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It is anticipated that a therapeutic electron accelerator “Clinac” (manufactured by Varian Co., USA) will be in-
stalled at NSC KIPT. It has been suggested that the available compartment having thick concrete walls might be
used as a medical treatment room. In this connection, the analysis has been made for correspondence of the com-
partment protection characteristics to the accelerator safe operation requirements. The protection capability was es-
timated for a mode of the accelerator operation at electron energy of 18 MeV with a target made of tungsten. Equiv-
alent dose rates behind the shield were calculated with due regard for the direct bremsstrahlung from the target, and
also, for the scattered photon emission and neutron radiation. To reduce the scattered radiation level in the entrance
area, the variant of shielding maze has been proposed. The estimated radiation dose of the accelerator staff does not
exceed the values permissible by the radiation safety standards. According to the calculations made, the concentra-
tion of ozone produced in the treatment room will be also below the MPC level.

PACS: 87.56.bd; 28.41.Qb
INTRODUCTION

The National Science Center “Kharkiv Institute of
Physics and Technology (NSC KIPT) is going to install
an electron accelerator manufactured by Varian Co.
(model Clinac 2300 C/D). On delivery, the Company
provides only tabular standard protection data for the
treatment room, which are intended for the use at the
early stages of the therapeutic complex design. There-
fore it was necessary to confirm its compliance with the
regulatory requirements of a country where the accel-
erator is to be installed. In this connection, an analysis
was performed to assess both the radiation protection of
the intended accelerator chamber, as well as the ozone
production during accelerator operation. The analysis
was carried out with regard to the “Radiation safety
rules for electron accelerators under No. 1442/23971 d/d
21 August, 20137, to the recommendations on radiation
shield calculations for electron accelerators, and also,
other regulatory documents.

Fig. 1 shows the schematic of the intended Clinac
working chamber at the level -4.800 is 6.9 m wide, 9 m

long, the floor-ceiling height being 3.4 m. The side
shielding of the facility will be provided by the existing
2 m thick concrete walls, and by the earth. At the top,
the chamber is shielding by 1.2 m thick concrete con-
structions.

The installation control is assumed to be arranged in
the adjacent premise at the level -4.800 separated from
the accelerator chamber by the maze shielding against
scattered radiation. The auxiliary operational areas are
supposed to be located in the adjacent premises.

1. BREMSSTRAHLUNG SHIELDING
CALCULATIONS

The analysis has been performed for the radiation
shielding of the Clinac accelerator and its production of
ozone at an electron energy of 18 MeV and a working
load of 2000 Sv/week. For calculations, we have chosen
the points A; — Ag at mark -4.800, which are at service
personnel location sites expected to have the highest
radiation level (see Fig. 1), and also outside the building
in the fill-up ground.
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Longitudinal section of the accelerator working chamber, passing through the isocenter:
1 — accelerator CLINAC; 2 — therapeutic couch; 3 — modulator casing; 4 — stand and gantry; 5 — concrete shield;
6 — shielding maze; O’ — isocenter

ISSN 1562-6016. BAHT. 2017. Ne6(112)

181


mailto:uvarov@kipt.kharkov.ua

Referring to Figure, we use the following notation:
O and O* are the radiation source (accelerator head) and
the isocenter, respectively; A; — is the point at the angle
of radiation 0 = 0 outside the maze shield; A, — is the
point at the maze entrance, 6 = 34°; A; — is the point
behind the side shield of the vault; A, — is the point out-
side the building in the ground; As — is the point at mark
—3.800 in an adjacent hall; Ag — is the point outside the
maze’s entry; A; — is the point at 6 = 20° in the hall,
before the maze’s entrance; Ag — is the point on the
ground floor, above the isocenter (at mark 1.000). The
Clinac radiation characteristics used in the calculations
are as follows.

- Maximum energy of accelerated electrons for the
modes of exposure to electrons and bremsstrah-
lung 18 MeV;

- bremsstrahlung dose rate at the isocenter 720 Gy/h;

- bremsstrahlung dose rate external to the isocenter

For a soft biological tissue, the relation between the
absorbed and equivalent doses of bremsstrahlung is de-
termined by the formula H(Sv)= 1.09 D(Gy). For sim-
plicity, in our calculations, H was assumed to equal D.

At the NSC KIPT, the design value of the standard
reference dose rate RDR 4 with the safety factor 2 at the
workplaces of category “A” staff amounts to 4.1 uSv/h.
The maximum workload W for the procedures without
the smoothing filter (Field Flow Fractionation, FFF) has
been determined by the Clinac supplier to be
2000 Sv/week at a 50-hour work week. The permissible
bremsstrahlung dose rate P at a distance R is given by
the expression

1.0-10'Wr?b(6) 1)
T -R?

where W is the workload (Sv/week), r is the radiation

source-to-isocenter distance (m); T, is the operational

P(9) =

0.72 Gy/h; period of all the category “A” personnel shifts per week;
- neutron -to-bremsstrahlung dose ratio at the isocen-  P(6) is the radiation yield factor in the (6 )-direction. In
ter < 0.2%; accordance to the data of refs. [2], [5], we put the solid

- shield materials — concrete, lead;

- beam size and possible beam directions are provid-
ed by Varian Co. on delivery of Clinac with a set
of electronic applicators enabling the formation of
six different fields measuring — 6x6 cm,
10x10 cm, 15x15 cm, 20x20 cm, 25x25 cm;

- feasible directions of the accelerator head: straight
down — 6= 0°, and sideways — 0 = 90°;

- radiation source- to- isocenter distance 1.05 m;

- accelerator operational mode (workload per week,
equal to the product of the mean dose received by
a single patient for the time of exposure by the
number of patients) 2000 Sv/week. .

The given below equivalent dose A rates at the
points of interest correspond to the mode of facility op-
eration with a tungsten target and a tantalum smoothing
filter. Under these conditions, the bremsstrahlung is the
dominant factor of radiation hazard, which governs the
accelerator shield thickness. Noteworthy also is the pro-
duction of harmful chemical substances (ozone and ni-
trogen oxides) in the air.

For a soft biological tissue, the relation between the
absorbed and equivalent doses of bremsstrahlung is de-
termined by the formula H(Sv)= 1.09 D(Gy). For sim-
plicity, in our calculations, H was assumed to equal D.

angle value in the range from 0° to 14° to be b(0)=1;
and in the angular ranges from 14° to 20° and from 20°
to 40° we put b(6)=0.26 and b(6)=0.1, respectively. For
solid angles greater than 40°, b(0) is taken to be 0.01.
The angular coordinates and the distances to the
points of interest with respect to the point O, at which
the electron accelerator target is located, are given in
Table 1.
Table 1
Distances to the points of interest, angular coordinates
and yield factors

Points | A; | A, | Ag As | As | A7 | Ag

R(m) [8 |10 | 6 8 |10 |85 |35

| O|
g

0° 0° [ 34 |90 90 |40 [ 20 | 180
b©) |1 [01]o0.01 001[01]02 [0.01
6

Table 2 gives the calculated values for the equiva-
lent dose rates (EDR) at unshielded control points, the
necessary dose attenuation K(X), the concrete shield
thickness X, and also the thickness of the existing
shield X,wa. Here and below, we use the attenuation of
the bremsstrahlung dose rate for the concrete shield of
density 2.3 glem®.

Table 2
EDR at points of interest (uSv/h), the necessary attenuation K{(x), shield thickness (required and existing)
Points Aq A, As A4 As As A As
H , uSvin 6.910° | 4.4.10* |1210" |6.910° |6.910° |4.410° |1610° |3.6-10°
K(X) 1.7.10° | 1.110° | 3-10° 1.7.10° | 1.710° |1.1.10° | 4.10° 8.8-10°
Xealcul,, CM 240 190 160 240 152 145 207 185
Xactuals CM 300 270 200 300 200 200 250 120

The obtained shield thickness data for primary
screening at points A; and A4, X=240 cm, are in good
agreement with the data of Table 2-1 for typical shield
of the Clinac accelerator under standard procedures
(X=236.2 cm) at the concrete density p=2.355 g/cm®.

It is evident from Table 2 that the existing shield
thickness at the at mark -4.800 is sufficient for the pri-
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mary and secondary screening of the personnel against
the accelerator radiation. Point Ag is found in the attic-
floor room, where the coefficient of occasional presence
of the personnel is equal to T=0.06, and the existing
shield will suffice for the protection.
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2. CONSIDERATION OF THE SCATTERED
RADIATION

To calculate the scattered radiation contribution to
the EDR at the entry to the treatment room (working
chamber of the accelerator), the principal reflecting sur-
face S; was chosen in accordance with the recommenda-
tions given in ref. [3]. In the calculations, the brems-
strahlung was assumed to be produced at the point O
resulting from interaction of electron beam with the
tungsten target, the primary collimator, the smoothing
filter, the secondary collimator, and thereupon incidents
on the scattering surface S;.

The EDR of the scattered radiation at point By, scat-
tered by the surface Sy, is determined according to ref.
[3] by the formula
~1.0-10°-Wr’h(0) &, (6, E,)-S, -Cosé, 2

TR R
where o,(0, Eo) is the differential dose albedo for the
bremsstrahlung with end-point energy E,, incident on
the scattering surface S; at an angle 0, relative to the
normal to this surface. 0,4 is the radiation angle, R is
the distance from the radiation source to the scattering
surface S; (m) in the maze of the treatment room, Ry is
the distance from the surface S; to the maze entry (point
B;). Using the parameters of the accelerator and the
geometrical dimensions of the accelerator chamber, we
obtain the initial data for calculating the EDR of the
scattered radiation: R=7.2m; R;=11.2m; 0,,4=30°
0,=60"; o(6,E)=3-10; $;=2.1 m% b(8)=0.01; r=1.05.
Based on these data and formula (2), one can estimate
the scattered radiation contribution to the EDR at point
B (H, = 0.21 uSv/h). With account of the direct radia-
tion contribution from point O at point B (H, =

Hy

0.34 uSv/h), the total dose rate at point B; is estimated
to be Hy=0.55 uSv/h. Thus, the steel layer 6 mm thick
will be sufficient for screening the door of the Clinac
treatment room.

3. NEUTRON SHIELDING CALCULATION

In a working shift time, at an operating load of
2000 Sv/week and a 50-hour workweek, the mean EDR
value of photoneutrons produced during accelerator
operation, at a distance of 2 m from the target at the
isocenter, will amount to

1.0-10°-W -r?.c
H="—"—7—"""—"
Tn
where c is the ratio of the neutron EDR at the isocenter
to the bremsstrahlung dose rate (¢=0.2%); o is the neu-
tron  flux  density-to-EDR  conversion  factor
(0=1.7 pSv-cm?s/h).

So, the neutron flux density at the distance R=1 m
(at the isocenter) will be H,=5.2-10* n/cm?-s.

The attenuation of photoneutron EDR in the con-
crete shielding can be estimated using the relation

K,=exp(d/\), 4)
where d is the concrete shielding thickness (cm); A is the
photoneutron relaxation length in the concrete (equal to
16 cm).

Table 3 lists the values of neutron flux density at the
calculation points without radiation shielding N,, the

neutron-induced dose rate A, and also, the necessary
dose rate attenuation K,,.

The data on the existing practical shield thickness
Xacwal, the required neutron shield thickness D gy, and
the margin of neutron EDR attenuation K, are given
in Table 4.

=4,4110"-¢c0

Table 3
Neutron flux density (n/cm?s-), neutron-induced dose rate / (xSv/h) and the necessary neutron dose rate attenuation K,
Points A, A, As A4 As As A, Ag
R(m) 8 10 6 8 8 10 8.5 35
N, |8.1-10° 5.2-10° 1.44-10° | 8.1-10° 8.1-10° 5.2-10° 7.2-10° 42-10°
H., 1.38-10° | 8.84:10° |[245-10° | 1.3810° |1.3810° | 8.84:10° |1.22:10° | 7.14-10°
K, |337-10° | 2.16:10° | 6-10° 337-10° [3.37-10° | 2.16:10° | 3-10° 1.74-10°
Table 4
Neutron shielding characteristics
Points Ay As Az Ay As Ag Ay Ag
Ad(X)acrwai(CM) 300 270 200 300 200 200 250 120
Deoncrete(CM) 94 86 103 94 94 86 92 120
Kinargin 3.9-10° 6.4-10° | 4.3-10° 3.9-10° [7.5-10° 1.2:10° \ 1.9-10 1

It is evident from the table that neutrons make prac-
tically no contribution to the EDR behind the shield, and
their impact may be neglected.

4. CALCULATION OF OZONE CONCENT-
RATION AND FORBIDDEN PERIOD

Considering that at operation of an accelerator with
energy up to 30 MeV the toxicity of air radiolysis prod-
ucts (ozone and nitrogen oxides) is mainly determined
by ozone (ozone MPC is by a factor of 50 lower than
the MPC of nitrogen oxides), the ventilation calculation
is based on the provision of the desired ozone concen-
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tration reduction. In the “Radiation safety regulations
for electron accelerators”, there are no instructions for
calculating the ozone production by medical accelera-
tors. There is a belief that when interacting with air, the
bremsstrahlung of the accelerator produces far less radi-
olysis products than the electron beam does. It is as-
sumed also that with the operating exhaust ventilation,
the reduction in ozone concentration down to the per-
missible value occurs practically for a few seconds after
the accelerator is turned off; and in this case, the forbid-
den period concept loses its practical meaning for the
operating staff. For all that the patient stays all the time
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in the accelerator chamber (treatment room) with the
accelerator being in operation. In view of this, the anal-
ysis has been performed to estimate the ozone produc-
tion in the accelerator working chamber with the use of
the data of practice guidelines [2, 3] and the available
literary sources. In accordance with Supplement 2 to the
“Radiation safety regulations for electron accelerators”
(i. 2.16), the forbidden period of staff entrance to the
working chamber is determined by the formula

C
TFORB = ln[ > j / (chamb + ﬂ'c]]em) > (5)

MPC,,

where C,, is the ozone concentration in the working
chamber at the instant of radiation exposure, mg/m®;
MPC,, is the maximum permissible ozone concentra-
tion, 0.1 mg/mm?®; Kenamp. IS the air change per hour in
the accelerator working chamber, hour™; Jgem is the
coefficient characterizing the chemical instability of
ozone, hour™, (Agem=1.2 h™")

For determining the ozone concentration in the
working chamber with the point radiator at its center,
the chamber was assumed to be spherical with radius R.

The ozone concentration was calculated by the formula

2.4-10°D 6

or A+ Kchamb I:l exp{ (/1+ KChamb) t}], ( )

where P is the average absorbed dose rate in air, Gy/s;

Kehamb. IS the air change in the irradiated volume, h: tis

the time of air irradiation, h; A=A,q+Achem. Characterizes
the radiation and chemical instabilities of ozone, h™.

Arag IS Calculated by the formula

Mag=34- P °° h. )

The average absorbed dose rate in air for the cham-
ber with the point radiator was determined through nu-
merical integration of expression (1) over 4n. The angu-
lar distribution data are given in Section 1.

On exposure of a patient to radiation having the
EDR equal to 12.1 Gy/min. (0.2 Gy/s) in the angular
range from 0 to 14°, the maximum average EDR value
in the treatment room of 211 m® in volume will make

P =0.0065 Gy/s; and A=1.66 h*%; C,,=0.042 mg/m.

Thus, even in the mode of operation without the
smoothing filter at the patient dose of 20 Gy per run, the
ozone concentration will not exceed the MPC value.
Therefore, the forbidden period of entrance to the work-
ing chamber after the accelerator is turned off, loses its
meaning. During the whole session of patient exposure,
the ozone concentration in the chamber also will not
exceed the MPC value.

CONCLUSIONS

The necessary design values for concrete shield
thickness have been tabulated to provide safe operation
of the installation with electron energy of up to 18 MeV.
It follows from the present data that the existing radia-
tion shield is sufficient to prevent the excess of the tol-
erable dose rate (TDR,). For the treatment room protec-
tion, a 6 mm thick steel door must be installed in the
shielding maze. During the irradiation session, the
ozone concentration in the treatment room will not ex-
ceed the MPC value. Therefore, there is no need for
setting a forbidden period for the staff to enter the
treatment room.
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PAIUALMOHHASA 3AIIIUTA TEPAITEBTUYECKOT O YCKOPUTEJIA JIEKTPOHOB “CLINAC”
B.A. Bopouko, A.H. /loeons, I' /. Ilyzaues, B.B. Comnuxos, B.JI. Yeapos, B.C. Illlecmakxosa

B HHI[ X®THU npeamonaraercst yCTaHOBUTh TEPANIEBTUUECKU yekopHuTellb 3ekTporoB “Clinac” (pupma Varian, CIIIA). B
KauecTBE MPOLEIYPHOro KaOMHETa NMPEIIoKEHO HCIIONb30BaTh MMEIOLIeecs ITOMEIeHNe C TOJICTHIMH CTeHaMH u3 OeToHa. B
CBSI3U C 9THM IIPOBENICH aHAIN3 COOTBETCTBYS 3AIIUTHBIX XapaKTEPUCTUK IMOMEIICHHS TPEOOBaHUAM 0€30TIaCHOMN IKCILTyaTaIliH
yckopurens. ONeHKa 3ailiThl TPOBOAMIACH IS PEKIMa paboThl YCKOPHUTENS C dHEpTHEl 1eKTpoHOoB 18 MsB n MumieHbio U3
Bosb()pama. PaccuuTaHbl 3HaYEHHSI MOIITHOCTH SKBUBAJIICHTHOW JIO3HI 32 3aIIUTON C Y4€TOM MPSMOTO TOPMO3HOTO M3IIyYCHHUS OT
MHUILIEHH, a TAKXKE PACCESIHHOrO (POTOHHOTO M3JIyYeHUS! U HEUTPOHOB. JIJIsl CHIDKEHUS YPOBHS PacCesTHHOTO U3JIy4eHUs Y BXOJ1a B
MIOMEIIEHUE MIPEIOKEH BapUaHT 3alUTHOTrO JlabupuHTa. [lomydyeHHas olieHKa J030BOI Harpy3kd Ha OOCIyKHBArOLIUH Iepco-
HaJI YCKOPHTEIS HE TPEBBINIACT 3HAUYCHHH, TOIYCKaeMbIX HOPMaMH paJualliOHHON Oe3omacHocTH. [IpoBeneHHbII pacueT Hapa-
OOTKH 030HA B MPOIEYPHOM KaOWHETE IMOKa3all, YTO €ro KOHICHTPAIIHS TaKKe He OyIeT MPEeBhIaTh JOIMYCTUMBIH YpOBEHb.

PAlIlAIJ,lFlHPlﬂ 3AXHUCT TEPAIIEBTUYHOI'O IIPUCKOPIOBAYA EJIEKTPOHIB “CLINAC”
B.O. Bopouko, AM. [loeonsa, I /1. Ilyzauos, B.B. Comnuxos, B.JI. Yeapos, B.C. Illlecmakosa

YV HHILI X®TI nependayaerscs BCTAHOBHTH TepaneBTUYHUI MpUcKoptoBay enektpoHis “Clinac” (¢pipma Varian, CLIA). Sk
npoleypHHil KaOiHeT 3anporoOHOBaHO BUKOPHCTOBYBATH HAsBHE MIPUMILICHHS 3 TOBCTUMH CTiHaMH i3 O6eTOHY. Y 3B'3Ky 3 UM
NPOBE/ICHO aHajli3 BiIMOBIIHOCTI 3aXUCHUX XapaKTEPUCTHK MPHUMIIIEHHS BHMOraMm Oe3ne4yHol eKCIUTyarallii MpHCKOpIoBadva.
OrmiHka 3aXUCTy NMPOBOAMIIACS [UISl PeXHUMY PoOOTH IPHCKOPIOBaYa 3 eHeprieio enekTpoHiB 18 MeB i mimeHH!o i3 Bonbghpamy.
Po3paxoBaHi 3Ha4€HHs HOTYXXHOCTI €KBiBJICHTHOI JJO3H 3a 3aXHCTOM 3 YPaxyBaHHSM IPSMOTO IalbMiBHOIO BHITPOMIHIOBaHHS
Bi/l MillIeHi, a TAKOXX PO3CiSTHOr0 (POTOHHOTO BUIPOMIHEHHs i HEHTPOHIB. [yl 3HMKEHHS PIBHS PO3CISTHOTO BHIIPOMIHIOBAHHS
Oiyst BXOZy B NIPUMIIICHHS 3alPOIIOHOBAHUI BapiaHT 3aXxHMCHOTO JabipuHTy. OTpHMaHa OLiHKA {030BOr0 HaBaHTAXXKEHHs Ha 00-
CIyTOBYIOUHMH IIepcOHall MPUCKOpIOBaYa He IEPEeBHILy€e 3HAUeHb, L0 JIOMYCKAIOTHCS HOpMaMu pajiamiifHoi 6esmeku. IIposene-
HUH PO3paxyHOK HAIpamoBaHHS 030HY B IIPOLEAYPHOMY KaOiHETi OKa3aB, M0 HOro KOHIIEHTPALs TAKOXK He epeBUIIyBaTUMe
JOMYCTUMUI PiBEHb.
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