTpPAIo aprony-41 B HOBITPI BHYTPIIIHIX HOPOXKHUH ITHK-
JIOTPOHY, SIKWMIl Ma€ CIIeIiaJbHUil 3aXUCT i3 BMicTOM Oopy. Jljist po3paxyHKiB BUKOPUCTOBYBaBCS IIPOIDAMHIUIL
maker FLUKA.
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