RADIATION SHIELDING OF UPGRADED ACCELERATOR LUE-10M
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The LUE-10M accelerator operating in NSC KIPT is used for sterilization of a considerable amount of medical
products in Ukraine, thereby contributing to national security and health of population. However, by the present
time the accelerator component parts have become worn out and outdated. So, it is anticipated that the LUE-10M
should be upgraded on the basis of new hardware components with arrangement in the same premises of a new
10 MeV radiator with average beam current up to 2 mA. The calculations performed have demonstrated that the
characteristics of the actual LUE-10M shield and ventilation systems meet the requirements of the guidelines pro-
vided that the accelerator is operated at the design parameters of the beam.

PACS: 87.56.bd; 28.41.Qb
INTRODUCTION

The accelerator LUE-10M, now in operation, is used
for sterilization of a considerable amount of medical
products in Ukraine, thereby contributing to national
security and health of population. However, by the pre-
sent time the accelerator component parts have become
worn out and outdated. Therefore, it is necessary that
the accelerator should be upgraded with the use of new
accelerating structure, a microwave power supply sys-
tem, modern systems for controlling the accelerator op-
eration and radiation treatment processes.

In view of the indicated tasks, it is supposed that the
accelerator LUE-10M will be modernized with ar-
rangement of a new advanced radiator in the same
premises. The reconstruction of the LUE-10M accelera-
tor implies the replacement of the present accelerating
section and the beam injection system by the ones with
some changes in their overall dimensions. The physical
parameters of the installation, as well as its target func-
tions and capabilities will also be changed. The output
devices remain at the same places.
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Fig. 1 shows the layout of the accelerator’s vault at a
mark of -3.60. The vault is 5 m in width and 2.7 m in
height. The side radiation shielding is provided by con-
crete walls and soil. At the top, the installation is cov-
ered with reinforced concrete beams and units of total
thickness up to 1.8 m, over which packed soil 2 m thick
is built. The vault cross section is shown in Fig. 2.

1. ESTIMATION OF RADIATION SHIELD

Here we give the calculation of the radiation shield
thickness required for the accelerator LUE-10M opera-
tion conditions with electron energy up to 10 MeV and
average beam current up to 2 mA.

For calculations, we have chosen the points at mark
+0.10 and at the personnel location areas with expected
the highest radiation level (see Figs. 1 and 2).

O and O’ — are the points of the radiation sources (a
tungsten target and a stack-monitor respectively) loca-
tions at mark 00;
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Fig. 1. Layout of LUE-10M vault
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Fig. 2. Vault cross section (2-2)

A, is the point on the ground surface at the bottom
of the side shield of the accelerator, on the left of the
beam line (see Figs. 1 and 2);

A, is the point above point O on the roof of the ac-
celerator vault (see Fig. 2);

A; is the point on the surface of the vault’s side
shielding, on the right of the beam line;

A, is the point at mark -3.00 (see Fig. 1) in the load-
ing hall along the beam axis extension;

As is the point at mark -3.00 (see Figs. 1 and 2) in
the loading hall on the centerline of the conveyer;

A; is the point on the 2" floor of the annex above
the point 5 (see Fig. 2);

A; is the point before the entrance to the annex (see
Fig. 2);

Ag is the point at mark 2.6 at the exit from Building 2;

Ay is the point at mark 00 at the entry to LUE-10M
vault in Building 2 behind a protective barrier (see
Fig. 1).

The calculation date of radiation characteristics for
the LUE-10M accelerator are presented in Table 1.

Table 1
Calculated radiation characteristics
for the LUE-10M accelerator

Maximum energy of accelerated electrons
for the modes of electron (bremsstrahlung)

irradiation Eq, MeV 10
Accelerated electron current I, mA 2
Beam pulse duration, ps 10
Pulse rate, Hz 600
Shielding material density, concrete 2.3
glem® iron 7.8
Atomic number of target (tungsten) 74
Beam losses in the O target, % 100

Allowable dose rate with safety factor 2 for
the “A” category of the personnel behind

the shield A, uSv/h 4.1

The necessary coefficient of the bremsstrahlung (X-
ray) dose rate attenuation is given by the expression [2]:
DO (9) ) Trad (1)
T,,-R?-H
where X is the protective barrier thickness (cm); & is
the designed equivalent irradiation dose rate with the
safety factor 2 at the point of interest; R is the distance
from the radiation source to the point of interest (m);
Do(0) is the absorbed dose rate at a distance of 1 m
from the radiation source at the angle 6° relative to the

electron beam axes (0 <60 <180); T4 is the exposure
time per shift (h); Ty, is the work shift time (h).

K(X,0) =
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The ratio between the equivalent and absorbed radia-
tion doses for a soft tissue is H (Sv) =1.09 D (Gy). In
the calculations, we put H = D.

The protective barrier thickness X is equal to

X:Xconc.+Xeq. conc., (2)
where X;onc. iS the concrete shield thickness of the accel-
erator’s vault in the given direction; Xeq conc, IS the total
thickness of walls, ceilings and made ground, reduced to
the concrete layer thickness in the given direction.

The electron beam loss in the different LUE-10M
elements was estimated at the following accelerator
parameters: the beam pulse current of the accelerator
gun -0.42 A; the pulse duration — 10 ps; the 4.6 MW
microwave power is supplied to the accelerating struc-
ture by 328 cm in length; the pulse rate is 600 Hz; the
beam is swept with a scanner within 9 degrees relative
to the accelerator axis.

The computations of loss of the particle number as
well as of their average energy and current along the ac-
celerator were carried out using the PARMELA, EGUN,
SUPERFISH packages (Fig. 3). The beam loss in the
elements of the accelerating structure can be divided for
two groups of the electrons: some are of energy
E,=80 keV, and some of energy Eo=2 MeV. The brems-
strahlung power of 2 MeV electrons with average current
of 0.23 mA in copper was estimated to be by a factor of
~80 lower than the radiation power from 10 MeV elec-
trons with average current of 2 mA in tungsten. The X-ray
power of the beam with maximum energy of 80 keV and
average current of 0.27 mA will be still lower.
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Fig. 3. Current of lost particles along accelerating
structure

We have determined the angular distribution of the
X-ray dose rate D, (@) at a distance of 1 m from a thick

tungsten target at an electron energy of 10 MeV and
average beam current of 1 mA in the lines of control
points using the Table 2 of the ref. [2]. The obtained
data for the 2 mA current are presented in Table 2.
Table 3 lists the values of the following parameters:
equivalent dose rate when a continuous operation of the
accelerator with energy 10 MeV and average beam cur-
rent 2 mA without shielding; the necessary dose atten-
uation factor; the concrete shield thickness with safety
factor 2 for bremsstrahlung attenuation at the reference
points A; to Ag; and the thickness of the actually exist-
ing shield. Here and below, the reduced dose rate atten-
uation coefficient for bremsstrahlung with end-point
energy 10 MeV as a function of the 2.3 g/cm® dense
concrete shield thickness was taken from ref. [4].
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2. SCATTERED RADIATION ASSESSMENT

For calculating the scattered radiation effect to the
equivalent dose rate at the entry to the accelerator’s

vault, in the premises atop the vault, and in the loading
hall, we choose the reflecting surfaces that provide ap-
proximately equal contribution (see Figs. 1 and 2).

Table 2
Angular coordinates, distances from the reference points to the point O, and the absorbed dose rate
at a distance of 1 m from the target in the direction of a reference point
Points Aq Ay Az Ay Ag Ag Ay Ag Ag
Angle, 0° 90 90 90 3.5 3.5 3 4.4 140 135
R, m 7.7 6 9.3 17 17 18 13 9 17.5
D ,,Gy-m%(h-2mA) | 5.6:10° | 5.6:10° | 5.6-10? | 5.72:10* | 5.72:10* | 5.72:10" | 4-10" | 4.8-10% | 5-10
Table 3
Equivalent dose rate without shielding, attenuation factor, calculated concrete shield thickness
with safety factor 2, X (calc.), and the thickness of existing shielding, X (real.)
Points Ay A, As A, As As A, Asg Ag
H . svh 9.5 15.5 6.47 2102 210% | 1.7610% | 2.3710% | 5.93 1.63
K(X) 4610° | 7.610° | 3.210° | 9.610" | 9.610" | 8.610" | 1.210° | 2.910° | 810°
X(calc.),cm 260 275 255 325 325 320 330 255 240
X(real), cm 270 300 400 500 500 500 500 300 300

All initial basic data, required for calculations, are
given below. The equivalent dose rate of triply-scattered
radiation Hs by the surfaces S;, S,, Ss is determined by
the formula [3] _

Hs :%. (6, E0;;281 -C0891]X
a,(6,-E,)-S,-cosb,
R,
X[053(03~E0)-53~cos€3]

R? ’

where o4(0, Eg) is the differential dose albedo for the
bremsstrahlung radiation with end-point energy Eo, in-
cident on the scattering surface S; at the angle 0, rela-
tive to the surface normal; 6,4 is the radiation angle; R
is the distance from the radiation source to the scattering
surface S; (m); Ry is the S; to S, distance; ou(0, Ep) is
the differential dose albedo for the gammas with energy
E = 0.5 MeV, incident on the scattering surface S, at the
angle 0, relative to the surface S, normal. R, is the dis-
tance from the scattering surface S, to the scattering
surface S;. a3(B3E) is the differential dose albedo for
the gammas with energy E = 0.25 MeV, incident on the
scattering surface Ss at the angle 05 relative to the sur-
face S; normal; R; is the distance from the scattering
surface S; (m) to the reference point As found in the
loading hall of the laboratory building.

In the calculations the bremsstrahlung radiation was
assumed to be produced at point O during electron beam
interaction with the tungsten target, and at point O" dur-
ing beam interaction with the stack-monitor (see Fig. 1).
For the maze shield calculations, the scattering surfaces
S1, S, S3, and S, were chosen as principal. The first
surface S, is divided into three parts: Sy;, Sio, Si3. The
scattered radiation from them causes the dose rate
H (Sz1) = H (Su) +H (S12) +H (S13) =0.21 Sv/h on the
subsurface S,. Similarly to S,, the surface S, is divided
into three parts. The scattered radiation from the subsur-
faces S,;, Sy and S,3; produces the dose rate
H (Ss1) =H (Sa1)+ H (Sz2) +H (243) = 0.0001 Sv/h on
the surface Ss;.
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The subsurface Ss, is exposed to the direct brems-
strahlung from the points O and O’. Having the radiation
power attenuation factor K(x), the radiation creates the
dose rate H (S3,) = 0.29 Sv/h. At point As, the subsurfac-
es Sy; and Ss, contribute to the scattered radiation dose
rate 1.41 uSv/h. The calculation shows that the contribu-
tion to the dose rate at point As from the surface Ss;
amounts to ~10™ Sv/h, and thus, it can be neglected. The
surfaces Sy, and Sy, give their contribution to the scat-
tered radiation dose rate at point Ag, estimated to be

H(A9) = ZH(S41) + ZH(S42) = 58110_6 Sv/h.

Under the accelerator operation, the personnel may
stay at this point for a short time.

3. CALCULATION OF OZONE
CONCENTRATION AND FORBIDDEN
PERIOD

At the steady-state operating conditions, the ozone
concentration in the air of the accelerator chamber will
be equal to [2]

Q, _ 4.2-10" - I, -d-K,, y
o Vch : Ech (ﬂ‘_'_ Ezon) 'Vch : Ech

x[1—exp{~(1+E ) t, - Img/m®,
where Q,, is the quantity of ozone in air, produced per
hour. The LUE-10M parameters for calculation of
0zone concentration are presented in Table 4.

N10Z

(4)

Table 4
The LUE-10M parameters for calculation
of ozone concentration

Working chamber volume Vg, m° 265
Accelerator’s exit window-to-stack-monitor

distance d, m 2.85
Average cross-sectional area of the beam in

air S,on, M 0.07
Air change coefficient in the working cham-

ber, K¢, 45
Maximum permissible concentration of ozone
(MPC,,), mg/m® 0.1
Beam ionization losses in air (dE/dX);en at

E,=10 MeV, MeV cm*/g 1.98
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rad chem *

MPC,, is by a factor of 50 lower than that of nitro-
gen oxides. Therefore, the calculation was performed
for ozone. The coefficient of ozone radiation instability
iS hrag=1.6-102P%=1.15.10*h™, because

P = 3610 (dE/dx),,-I,,-d/S,, =5.8-10°cGy/h.

e
on a\
Koon=Ke SNV ch 1 /S ,,=1087 h and t,o,= 9.2:10%h.

The factor [1-exp-(A+K,on)t;0n] Can be taken equal

to unity at steady-state conditions. Thus, the ozone con-
centration in the air of working chamber will be

7
Nf; _ 4.2 1q Iav d KAzon =174 mg .m—3, (5)
(ﬂ“ + Ezon) 'Vch ' Ech
The prohibited period is given by the formula from
ref. [2]

|n(N7€h)
Aoz MPCOZ
o (Ech + ﬂ‘ch)
where A, =1.2 h™ is the chemical ozone instability coef-
ficient being independent of the radiation conditions.

At the given mode of accelerator operation, no radi-
oactive gas generation (**0O and *N) is expected, be-
cause the threshold of the corresponding reactions is
higher than 10 MeV.

=0.062 h ~ 4min, (6)

CONCLUSIONS

The radiation levels behind the shield, and hence,
the necessary thickness of the latter, are mainly deter-
mined by the direct bremsstrahlung, whereas at the
point Ay — by the scattered radiation.

The bremsstrahlung power generated when the pro-
cessing of medical devices, polymeric materials and
semiconductor items will be by a factor of 3 lower than
if using a thick tungsten target.

It follows from the present data, that with the accel-
erator LUE-10M operating in the mode (10 MeV;
2 mA) the existing radiation shield will be sufficient for
ensuring the permissible equivalent dose rate for the
accelerator staff.
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PAJIMAIMOHHASA 3AIIUTA PEKOHCTPYUPYEMOI'O YCKOPUTEJIA J1Y3-10M
B.B. Mumpouenxo, I' /1. Ilyzauee, B.JI. Yeapos, O.A. Penuxos, A.3. Tenuwes, B.C. Illlecmaxosa

Ha neiicteyromem 8 HHI X®TU yckopurene JIYI-10M npon3BoauTcs: CTepHIIN3aisa 3HAYUTEIEHOTO 00beMa
W3eUil MEANIIMHCKOTO Ha3HAUCHHUS B YKpaWHe U TeM CaMbIM 00ecIeurBaeTCsl BKJIAJ B HAIMOHANBHYIO Oe3omac-
HocTh. K HacTosAIeMy BpeMEeHH KOMIUIEKTYIOIHE U3JENUs YCKOPHUTENS BBIpaboTa i CBOW pecypc M ycTapemH, 1o-
ATOMY HpearnoiaraeTcs npoBectd pekoHcTpykuuio JIYD-10M Ha HOBOM a5ieMeHTHOM 6a3e ¢ pa3MellleHneM HOBOTO
nanyuatens ¢ sHeprueir 10 MoB u cpegHuM TOkoM 10 2 MA B TOM ke MoMelieHnd. [IpoBeieHHbIe pacueThl MoKa-
3BIBAIOT, YTO XAPAKTCPUCTUKKA UMEIOIICHCS 3aIUThl U CHCTeMbl BeHTWwsnuu JIYD-10M npu pabote yckopurens ¢
MIPOEKTHBIMH MTapaMeTpaMH ITydKa YIOBIETBOPSIOT TPEOOBAHUAM HOPMATHUBHBIX JOKYMEHTOB.

PAJTAIIIMHUM 3AXACT PEKOHCTPYHOBAHOI'O ITIPUCKOPIOBAYA JIYE-10M
B.B. Mimpouenxo, I /. Ilyzauos, B.JI. Yeapos, O.0. Penixos, A.E. Teniwes, B.C. lllecmakosa

Ha nitouomy B HHIL X®TI npuckoproaui JIYE-10M npoBoauTbes crepuiizaiiisi 3Ha4HOTO 00'eMy BHPOOiB Me-
JIUYHOTO TMPU3HAYCHHS B YKpaiHi i THM caMuM 3a0e3e4yeThCs BHECOK y HaIllOHAIBHY Oe3mexy. [lo TenepiliHporo
4yacy KOMILUIEKTYIOUl BUpOOM NPUCKOpIOBaua BUUEpIIalin CBill pecypc 1 3actapinu. Tomy nepenbayaeTbesi MpOBECTH
pexoHcrpykuito JIVE-10M Ha HOBili ejleMeHTHIH 0a3i 3 po3MillleHHsIM HOBOT'O BHUIIPOMiHIOBaYa 3 €HEPIi€l0 €NeKT-
poHiB 10 MeB i cepenim cTpyMoM Tiyuka 10 2 MA B TOMY % npumiiieHHi. [IpoBeaeHi po3paxyHKH NOKa3yrTh, L0
Ipu poOOTi MPUCKOPIOBAYa 3 MPOSKTHUMH MapaMeTpaMH ITydKa XapaKTePUCTHKH HAsSBHOTO PajiallifHOIO 3aXHCTY i
cucremu BeHTHsinii JIVE-10M 3a10BONbHSIOTH BUMOI'aM HOPMATUBHUX JOKYMEHTIB.

ISSN 1562-6016. BAHT. 2018. Ne3(115) 191



