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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The preecedures—tsed—to—developth CHERE—S ptended—for-tts—further-maintenance are
described in the ISO/IEC Directives, Part 1. In particular the different approval criteria rieeded for the
different types of ISO documents should be noted. This document was drafted in acéordapce with the
editdrial rules of the ISO/IEC Directives, Part 2. www.iso.org/directives

Attention is drawn to the possibility that some of the elements of this documént may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all sueh-patent rights. Details of
any patent rights identified during the development of the document willbe in the Introdu¢tion and/or
on the ISO list of patent declarations received. www.iso.org/patents

Any trade name used in this document is information given for the'éonvenience of users gnd does not
consfitute an endorsement.

For an explanation on the meaning of ISO specific termis and expressions related to| conformity
assegsment, as well as information about ISO’s adherénee to the WTO principles in the Technical
Barrjers to Trade (TBT), see the following URL: Forewdrd - Supplementary information

The fommittee responsible for this document is-ISO/TC 85, Nuclear energy, nuclear techiologies, and
radidlogical protection, Subcommittee SC 2, Radielogical protection.

This|corrected version of ISO 16645:2016 ineorporates the correction of Tables A.9 and C.6
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ction

Radiotherapy uses external beam radiation to Kill cancer cells and shrink tumours. The use of electron
linear accelerators to administer external beam radiation has spread during recent decades and is now
common throughout the world. These accelerators deliver high energy electron and photon beams with
increasingly high dose rates. Although the use of radiotherapy is well established, irradiation techniques
have continued to evolve and are becoming increasingly complex. Examples include modulation of beam
intensity, availability of high dose rate modes, arctherapy, helical intensity modulated radiotherapy,
robotic arm accelerators, and dedicated devices for intra-operative radiotherapy. The shielding design
of treatment rooms has been evolving with these changes. The higher radiation workload associated

with most of these Eeclinlques can impact the slileldmg materials used. Ihe irradiation Eeclinlqu

also impact

IEC 60601-3
safety of th

the geometry to be considered in the shielding calculations.

-1 relates to the design and the construction of the accelerators in order to ensur
pir operationlll. In addition, several nationall2][3] or international (IAEA 'Safety Re]

P can

b the
borts

Series Report No. 47, 2006) reports propose recommendations concerning the installation ang the

exploitation|
radiological
[3]. Moreove
relating to t

Taking into
room facilit

it appeared
standard is

The followiy

types o
operatil
dedicat

radiatid
gamma

Treatmf

and met
design ¢

calculat
geomet

evaluat

materials of protection: concrete (ordinary or high density), metals, laminated barriers (con

of these accelerators, the safety devices, the design and the calculation of protection
control and monitoring. National standards have been established\in certain countr|
r national regulations impose particular rules of protection agajnstradiation, in parti
he definition of the controlled areas and the calculation of shielding.

account the developments of new irradiation techniques<@and of new designs of treat

judicious to establish an international standard to.berused as a general framework.
ntended to be complementary to the other international standards (IEC and IAEA).

1g items are discussed in the standard:

f accelerators: conventional accelerators.with and without flattening filter (FF and
1g modes), devices for helical intensity niodulated radiotherapy and robotic arm accele]
bd machines for intra-operative radietherapy;

al), hydrogenated\umaterials, earth and others;
f the radiotherapy facility:

ion methods of the shielding, including neutrons, various types of installations and shie
Fies;

on-of the impact of the maze and calculation of the protection of the entrance door;

5, the
ies[4]
rular

ment

es on the one hand, and the variety of guides or normative documents on the other hand,

This

FFF
ator,

n fields: electrons, X photons dnd neutrons (direct, scattered, leakage), neutron capture
rays;
Ent room geometry: maze'without and with door, no maze with direct door;

crete

lding

additional protections;

shieldin

the shie

Vi

g design assumption and goals;

lding and design is fit for purpose after installation of the accelerator.

evaluation of the impact of the ducts (ventilation and air-conditioning, high voltage and fluids) and

Radiation survey of the completed installation to ensure national requirements have been met and
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Radiological protection — Medical electron accelerators —
Requirements and recommendations for shielding design
and evaluation

1

This
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Scope

[nternational Standard is applicable to medical electron linear accelerators i.e. linear
nominal energies of the beam ranging from 4 MV to 30 MV, including particular

as robotic arm, helical intensity modulated radiotherapy devices and dedicatéd.devi
htive radiotherapy (IORT) with electrons.

fyclotrons and the synchrotrons used for hadrontherapy are not considered.

radiation protection requirements and recommendations given/in-this Internation|
" the aspects relating to regulations, shielding design goals and~other design crit
nanufacturers, of the radiation protection officer or qualified)éxpert and interactid
bholders, radiations around a linear accelerator, shielding for conventional and sp¢
ding shielding materials and transmission values, calcdlations for various treat

1

configurations, duct impact on radiation protection) and the.radiological monitoring (meas

NOTH
NOTH

NOTH

2
The

indig
refern

[EC

char

[AE

1  AnnexA provides transmission values for the most common shielding materials.

2 Annex B provides supporting data for shielding calculation.

3 Annex C provides an example of calculation for conventional device and standard maze.

Normative references

following documents, in whele -or in part, are normatively referenced in this docunj
pensable for its applicatien;* For dated references, only the edition cited applies. |
ences, the latest edition‘of‘the referenced document (including any amendments) appl

0976, Medical electrical equipment — Medical electron accelerators — Functional
cteristics

Safety Repeorts Series Report No. 47, Radiation protection in the Design of R

Faciljties (2006)

3

erms and definitions

nccelerators
nstallations
res for intra

al Standard
eria, role of
ns between
cial devices
ment room
urements).

ent and are
For undated
es.

performance

adiotherapy

For the purposes of this document, the terms and definitions given in IEC 60976 and the following apply.

3.1

Quantities

3.1.1
absorbed dose

D

quotient of de by dm, where d¢ is the mean energy imparted to matter of mass dm thus

&

D=
dm

© ISO 2016 - All rights reserved
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Note 1 to entry: In this document, the absorbed dose is defined for radiation produced by a linear accelerator at a
specific location: the absorbed dose to water at the isocentre (at 1 m from the source for conventional devices) at a
reference depth in water in electron equilibrium conditions (for example at the depth of maximum absorbed dose).

Note 2 to entry: The unit of absorbed dose is joule per kilogram (J-kg-1), and its special name is gray (Gy).

[SOURCE: IS
3.1.2

0 12749-2:2013, 4.1.6.7]6]

absorbed dose rate

output rate
DR,

dose absorbed per unit of time
Note 1 to enfry: In this International Standard, in the absence of specific indication, the absorbed~dose rpte is
defined for rddiation produced by a linear accelerator at a specific location: the absorbed dose rate to.Wwater at the
isocentre (at[l m from the source for conventional devices) at a reference depth in water in electron equilirium
conditions (for example at the depth of maximum absorbed dose).
Note 2 to entry: The unit of absorbed dose rate is gray per second (Gy-s-1). The usual unit for medical acceleyators
is gray per hgur (Gy-h-1).
3.1.3
dose equivalent
H
product of I) and Q at a point in tissue, where D is the absorbed dose (3.1.1) and Q is the quality factor
for the specific radiation at this point, thus: H=D x Q
Note 1 to ently: The unit of dose equivalent is joule per kilogram {J:kg-1), and its special name is sievert (Sv).
[SOURCE: IS0 12749-2:2013, 4.1.6.8][6]
3.1.4
IMRT ratio
Cy
ratio of the average monitor unit per unit prescribed absorbed dose needed for IMRT (MUymrT) angd the
monitor unif per unit absorbed dose for.conventional treatment (MUcony)
C. = M ]IMRT
[ =
M ]CONV
3.1.5
instantanepus dose-equivalent rate
IDR
“ambient/p¢rsonak-ddse-equivalent rate (Sv-h-1) as measured with the linear accelerator operating at
the absorbefl dgserate DR, (Gy-h-1)
Note 1 to ent w Thicicthe direct vnar’hnﬂ ofthe ratemeteorthat n'nlnc actahle rnar‘n‘\g indose nqnnr:\]nnf pnr hour_

IDR is spec1f1ed at a reference point (30 Cm) beyond the penetrated barrier.

3.1.6

effective dose

E

summation of all the tissue equivalent doses, each multiplied by the appropriate tissue weighting factor

3.1.7

occupancy factor

T

fraction of time the areas adjacent to the treatment room are occupied by an individual or group during
linear accelerator operation

© ISO 2016 - All rights reserved
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3.1.8

orientation or use factor

U

fraction of the time during which the radiation under consideration is directed at a particular barrier

3.19

reflection coefficient

a

fraction of radiation (e.g., fluence, energy fluence) expressed by the ratio of the amount backscattered
to that incident

3.1.18
shielding design goal
P
practical values of dose equivalent, for a single radiotherapy source or set of squrces, evialuated at a
reference point beyond a protective barrier

Note|1l to entry: The shielding design goals ensure that the respective annual values for effective dose limit
definpd by national regulation or IAEA/ICRP for controlled and uncontrolled aréas are not exceedegl.

3.1.11
(patient) scatter fraction
a(9)
ratio|of absorbed dose at 1 m from a tissue-equivalent scattering object to the absorbed dose measured
at the isocentre with the object removed

Note |1l to entry: This quantity is a function of the scatter @ngle (6), incident beam quality, and peam area. A
scattering phantom is typically a water-equivalent volume representing a standard human being.

3.1.12
tenth-value distance
TVD
distgnce that a specified radiation travels;under broad beam condition in order to reduce the radiation
field intensity to one-tenth of its original value

3.1.13
tenth-value layer
TVL
thickness of a specific material that reduces a specified radiation field intensity by a factof of 10 of its
original value, under broad beam condition

Note [l to entry: TWisexpressed in m or cm of a defined material or in kg/m?2 (thickness x density)
Note 2 to entry: TVL1 and TVL; are the first and the second tenth-value layer thicknesses, respectivgly.
Note 3 to¢entry: TVL. is the equilibrium tenth-value layer, thickness for each subsequent tenth-valye layer in the

regiondn, which the directional and spectral distributions of the radiation field are practically independent of
thickkess:

Note 4 to entry: TVL. is the cumulative tenth-value layer, approximate value based on large attenuation
measurements: for a given thickness ¢, TVL. = -t/log(B).

3.1.14

time averaged dose-equivalent rate

TADR

barrier attenuated dose-equivalent rate averaged over a specified period of accelerator operation

Note 1 to entry: TADR is proportional to instantaneous dose-equivalent rate (IDR), and depends on the values of
workload (W) and orientation or use factor (U).

© IS0 2016 - All rights reserved 3


https://standardsiso.com/api/?name=c49e994ad722187421d0d9ac00783a37

ISO 16645

3.1.15

:2016(E)

transmission factor (or barrier transmission)

B

ratio of radiation field intensity at a location behind the barrier on which radiation is incident to the field
intensity at the same location without the presence of the shield, for a given radiation type and quality

Note 1 to entry: Bis a measure of the shielding effectiveness of the barrier.

3.1.16
workload
w

Lbad d
TOTUOOST

at a

average ab
reference dd

Note 1 to ent
Note 2 to ent
Note 3 to ent

Note 4 to ent

3.2 Defin

3.21
barrier (or
protective Y
beyond the
guidance

3.2.2

primary barrier

wall, ceiling]
or source th
with nation

3.2.3

secondary
wall, ceiling
the leakage
internationa

3.2.4
controlled
defined are{

'S 4 £ diods 2| d L 1 1 s £ 1 3 4
CO—vwWwatCT OT T adractiorr protdattt— oy o ircdar acttitTatur,—at arc—1SUCCTITT

pth in water in electron equilibrium conditions, over a specified period averaged overa
ry: The workload is specified in Gray (Gy).

"y: The time period should be consistent between shielding design goals and worklead.

Fy: The isocentre is at 1 m from the source for conventional devices.

ry: The reference depth in water is for example the depth of maximum abserbed dose.
itions

protective barrier)
vall of radiation attenuating material(s) used to @educe the dose equivalent on the
adiation source to an acceptable level compatible with national legislation or internat]

floor or other structure designed-to;attenuate the direct radiation emitted from the t
at passes though the collimatof gpening (useful beam) to an acceptable level comp4
1 legislation or international guidance

barrier

and scattered radiations to an acceptable level compatible with national legislatic
1 guidance

Area
h in which specific protection measures and safety provisions are or could be requirg

controlling

preventing arlimiting the likelihood and magnitude of potential exposures

xposures or preventing the spread of contamination in normal working conditions

year

side
ional

hrget
tible

, floor or other structure not struck by the primary beam and designed to attenuate

n or

d for
and

Note 1 to entry: This implies that access, occupancy, and working conditions are controlled for radiation
protection purposes.

[SOURCE: IAEA BSS][7Z]

3.2.5

geometrical field size
geometrical projection as seen from the centre of the front surface of the radiation source on a plane

perpendicul

ar to the axis of the beam of the distal end of the beam limiting device or collimator

Note 1 to entry: The field is thus of the same shape as the aperture of the beam limiting device.

Note 2 to entry: The projected field size is specified at a particular distance from the target, e.g. at the isocentre

1 m from the

4

target or at the reference distance of the device.

© ISO 2016 - All rights reserved


https://standardsiso.com/api/?name=c49e994ad722187421d0d9ac00783a37

ISO 16645:2016(E)

[SOURCE: IEC 60976:2007]

3.2.6

helical intensity modulated radiotherapy

radiotherapy using a linear accelerator that delivers treatment with a slit beam adjustable by a multileaf
collimator (MLC) and that rotates continuously around patient with geometry resembling diagnostic
computed tomography (CT), with concomitant motion of the couch

Note 1 to entry: Helical intensity modulated radiotherapy is often called tomotherapy.

3.2.7

intensity-modulated radiation therapy
IMRT
treatiment procedure requiring, in general, the coordinated control of photon or electrenflfience, beam
oriertation relative to the patient, and beam size, either in a continuous or a discrete mahner, and as
pre-dletermined by a treatment plan

Note [l to entry: The primary purpose of IMRT is to improve the conformity of the dos€.distribution tp the planned
target volume, while minimizing dose to surrounding healthy tissue.

[SOURCE: IEC 60976:2007]

3.2.4
isoc¢ntre
point defined by intersection of the gantry axis of rotation and the beam centerline of a lineaf accelerator

Note [L to entry: For conventional linear accelerator, the isocentre is located at 1 m from the radiatign source.

3.29
leakpge radiation
radidtion, except the useful beam, coming from-the accelerator head and other beam-line c¢mponents

Note [l to entry: It is attenuated by shielding in the treatment head as specified by IEC 60601-2-1[11.

3.2.10
memnjbers of the public
perspns who are not occupationally exposed by a source or practice under consideration

Note|l to entry: When being_ irradiated as a result of medical care, patients are not considered a$ members of
the ppblic.

3.2.11
nomjinal energy.
energy stated byythe manufacturer to characterize the radiation beam

Note [l to entry:“MV” is used when referring to accelerating voltages and the end point energy of a br¢gmsstrahlung
spectirum, while “MeV” is used when referring to monoenergetic photons or electrons

[SOURECETEEC60976:20071

3.2.12

occupied area

room or other space, indoors or outdoors, that is likely to be occupied by any person, either regularly or
periodically during the course of the person’s work, habitation or recreation, and in which an ionizing
radiation field exists because of radiation sources in the vicinity

3.2.13

radiation protection officer

person technically competent in radiation protection matters relevant for a given type of practice who
is designated by the registrant, licensee or employer to oversee the application of relevant requirements

[SOURCE: IAEA BSS][Z]

© IS0 2016 - All rights reserved 5
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3.2.14

qualified expert

individual who, by virtue of certification by appropriate boards or societies, professional licence or
academic qualifications and experience, is duly recognized as having expertise in a relevant field of
specialization, e.g. medical physics, radiation protection, occupational health, fire safety, quality

management or any relevant engineering or safety specialty

[SOURCE: IAEA BSS][Z]

3.2.15

robotic arm accelerator

device comy osed b_y rtrear—aceeleratormotntedonr—atb-roebotie—arm qlluvvius aratt-direetional
delivery of the dose

Note 1 to enfry: The robotic arm is referred to as 6 degrees of freedom because movements are/made|for 3
translationallmotions (X, Y and Z) and 3 rotational motions.

Note 2 to enffry: The “geometric isocentre” is a reference point in the room that serves as,tlié origin for sqveral
coordinates qystems related to robot and imaging calibration.

3.2.16

scattered radiation

radiation that, during passage through matter, is changed in directien, and the change is usually
accompanied by a decrease in energy and intensity

3.2.17

secondary radiation

radiation pripduced by scattering from the areas struck by the primary X-ray beam or leakage radiption
through the|treatment head of the linear accelerator

3.2.18

supervised|area

defined areq in which specific protection measures and safety provisions are or could be required for
controlling formal exposures during normal-working conditions, and preventing or limiting the extent
of potential exposures

3.2.19

tertiary radiation

radiation produced by scattering)from areas struck by leakage radiation, secondary radiation and
primary eleftron beam bremsstrahlung

4 Shielding design‘goals and other design criteria

4.1 Shieldingdesign goals

Shielding design goals (P) are levels of dose equivalent (H) used in the design calculationd and

evaluation of barriers constructed for the protection of workers or members of the public. Different
shielding design goals shall be defined for supervised, controlled and public areas. They have to be in
accordance with existing national regulation or if not available according to IAEA basic safety standards
on radiation protection related to effective dose limits for workers and members of the public.

The P value (Sv) set by national authorities should be a fraction of dose limits for workers or for
members of the public. They can be expressed as weekly values (mSv/week) since the workload (W) for
aradiotherapy equipment has traditionally a weekly format. But according to national regulation, other
time periods can be used.

Shielding design goals (P) are practical values that are evaluated at a reference point beyond a protective
barrier for the workload W proposed by the radiotherapy department.

© ISO 2016 - All rights reserved
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A radiotherapy facility that uses the assumption proposed above would produce effective dose values
lower than the regulation statements for supervised, controlled and public areas. This is the result of
the conservatively safe nature of the shielding design methodology recommended.

Some design assumption should be made:

— the minimum distance to the occupied area from a shielded wall (or barrier) is assumed to be 0,3 m
(considered as representative for whole body exposure);

=

whet

ess than this value;

s given by:

= (f/1m)2dy +0,6m

arincidence
considered;

commended

he primary barrier width (w) shall be sufficient to extend at ledst 0,3 m beyond the edge of a
reometrical field of maximum size rotated 45°. For a square f mx¥ m field, the minimum value of w

1)

e dy is the distance from the target to the far side-ef'the most narrow part of the barrigr, in metres.

The dlistance from the target to the narrow pointof the primary barrier should be measurg¢d at the top
of the barrier, not at the same height as isocentré:
Figure 1 illustrates the typical locations for the narrowest point of the barrier.
Dimensipns in metres
— 1 —* 1 1
52 52 52
/) /A FoA
/A < <
= / W\ /
< // \\ ] \ LW\ 3
7 1y ! \ / \
I AN — __ééﬁ
. ; L \ /] \
0,3 0,3 0,3 0,3 0.3 0,3
a) b) 0)
Key
1 target

2 isocentre

3  metal
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5 Role of the manufacturers, of the radiation protection officer or qualified
expert and interactions between stakeholders

5.1 General

Ensuring adequate protection for both the facility workers and the general public from linear accelerator
radiation is a cooperative effort. Clause 5 provides general guidance on the roles, responsibilities, and
interaction among the various stakeholders involved in this process.

5.2 Linear accelerator manufacturer

The manufe]cturer of the linear accelerator shall provide detailed technical documents contaifi

least the fol

a)

b)

The protectiive shielding design shall take into account the different types of radiation emitte
the accelerdtor according to the datd provided by the manufacturer which shall contain at leas

dimens
— the

— the
but

equipment, the isocentre-to-wall clearance, minimum clearancé-from the treatment
r to the ceiling shall be defined. For non isocentric equipment, the possible primary heam
ori¢gntation shall be described; the isocentre height and the{distance from the isocentre t

flod

rea

— minlimum dimensions, location and requirements for.€ontrol room. Specification, and loc3

owing information:
on sheets containing:
dimensions of the linear accelerator;

minimum treatment room dimensions (length, width and height)fer‘the accelerator
also for allowing full extension of the treatment couch in any direction. For isoce

- wall need to be specified;

ng at

itself
ntric
rfoom

D the

tion,

inside or outside the treatment room, of technical*rooms which may contain parts of the

ass

— infgrmation on ducting requirements for- electrical cables, waterpipes, heating and

conj

Functio

following:

the refe

X-radiation: specifieddistance measured along the axis of the beam from the source of X-radi

(front s
equipm

electrof
of elect]

bciated equipment necessary for accelerator;

ditioning ventilation ducts etc. necessary to operate the equipment in the treatment rq

hal performance characteristics

rence distance, inan;defined as for:

irface of theX-radiation target) to the isocentre or to a specified plane for non-isocsg
ent;

| radiation: specified distance measured along the axis of the beam from the virtual sq
azs to the isocentre or to a specified plane for non-isocentric equipment;

air-
om.

d by
t the

htion
ntric

urce

the available nominal energies of the beam and the available associated absorbed dose rates at
reference distance under conditions of maximum build-up in a phantom (maximum dose) for
reference field, (10x10) cm?2 or specified reference field size, and the maximum radiation fields for
both X-radiation and electron radiation.

In addition to the nominal energy of the beam, the way to achieve a uniform dose for clinical X-radiation
beams shall be mentioned: flattening filter (FF) or flattening filter free (FFF). The FF scatter photons
are one of the major sources of linear accelerator head scatter. The FFF operating mode results in an
increase in dose rate, softening of X-ray spectra, reduction in head scattered radiation, therefore the
rate of photo-neutron generation for both the FF and FFF modes are substantially equivalent.
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For the purposes of this International Standard, it is assumed that the dose rate at the reference

dista

nce may be obtained for larger distances in accordance with the inverse square law.

X-radiation and electron radiation for every radiation type available;

the dimensioned shape of the maximum geometric radiation fields at the reference distance for

the highest absorbed dose rate to water of the neutron radiation contamination in X-ray and electron

beams to the extent that they are required for radiation protection measures against neutrons;

the highest absorbed dose rate to water of the X-ray radiation contamination in the electron beam;

the distribution of the maximum leakage radiation (x-radiation and neutron); the spatial distribution

\

This
expr

q

q

5.3

gdnd angle of scattered radiation intercepted, distance from reference’point...), nature aj
of the shielding material and attenuation factor for primary beam:

f the absorbed dose rate of the radiation emerging from the radiation source assempbly
aximum radiation beam cross-section for the operating state and the operating-\p3a
which the highest dose rates outside the radiation beam occur;

distribution may, for example, be specified in the form of isodose sheets or by a

bssion from which the highest dose rate can be determined for every surtounding areg.

ivailability of a beamstopper and description of geometric characteristics (largest pr

Shielding material vendor

The
prod

The lisual materials for radiation shielding are normal or high density concrete, steel, or le

the

Most]
aggr
high
to in

magnetite ...).

The s

q

q

q

q
1

gre to be performed, further information about the composition nature by weight for {

ﬂ)o
rovided;

shielding vendor is responsible for providing accurdte’drawings and information des
cts for use in the shielding evaluation.

tenuation properties (TVL) are well known@nd related to density.

published data assume a density for cencrete of 2350 kg.m-3 but variation according

density concrete. The increased density is achieved by adding various higher density
Crease photon attenuation. Common among these are iron ores and minerals (haemat

hielding material suppliet should:

pecify the overall‘density and composition of the shielding material. If Monte Carlo

omponent ofthe mix (aggregate, cement, additional material, water in %) and atomic
r differentelements (Ca, Fe, H, O, Si... in %) relevant to evaluate the shielding proper

nsuré, in collaboration with the structural engineer, quality control of produced conci
orespect the required density otherwise adjustment is needed to determine the requ

r outside the
rameters at

n analytical

imary beam
nd thickness

'ribing their

hd for which

to the used

bgate have been shown. Any concretewith a density higher than 3000 kg.m=3 can be c¢nsidered as

[ aggregates
te, limonite,

calculations
he different
composition
ties shall be

rete in order
ired barrier

thickness to achieve the shielding goal.

Instead of concrete, pre-moulded high density interlocking blocks of different density are commercially
available or specific patented building methods such as dry mineral filling between thin prefabricated
concrete walls are also used.

Ifthe above dataneeded are notavailable, the supplier shall provide radiation attenuation characteristics
such as TVL for X-rays or neutrons in the energy range of the accelerator and all relevant data available.
For therapy installations operating above 8 MV, activation of material within the shielding shall be
considered and available data provided.

Linear accelerators operating with nominal energies of the beam above 8 MV may require door shielding
for neutrons and photons; the door supplier shall provide any relevant data to assess attenuation
property: thicknesses and composition of layers.

© ISO 2016 - All rights reserved


https://standardsiso.com/api/?name=c49e994ad722187421d0d9ac00783a37

ISO 16645

:2016(E)

5.4 Architectural firm/general contractor

To ensure that the facility is built according to the intent of the licensee, the contract between the
architectural firm and general contractor should specify the following responsibilities.

The architectural firm is responsible for researching the existing structure (if any). This includes
providing information on the existing and planned usage of the space around the linear accelerator.
The architect shall also prepare drawings that accurately show the installed linear accelerator location,
along with the location and nature of the shielding surrounding the linear accelerator. The architectural
firm is also responsible to review the shielding evaluation report to ensure the shielding described in
that report is incorporated into the design. In some cases, some or the entire role of the architect may

be performe

The genera
is consisten
radiation pr
needed to h4
to coordina
constructiol
constraints

5.5 Radig

The radiati
provide, in d
detailed dog
The shieldin
although thg

The documgd
the followin

drawing
departr
and disf

data on
the divi
workpld
specific

type an
uncontr

by a gemneral comntractor or a stietding verrdor:

contractor has responsibility to ensure the facility is constructed with shielding

otection officer or qualified expert has accurate drawings and other relevant/inform
ve an accurate understanding of the structure. The general contractor hasthe responsi

1 that may compromise the shielding. In particular, shielding for locdtions where struc
exist shall be coordinated between stakeholders.

ition protection officer or qualified expert

bn protection officer or qualified expert for the electron accelerator installation

losed collaboration with the other stakeholders (medi¢al physicist, radiation oncologi
uments containing the specifications essential for construction and the intended oper3
g plan should use conservative shielding assumiptions to reach the facility’s shielding
bse shielding assumptions also should be realiStic.

nts shall contain information according.to' national regulation. They shall at least co
lg specifications:

bs of the buildings, rooms andexternal facilities belonging to the radiation thg
nent and of any neighbouring buildings, rooms and traffic areas from which the dimen
ances required for radiationprotection computations can be derived;

existing building structupe (material, thickness);

Kion of the rooms within the radiation therapy department and their use;

ices and occupied areas within the radiation therapy department;

ntions regarding the intended demarcation of supervised, controlled or prohibited are|

 usetofareas outside the radiation therapy department and related occupancy factors
olled areas on basis of conservative assumption;

that

[t with the shielding evaluation report. The general contractor shall also ensure that the

htion
hility

Le with the radiation protection officer or qualified expert any situation arising dyring

tural

shall
bts...)
tion.
goal

htain

rapy
sions

as;

T for

details of the intended operating modes [combination of radiation type, radiation energy including

FF and FFF mode, beam direction and as consequence determination of orientation or use factor
U, possible positions of the radiation head, intensity modulated radiation therapy (IMRT) and the
frequency of use];

point during the reference period defined for achieving the shielding goal. (workload);

the maximum number of each type of intended treatment and the related mean dose at the reference

specific requirements regarding type of treatments planned to be realized and their impact on

dimensions of the treatment room. For example, a total body irradiation (TBI) procedure requires a
larger treatment distance to one wall. For intra-operative procedures (IORT) that require extensive
support staff and equipment, the room may need to be larger.

10

© ISO 2016 - All rights reserved


https://standardsiso.com/api/?name=c49e994ad722187421d0d9ac00783a37

ISO 16645:2016(E)

The radiation protection officer or qualified expert should provide a shielding evaluation report that
demonstrates the barriers in the structure (material type, thickness, and location) provide adequate
protection for the staff and general public. A clear statement of all assumptions used to generate the
shielding design shall be included in the report. He shall ensure that a radiation survey after machine
installation is performed and that a report is provided demonstrating the dose rate outside the
structure housing the linear accelerator is suitable for occupancy by the staff and, for locations with
uncontrolled access, the general public.

5.6 The licensee

As required by local or national regulations, the radiation survey report shall be submitted by a
representative of the licensee to the appropriate regulatory authority for approval priortd the start of
clini¢al commissioning.

6 Radiation fields around a linear electron accelerator

6.1 | General

Therg are various radiation components that contribute to the ambient dose equivalent rafe at a given
poinf outside the treatment room:

— X-ray radiation

1+ primary X-ray beam;

+ primary electron beam bremsstrahlung;
+- leakage X-ray radiation;

+ scattered X-ray radiation;

1+ tertiary X-ray radiation;

— eutron radiation (primary X-ray > 8 MV)

— direct neutron radiation;

— scattered and thérmal neutron radiation;

— primary barfier neutron radiation;
— Yy radiation {ptimary X-ray > 8 MV)

1+ magzey radiation;

—~ door y radiation;

— primary barrier y radiation.
6.2 X-ray radiation

6.2.1 Primary X-ray beam

The primary X-ray beam is the collimated X-ray radiation produced in the head of the accelerator
and used to treat the patients. It is a bremsstrahlung radiation generated by the slowing down of the
accelerated electrons in a thick target of high atomic number (tungsten, gold). The selection of the
transmission curves to be used for shielding calculations for the primary barriers shall account for the
polyenergetic nature of the spectrum and the broad beam geometryl[8l[2]. The term “nominal energy”
used by the manufacturers doesn’t refer necessarily to the accelerating voltage, it refers to BJR 11 or
BJR 17 definitions[10][11],
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Care should be taken with the definition of the nominal energy of the beam, because it has changed
with time, corresponding to different energy spectra (see Table 1)[12]. When considering published data
for primary X-ray transmission calculations, check the energy definition related to the data and the
energy definition of the accelerator to be installed. By default, a conservative approach is to use data
related to BJR 11 energy definition.

Table 1 — Comparison of BJR 11 and BJR 17 MV definitions

24
30

4
4

6
6

10
10

15
16

18
23

20
25

BJR 11 (MV)
BJR 17 (MV)

hear electron accelerators produce X-ray beams with a single nominal energy (typjcally

th multiple nominal energies (between 6 MV and 18 MV).

Generally li
6 MV) or wi

6.2.2 Primary electron beam bremsstrahlung

with
road

ron accelerators also produce electron beams used for the treatment-of patients,
br 6 possible energies (from 4 MeV to about 20 MeV). For conventiomtal accelerators,
ms are generated by scattering foils.

Linear elect
generally 5
electron bed

The primaygy electron beam is contaminated with bremsstrahlung X-rays, with two different

componenty:

X-rays gresent in the electron beam;

enerated by the electron beam outside the linaci.€. in the air, in the patient and ip the

r shielding barriers).

X-rays ¢
primary
is in
r the

Since the s
any case gr
bremsstrah

hielding thickness against the bremsstrahliung generated by the electron beam
pater than the electron range, it suffices~to calculate the shielding requirements fo
ung (no separate shielding is required*for the primary electrons).

6.2.3 Secondary X-ray radiation

tion.

The secondd

Leakage X-r
transmitted|

The energy
leading to d
but a conser
the primary

IEC 60601-7
due to leakd

ry X-ray component is made-.of two components: leakage radiation and scattered radig

hy component is bremsstrahlung radiation created in the head of the linear accelerato
through the head shielding, outside the region defined by the beam limiting device.

spectrum of the-leakage radiation is softened as compared to the primary X-ray b
fferent transmission values[8l. This should be taken into account for shielding calculat
vative approach is to consider the leakage component with the same transmission valy
beam.

-1[M specifies design requirements for linear accelerators in order to limit the expq
ge-X-rays, and gives the maximum allowed contribution to the dose equivalent aroun

- and

eam,
ions,
es as

sure
d the

linear accelerator.

Scattered radiation that originates from the impact areas of the primary X-ray beam:
— secondary X-rays scattered from the patient;

— secondary X-rays scattered from a primary barrier.

The energy spectrum of the scattered photons is degraded as compared to the primary photon beam,
with the mean energy decreasing as the scattering angle increases. This leads to different transmission
values for different scattering angles.

The scattered radiation intensity depends on the energy of the primary beam, on the scattering angle
and, for photons scattered by a barrier, on the incident angle and on the barrier material (wall reflection
coefficient).

12 © IS0 2016 - All rights reserved


https://standardsiso.com/api/?name=c49e994ad722187421d0d9ac00783a37

ISO 16645:2016(E)

References:
— scattered by patient: fraction, energy and TVL: [IAEA SRS 47][2][13];
— scattered by barrier: wall reflection coefficients: [[AEA SRS 47][2][14],

These effects should be taken into account for shielding calculations. A conservative approach is to
consider, for small scattering angles, that the scattered component has the same transmission values as
the primary beam.

6.2.4 Tertiary X-ray radiation

Tertipry X-ray radiation originates from the impact areas of secondary X-ray radiation asyvell as from

the i
terti
atth

The
poin{

6.3

6.3.1

X-ray
phot

For
nuclg

In p1

mpact area of the primary electron beam bremsstrahlung. In case of facilitiescwith
hry X-ray component reaches the entrance door and should be calculated for, shieldin
e entrance.

bnergy of the tertiary radiation is degraded as compared to the primaty photon be
has to be taken into account for shielding calculations.

Neutron radiation

General

s above a given energy incident on a nucleus (atomic number Z, mass number
bnuclear reactions according to:

+7ZA - Z(A-1) + n or ZA (X, n) Z(A-1)

his to take place, the photon energy shall be higher than the binding energy of the
on. The value of this threshold energy.is dependent on the atomic number Z (see Tablg

actice, the photoneutron production becomes significant regarding radiation prote

when the nominal energy of the primary X-ray beam is higher than 8 MV. Neutrons are pro

head

In th
gianf

of the linac and also in the-primary barrier.

e energy range of linear accelerators, the dominant mechanism of photoneutron p
dipole resonance. As-a consequence:

he emission ofnedtrons can be considered as isotropicl1Zl;

he energy Spectrum is described by a Maxwellian distribution, with an average ene

1-2 MeV for’heavy nucleill4] and the average neutron energy can be considered as indep

he namtinal energy of the X-ray beam[18];

a maze, the
b evaluation

hm and this

A) produce

least bound
| 2)[15][16],

ction issues

duced in the

roduction is

gy of about
endent from

He“photoneutron yield increases with increasing nominal energy of the beam[2][19][20]

For a given nominal energy, the photoneutron yield depends on the linac model because the X-ray
spectrum can vary strongly from one model to another[9][21][22] For a given model, the neutron fluence
depends on the secondary and tertiary collimation settings[23][24],

Neutron production in electron operating mode is much lower than in photon mode principally because
direct production of neutrons by electron-nuclear reactions is at least two orders of magnitude lower
than photonuclear production.

The above characteristics of neutron production shall be considered for radiation protection purposes
around a linear accelerator.
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Table 2 — Threshold energies and photonuclear reaction cross sections for typical nuclides[15][16]

Abundance Etn Omax
Element | Mass number A
% MeV mb

C 12 98,9 18,7 <10
14 99,6 10,6 =15

0 16 99,8 15,7 =10
Cr 52 83,8 12,0 =70
53 9,5 79 =70

VT Ble) 1UU 1U, 4 = /U
Fe 56 91,7 11,2 =60
Ni 58 68,1 12,2 =25
60 26,2 11,4 =70

Cu 63 69,2 10,8 =80
65 30,8 9,9 =90

w 182 26,3 8,1 =400
183 14,3 6,2 = 450

184 30,7 7,4 =400

186 28,6 7,2 =400

Au 197 100 8,1 =550
Pb 206 24,1 8,1 =600
207 22,1 6,7 =600

208 52,4 74 = 650

6.3.2 Dire¢ct neutron radiation

Direct neutrjon radiation is the neutron compenent produced in the head of the linac. Neutron produgtion
in the head |s mainly due to (y,n) reactions ir'tungsten materials (flattening filter, primary collimator,
jaws, MLC...].

Due to the Intrinsic shielding of the head (W or Pb), characteristics of the neutron field outsidg the
region defined by the non-adjustable beam limiting device (leakage neutrons) are different from those
of the in-fie|ld neutrons: the energy spectrum is degraded by inelastic scattering and (n, 2n) reacfions
and the fluepnce is reduced by a factor of about 2[13][23][25]. As the maximum solid angle defined bly the
primary collimator and thesmaximum adjustable field size is only 1 % of 4, it is possible to takg as a
good approjimation, the-hypothesis that all the direct neutrons are leakage neutrons.

Although there arédifferent locations of neutron production within the linear accelerator head| it is
justified to ppproximate it by using the point of divergence of the primary X-ray beam as sole drigin
of neutrons [frgin the linac head. Fluence of the direct neutron component as a function of the dis(lance
from the source can be described by an inverse square law.

6.3.3 Scattered and thermal neutron radiation

Direct neutrons are scattered from the walls, the floor and the ceiling of the treatment room and a part
of them are thermalized. As a consequence, the neutron energy spectrum around linear accelerator is
softened as compared to the direct neutron spectrum: it is the combination of direct, scattered and
thermalized neutrons[15].

Fluence of the indirect neutron component cannot be described by an inverse square law as a function
of the distance from the sourcel13][26],

In a facility with a maze, a part of the neutrons produced in the treatment room reach the entrance door
and this neutron component shall be calculated for shielding evaluation at the entrance.
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6.3.4 Primary barrier neutron radiation

When the nominal energy of the photon beam is higher than 8 MV, neutrons are also produced in the
barriers hit by the primary X-ray beam. Depending on the composition and the thickness of the barriers,
those neutrons can significantly contribute or not to the exposure outside the treatment vault.

For concrete barriers (normal or high density concretes), neutron production within the barrier is
strongly compensated by self-attenuation, leading to insignificant contribution outside the vault[13].

When a barrier contains a high proportion of metallic constituents, neutron production in the barrier
can be significant and not compensated by self-attenuation. In this case, neutron radiation generated in
the barriershould be taken in consideration for chip]r‘ing calculations. This is pcpnria”y the case when

wallg or ceilings are reinforced by one or more lead or steel layers[2Z][28],

6.4 | y radiation

6.4.1 General

Wheh the nominal energy of the primary X-ray beam is higher than8:MV, secondary y|radiation is
produced together with neutrons. The y component results from the ¢wo following processks:

— glow neutron capture (see Table 3):

slow + ZA — Z(A+1) + y or ZA (nglow, ) Z(A+1)

=

— photonuclear reaction, with de-excitation of the neW nucleusl2l:

X+ ZA > Z*A-1) + pand Z*(A-1) - Z(A-1) + y

6.4.2 Maze yradiation

Slow| neutron capture occurs principally in shielding materials situated in the maze. Norymal or high
densjty concretes contain elements that have non negligible neutron capture cross sectigns: Si, Ca, S,
Fe, Bp. For ordinary concrete, tlie-average energy of emitted y rays is 3,6 MeV and maximym energy is
aboult 10 MeV[15][29],

The [y component reaching the entrance door shall be calculated for shielding evaluation at the
entrancel2].

6.4.3 Door yradiation

Slow| neutrenscapture also occurs in the door, especially when it contains borated polyethylene (BPE).
Usuallly, door's have a multilayer structure made of successive layers of hydrogen-rich materfal (paraffin,
polyé¢thylene or borated polyethylene) and metal (steel (Fe, Ni, Cr) or lead), or made of three layers of

11 | 1l 4 | | ol
metal, HHyulrogtilltIiciridiclidl, diit 1Iicidl.

The y component generated in the door shall be taken into account in the construction of the door
(composition, thickness and order of the different layers). The energy of the neutron capture y radiation
produced in BPE is 478 keVI2].

6.4.4 Primary barrier y radiation

In primary barriers, neutron capture occurs in the concrete. In addition, if the barrier is reinforced
with metal layer, photonuclear reactions with y emission take place in the metal (steel, lead).

The y component generated in the primary barrier should be taken into account for shielding
calculations. For concrete barriers, some neutron transmission values include it implicitly[2][30]. For
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barriers reinforced with metal slabs, the additional dose equivalent due to metal capture y rays should
be evaluated[2][31].

6.4.5 Airyradiation

Activation products are generated in the air by photonuclear reactions. Therefore, facility should
ensure that air ventilation is adequate to remove air activation products and ozone, to meet local air

quality stan

7 Shield
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ing materials and transmission values
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by the shield

Quality con
using the a
evaluation d
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like: b
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For multilay
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For any shig
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aterials shall be chosen not only for their radiological properties but also consid
nical and chemical properties, fire resistance, long time stability and cost~'Activ
ics of the materials shall be known for the type and energy of radiations tobe, dtteny
ling.

'rol of the shielding materials shall be performed during the construction phase, b
ccelerator, in particular, control of the homogeneity (composition (and density). Per
f the shielding efficiency should be done throughout the life of the.installation.

ier, shielding materials shall be chosen in function of the nature-of radiation componer
d:

components (X and y): materials containing mainly high or medium Z elements are
b, like: lead, iron, high density concretes (density =~3) and ordinary concretes (de
2,3);

components: materials with a significant preportion of light elements are more effe
ly hydrogenated materials, like: paraffiny polyethylene and ordinary concretes; bo
Is allow thermal neutron capture andcare the most efficient materials (but expen
ated polyethylene (BPE), pentahydrated Borax and colemanite-based concrete; fq
he discussion about neutron radiatieh protection shielding, see ISO 14152[32], consid

in-field neutron spectrum producéd by linear electron accelerators is close to a 252Cf fi
[15],

er shielding with one or more metallic layers (especially reinforced primary barriel
on production has to-betaken into account for nominal energies of the beam greater
cient thickness of hydrogenated material has to be placed beyond the metallic layer.

bring
htion
tated

bfore
iodic

1its to

more
nsity

rtive,
rated
sive),
r an
bring
5sion

" and
than

rer shielding with’ neutron-absorbing layer (for instance: door), y production by neytron

to be taken<into account: a sufficient thickness of high Z material has to be placed be
absorbing layer.

ldingaterial and any barrier (primary, secondary, door), information regarding ph
ron attenuation properties are to be known: the data used for TVL values shall have

measured o

yond

oton
been

determined hy Monte Carlo simulations_and the materials and methods used for the

TVL

evaluation should be known. Tables of TVL values for the most common shielding materials and for
photon components (primary, scattered and leakage X radiations) are given in Annex A. If TVL data are
provided by the national regulatory authority in a given nation, then these shall be used in that nation.
In other cases, for conservative calculations, the use of the largest TVL value for a given energy and a
given material is recommended. Attention should be paid to the fact that for a given type of concrete
(for instance ordinary concrete), manufacturing can differ significantly from one concrete to another,
in particular regarding density, elemental composition (a small difference in hydrogen content can have
a significant impact on neutron transmission) and homogeneity (distribution of the aggregates in the
concrete).

Regarding secondary X-ray radiations, the energy of X-ray scattered by the patient decreases as the
scattering angle increases and the leakage X-ray component is softened as compared to the primary
X-ray radiation, so the TVL values of the materials used for the secondary barriers should take these
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characteristics into account (see Tables A.5 to A.8) [IAEA SRS 47]. A conservative alternative is to
consider primary TVL values for secondary patient scattered and leakage X-ray radiations.

In presence of a maze, energy spectra of scattered X-ray and of neutron capture y photons are softened,
together with energy spectrum of scattered neutrons. The energy spectrum softening of radiations
reaching the door shall be taken into account for the choice of TVL values of the shielding materials
used at the treatment room entrance (materials used for the door and for the surrounding walls) (see
Table A.9) [IAEA SRS 47].

For neutron components, TVL shall refer to dose equivalent attenuation and should take into account
the gamma component induced in the shielding material by neutron capture. For ordinary concrete and
poly amaze can

o . | i Izl _£ 4 i £ Laolds Jd £ | Lialds £ el |
Lll_lellC, IICULIUITLT I' VL 1UL LI'CAtlllICIIU T UUILL olucnulus dllu 1Vl UUUlI oulcnuuls dl LIIC TIIu U

be es
atth
valug

timated by linear functions of the direct neutron average energy and of neutron,ave
e door, respectivelyl13] (see Figure A.7). For concrete, a conservative approach is®g co
b of 25 cm for treatment room shielding [IAEA SRS 47][2][4][5][15],

rage energy
hsider a TVL

When different TVL values are provided for a given radiation quality and a-given shielding material
(TLVy, TVLp, TVL3, TVLe, TVL.), for sake of simplicity, a unique value can be used, TVL, which should
be the more relevant one depending on the thickness t of the shielding banrier: TVL corrgsponding to
thicKness tif it is provided, and if not:

— ift=TVLq, then TVL = TLV7;

— ift~ TVLy + TVLy, then TVL = (TLV1+TVL2)/2;

— ift>>TVL1+TVLy:

— if TVL(i+1) > TVL;, then TVL = max(TVL;);

— If TVL(j+1) < TVL;, then TVL = mean(TVL;).

Photpn thickness TVL values [cm] for any.Qrdinary concrete or earth with their density p shall be
calcylated from TVLyef data obtained for\a-reference ordinary concrete of density pref by|applying an

inver

J

Phot
conc
obta
This
obta

Neut|

se density law:

VL = TVL, x 2ot
p

bn TVL values for a,given high density concrete should be specific data obtained for th4
Fete and if such data-are not provided, the thickness TVL values [cm] shall be calculatg
ned for a reference ordinary concrete of density p, by applying the above inverse

is a conservative rule as usually, true TVL values of high density concretes are lower {
ned by the\inverse density law because of pair production in high Z components at hig

ron thickness TVL values [cm] are considered to be equivalent for any ordinary concre

pi- N

eutton TVL values for a given high density concrete should be specific data obtai

particular concrete and if such data are not provided, neutron thickness TVL values [cm] ard

it particular
d from data
density law.
han the one
h energies.

te of density
hed for that

b considered

to be similar to ordinary concrete values because the hydrogen content does not vary significantly
between different concretes[30].

For primary barriers, if the accelerator produces narrow beams (radius or half-side less than to the
range of secondary electrons) and is mainly used with narrow beams, transmission data for broad
beams can be used. This is a conservative rule as narrow beams are less penetrating than broad beams
whose scattered component enhances the dose behind a barrier (build-up effect).

For accelerators with FFF operating mode at a given end point energy, energy spectrum of the primary
X-ray beam is degraded as compared to the energy spectrum of the FF operating mode. If the accelerator
is exclusively used with the FFF modality, specific TVL values can be considered for primary and patient
scattered X-ray radiations[33]. If both FF and FFF modalities are regularly used, a conservative approach
should be followed, which is taking into account TVL values of the FF operating mode.
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8 General formalism for shielding calculation

The recommended radiation protection quantity for limitation of exposure of people is effective dose
El6l. Operational quantities such as dose equivalent H* or dose equivalent Hp, are defined by ICRU in
order to estimate the effective doselél. As a convention, for the purpose of the document, dose equivalent
represents one of these quantities chosen according to the goal of the shielding evaluation.

If a time period is not mentioned, the dose equivalent during the reference period (year, week, hour...)
defined for the shielding design goal P (Sv) (see 4.1) is assumed.

For any radiation component (r) (see 6.1), the calculated shielded dose equivalent (Hirr), that is the

C

transmitted-dese-equivalentisgivenby the felowinsequation{Sv}:
Htr,r = J{l,l,l' BI‘
where
H,, istheunshielded dose equivalentrelated to radiation r (dose equivalent without the barrier]
By  is the radiation transmission factor for radiation r and the barrier.
The thickneps of the barrier shall be such that Hir = P/T:
B =P (Tx Hu,r)
where T is the occupancy factor, to correct for the occupancy(of the area.

T values dey
T values are

end on the countries, they should be defined by users or by national regulation. Sugge
given in Table 3.

(2)

(Sv);

(3)

bsted
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Table 3 — Suggested values for the occupancy factor T [IAEA SRS 47, Table 3][2]

Type of area T
Offices, reception areas, laboratories, shops, children’s 1
play areas, nurse’s stations, staff rooms
Control room
Wards, patient rooms 0,2
Patient examination and treatment rooms 0,5
Corridors 0,2
Tailets bathrooms outside areaswith seating 01
Stgirways, unattended waiting rooms, store rooms 0,05
(not film)
For gny radiation, r, and any area adjacent to the treatment room, Hy (Sv) is calculated taking into
accoynt the orientation or use factor (U):
Hu,r =W. xR xU,_ 4)
wherre
Wy is the workload for radiation r (W or W, see 9.3.2and 10.3.3) (Gy);
Ry is Hy,r per unit of W; (considering Uy = 1) (Sv/Gy);
Ur  isthe orientation or use factor (U) for radiation r.
The workload W shall include also the linear:dccelerator usage not associated to patiernt treatment

(e.g.
appr
(SBR

The

Mod;
radid
(MU;
IMR’]

MUy

fract|

MU¢q
dept

Valug
radi

The

QA, maintenance, and physics developmental activities). A separate workload alloca
ppriate for modalities such as Stereotactic Radiosurgery (SRS), Stereotactic Body R|
T), or Total Body Irradiation (TBI) if such use is planned for the facility.

eakage workload (Wp) is equal to the conventional workload (W) if IMRT is not usg
hilated Radiotherapy (IMRTJ).requires an increase in monitor units (MU) compared to ¢
therapy. The ratio of the average monitor unit per unit prescribed absorbed dose need
MRT) and the monitor unit per unit absorbed dose for conventional treatment (MUcony)
" ratio Cy (3.1.4).

(RT is the average total monitor unit required to deliver a unit prescribed absorb
ion for “i” cases-of IMRT treatment planl2].

!

nv is themonitor unit required to deliver the same unit absorbed dose to a phantom at t
h at 100.cm source-to-isocentre distance, using field size 10 cm x 10 cm.

e (of) C1 can range from 2 to 10 and shall be defined by the medical physicist inv

fion may be
adiotherapy

ed. Intensity
onventional
ed for IMRT
is called the

bd dose per

he reference

lved in the

therapy centre. 2,5 can be considered as a typical vatue for Cr.
IMRT factor is given by:
IMRT factor = Cy x FimrT + (1-FIMRT)

where FymRr is the fraction of treatments realized with IMRT technique.

The

leakage workload (W) is then given by:
W1, = W x IMRT factor

(5)

(6)

For primary barrier, U shall be evaluated and defined by the radiation protection officer or qualified
expert. International recommendations (IAEA, NCRP) propose for an isocentric accelerator static or
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dynamic mode: 0,25; for robotic arm accelerator: 0,05. For leakage and scattered radiation components
(leakage and scattered X-rays, neutrons, maze and door neutron capture y), an orientation or use factor
U = 1 should be considered.

In the case of barrier with a unique material, the thickness (¢) of the barrier can be determined using
tenth-value layers based on the energy of the accelerator, radiation component considered and type of

shielding material (see Tables A.1 to A.9), using the relationship B = 10" [—t / TVL].
The required number (n) of TVLs is given by:

n = -log(Br) (7)

and the bartier thickness (t) in metres is given by:

t=nx TVL (TVL in metres) (8)

If the chosel
suitable mal
layer), parti

The total rd
calculationg
sources can
energies forj
of a given b

1 shielding material is concrete, because concrete density may be lower\than anticipat
'gin should be considered, for example by adding a 0,3 TVL (correspdnding to one half'y
rularly for poured concrete.

diation exposure to any one individual from multiple sources’ shall be considered

to ensure that the total exposure to the individual is below"the applicable limit. Mu
be multiple radiation components for a given nominal energy of the beam, multiple nox
a given accelerator, and multiple accelerators or othersources of radiations. The thicK
arrier shall be such that the total sum of the shielded equivalent doses (Hirr) due t

different sources is lower or equal to P/T.

9 Shielding calculation for conventional devices

9.1 Gene

In conventi
point in any
the radiatio
scattered) i

ral

nal radiotherapy, the linear accélerator is mounted on a gantry, with the beam al
direction within a vertical.plane of rotation. A primary barrier is shielding that rec
h from this beam. The lifiear accelerator also produces secondary radiation (leakagg
h all directions. A secondary barrier is shielding that reduces this secondary radig

For some lifiear accelerators, the.machine may incorporate a beam stopper that reduces the pri

radiation to
be included

9.2 Prim

9.2.1 Rad

a dose rate that is'similar to the secondary radiation. In such cases, the beam stopper
in the calculations for primary barrier.

ary barriers

iatien components

ed, a
ralue

n all
tiple
ninal
(ness
b the

le to
luces

and
tion.
mary
shall

Radiation components that should be taken into account for primary shielding evaluation are primary
X-ray beam and, for nominal energies of the beam > 8 MV, direct neutron radiation and primary barrier
neutron radiation. However, in-beam direct neutrons are of a much lower level than the photons and
in addition, the in-beam neutron TVL in concrete is less than the primary photon TVL, resulting in in-
beam neutrons which are negligibly small beyond a primary barrier that does not contain metal. For
primary barriers containing metal at nominal energies of the beam greater than 8 MV, photoneutrons
generation may be significant and shall be evaluated. As the in-beam neutron component is well below
the photoneutron component created in the barrier, it is unnecessary to model in-beam neutrons in
shielding calculations.

The primary barrier calculations with normal incidence use the geometry illustrated in Figure 2. If
the radiation incidence is oblique, calculations should be done considering a normal incidence: this is a
simple and conservative assumption.
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Dimensions in metres

0,3

Key

1 farget
2 isocentre

Figure 2 — Primary barrier distances

9.2.2 Barrier with a unique material
The yinshielded X-ray dose equivalent (Hy,p) (Sv) is given by Formula.f9).

WxU
i = = 9)

wherte

W is the workload specified for the periodiof reference (Gy);
U isthe orientation or use factor;

d isthe distance from the targetto the protected point in metres including 0,3 m distance from
outer surface of barrier to the point of occupancy.

The shielded X-ray dose equivalent (Htr,p) (Sv) is given by Formula (10).

Hop = Hyp ¥ B, (10)

t

wherte

By is|the X-ray trkansmission factor for the barrier.

9.2.3 Barrier with multiple layers

The brahsmissionfactoris—calculated separately for each-layer of material inthe bardier, with By
calculated by multiplying the transmission factor for these layers together. The transmission factor for
layer i is given by:

B, =10" [, / TVL, ] (1

where TVL; and t; are the TVL and the thickness of layer i, respectively (m).

If metal is used in a primary barrier at energies of the beam above 8 MV, photoneutrons produced in the
metal contribute to the total shielded dose. The positioning of the metal within the barrier is important
and shall be at a sufficient depth from the external surface so that the neutron dose and photo-neutron
dose are attenuated by the material external to the metal and the total dose including the attenuated
X-ray dose on the exterior is acceptable.
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The neutron dose equivalent (Hip,pn) (Sv) at 0,3 m beyond a primary barrier can be estimated using the
simple analytical expression given in Formula (12)[2][19].

Ht _ WxU xR x Fmax 10—t1 /TVL, 10—t2 /TVL, (12)
rn
! t
- +t, +0,3
2
where
w is the workload specified for the period of reference (Gy);
U is the orientation or use factor;
t1andft; are the inside and outside layer thicknesses in metres;
tm is the metal thickness in metres;
R is the neutron production constant; (Sv neutron per Gy X-ray per beam‘area, in Sv-Gy-14m-2),
For a 18 MV X-ray beam, the following reported values can be used for R: 19 x 10-f and
1,7 x 10-4 Sv-Gy~1-m~2 for lead and steel, respectively; for a15 MV X-ray beam,|an R
value of 3,5 x 10~4 Sv-Gy-1-m~2 is reported for lead[2Z];
Fmax is the maximum field area at isocentre (m?2);
TVLx(mn)  isthe primary X-ray TVL for the material beforg the metal (see Tables A.1 and A.2);
TVLn(m) is the photoneutron TVL for the material aftefthe metal (see Figure A.7).
If there is more than one layer of metal in the barrier, thenthe contribution is calculated separately for
each layer with the neutron contribution of each metal\layer added together.
The neutron capture gamma radiation generated in‘the neutron-attenuating material outside the metal
shall also b¢ evaluated. A conservative estimation of the gamma component is about 2 x Hy,p, for [steel
and concretp laminates at 15 MV and 18 MV(photon beam energies[2][31].
Formula (1P) is an empirical formula-based on measurements on different installations apd is

associated V
primary bai
published i
the barrier
electrons, p

vith not insignificant uneertainties. Another method for shielding evaluation of a laminated
rier is to perform Monte’Carlo simulation using a primary X-ray source energy specfrum
| the scientific literature, density and elemental composition (weight or atom fractidn) of

As accurate as possible and an adequate transport code (managing transport of ph
psitrons and neutrons, photoneutron production and neutron capture gamma generg

in the appropriate energy range and for the elemental composition of the different layers of the barj

Attention sh
manufactur
elemental c(

ould be paid to the fact that for a given type of concrete (for instance ordinary conc
ng can-differ significantly from one concrete to another, in particular regarding del

ons,
tion,
rier).
rete),
nsity,

mposition (a small difference in hydrogen content can have a significant impact on neytron

transmissio

h)and homogeneity (distribution of the aggregates in the concrete).

9.3 Secondary barriers

9.3.1 Radiation components

The secondary radiation comes from two sources: leakage (1) from the shielding around the target
and scattered (s) radiation from the patient and from a primary barrier. Scatter from primary barrier
shall not be included because it is not significant for secondary barriers. For accelerators > 8 MV, both
X-ray and neutron leakage shall be considered. The secondary barrier unshielded dose rate for lateral
secondary barriers is calculated using the geometry in Figure 3.
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Dimensions in metres

dsca dsca
+—1 +—1
; 2 &2
| |
4| | dsec
~~3 |
. | | 0,3
/| |
| | t
| | | |
o ! !
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(E
Key
farget
Isocentre

gcatter angle

Figure 3 — Secondary barrier distances

9.3.2 Barrier with a unique material

9.3.2.1 Leakage

The K-ray leakage unshielded dose equivalent dite to leakage from the accelerator head (Hy,) (Sv) is

given by Formula (13).

W, xUx1073
H, = ————— (13)
,L
u dz

sec

wherte

Wy, is the leakage'workload for the period of reference (Gy);
U is the orientation or use factor, assumed to be 1 for leakage radiation;
dsec isthedistance fromisocentre (averaged position of the target) to the protected location in metres.

10-3_is the X-ray leakage fraction.

The 10-3 value reflects the IEC 60601-2-1 standard requirement that the average X-ray leakage outside
the beam shall be Tess than 0,I % of the dose at isocentre at a distance of T m from the source of
leakagelll; it is also a conservative assumption for FFF operating mode as removal of the flattening

filter reduces head leakage by reducing integral target current requirements for the same delivered
dosel33].

The X-ray leakage shielded dose equivalent (Hir,1) (Sv) is given by Formula 14.

Hy, =H,, *xB, (14)

Where By, is the leakage transmission factor calculated from the X-ray leakage TVL (see Table A.5).

For nominal energies of the beam greater than 8 MV, neutron leakage is included in the calculated
secondary shielded dose rate. Neutron leakage is calculated using the same approach as for X-ray
leakage [Formulae (13) and (14)], except with a different neutron leakage fraction and TVLs (see
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Figure A.7). Neutron leakage fraction depends on primary X-ray end point energy and on the accelerator
model [IAEA SRS 47, Table 10]. For FFF operating mode, a conservative assumption is to consider the
same neutron leakage fraction as for the FF modality, as removal of the flattening filter reduces head
leakage by reducing integral target current requirements for the same delivered dosel[33].

9.3.2.2 Patient scatter

The unshielded patient scatter dose equivalent (Hy,ps) (Sv) is given by Formula (15).

u _ a(@) x WxUXF,_, _/0,04) (15)

u,PS d 2 d 2
X
sca sec

Where

dsca s the target to isocentre distance in metres;
dsec s the secondary distance from isocentre to the point protected in metres;

a(0) |s the patient scatter fraction relative to primary at 1 m distance fora 0,04 m2 field size for
scattering angle 6 at depth 15 mm for energy 6 MV and 25 mm for higher energies (see Tablg B.1).
For accelerators with FFF operating mode, specific a(6) values shall be considered[33];

Fmax [s the maximum field area at isocentre in m2;
U s the orientation or use factor for scatter, assumed te'be 1 for all the walls.
The patient scatter shielded dose equivalent (Hps) (Sv) is given by Formula (16).

H H, ps * Bpg (16)

tr,PS = u,

2]
>
(o))

Where Bps is the patient scatter transmission e¢alculated from the patient scatter TVL (See Table]
to A.8).

9.3.3 Bartiers with multiple layers

With multiple layers of shielding material, transmission is calculated individually for each layer,|with
the total transmission being the product of the transmission for each individual layer. The order aof the
material mdy be important when the barrier is constructed out of metal and hydrogenated matgrial,
for instancq lead and polyethylene. Neutron capture gammas in the polyethylene are not explicitly
modelled fol secondary tadiation. This implies that a layer of polyethylene should not form the oultside
of shielding in a seecendary barrier. In a secondary barrier containing lead and polyethyleng, the
polyethyleng should:bé sandwiched between two approximately equal layers of lead. The outer layer of
lead providgs shielding adequate to attenuate the capture gamma rays. The inner layer of lead, althlough
ineffective dtcapturing neutrons, decreases neutron energy making the polyethylene more effectiye.

10 Doors and mazes

10.1 General

The shielding required at the entrance to a linear accelerator treatment room can be reduced or
eliminated by including a maze in the room design. A maze with a single bend prevents direct radiation
from reaching the entrance, with the amount of scattered radiation reduced in both magnitude and
energy as the maze length increases. Additional bends in the maze further reduce radiation reaching
the entrance, with at least three bends typically needed to eliminate the need for a door at the entrance.

A typical door includes lead, with paraffin or borated polyethylene also included for linear accelerator
energies above 8 MV. A relatively modest lead thickness effectively eliminates X-ray scatter radiation.
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Greater lead thickness is necessary to attenuate the capture gamma rays associated with neutron
production. If a door includes paraffin or borated polyethylene, at least half the lead shall be on the
room-exterior side of the door to mitigate capture gammas associated with neutron capture in the door.

A single legged maze is a maze with a single bend (see Figures 4 to 9). Typical dimensions include a 5 m
long inner maze wall, a maze width of 2 m to 2,5 m and inner entrance width of 2 m to 3 m. The maze
height is typically 3 m, with a lintel in some cases used to reduce the effective inner maze entrance height.

For a single-legged maze, the calculations described below predict the unshielded dose rate at the maze
entrance within approximately a factor of two (underestimation or overestimation). These calculations
can be adapted for maze configurations with more than a single bend (e.g. see Figures 10 and 11 for
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simulation can also be used as an alternative approach.

nte Carlo simulations are used, they shall be performed using the correct geometry
, maze and treatment room entrance), primary X-ray and neutron energy. Spectra |
cientific literature, density and elemental composition of all barriers as-accurate as |
lequate transport code (managing the transport of photons, electrons, positrons af
bneutron production and neutron capture gamma generation in the @ppropriate energ
e elemental composition of the different barriers). Attention shaetdd be paid to the f3

Fete to another, as referred previously in 9.2.3.

Radiation components

maze calculation includes: wall scatter radiation, padiation patient scatter and radia
er. Wall scatter is radiation from the primary beam that is reflected from the primary
subsequently reflected by the wall at the end of the maze. Patient scatter is radiation
atient under treatment that is subsequently<reflected by the wall at the end of the ma
er is the X-ray leakage that is reflected by the wall at the end of the maze.

dition to the three types of scatter,cited above, the calculated dose at the entrang
e a conventional secondary direct'leakage through the inner maze wall. In situation

entrgnce is beyond a primary barrier; a primary barrier calculation is appropriate instea
leakage calculation.

For

neut
the
capty

10.3

10.3

ominal energies of the beam higher than 8 MV, the shielded dose equivalent assc
Fons is added with tHe dose from the four radiation components identified above wher
otal shielded dose equivalent. This includes not only the neutron dose-equivalent,
ire gamma dose.associated with neutron capture in the maze.

Standard maze

1 /Maze X-ray scatter calculations

10.6). Monte
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I type of concrete (for instance ordinary concrete), manufacturing can differ significanftly from one
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10.3.

1.1 General

Normally, the plane of rotation of the accelerator gantry is parallel to the inner maze wall. Wall scatter
calculation is different if the plane of rotation is perpendicular to the inner maze wall. The distribution
of the patient scatter and leakage scatter calculations do not depend on the orientation of the plane of
rotation.

© ISO

2016 - All rights reserved

25


https://standardsiso.com/api/?name=c49e994ad722187421d0d9ac00783a37

ISO 16645

:2016(E)

After each of the individual X-ray scatter components has been calculated, the total unshielded dose
equivalent (Hy,xs) (Sv) at the maze door is obtained by summing the dose equivalent components
considered above.

H

wXS

Hu,ps + Hu,S + Hu,LS

is the unshielded dose equivalent for the period of reference (Sv) at the maze door due to

patient-scattered radiation;

Hu,S

Hu,LS

For wall sc3
(conservatity
should be U
calculated W

10.3.1.2 P4
The unshiel

is the unshielded dose equivalent for the period of reference (Sv) at the maze doofrd
scattering of the primary beam from primary barrier;

is the unshielded dose equivalent for the period of reference (Sv) at maze doof-due to s
scattered head-leakage radiation.

tter calculation, attenuation of the primary beam in the patient sheuld not be consig

sed, with a factor (U) equal to 1 (conservative assumption)« Leakage scatter sha
rith a factor (U) equal to 1 using the average target location (iso€entre).

tient scatter

led dose equivalent due to patient scatter (Hy,ps) (Sv)NS given by Formula (17). See Figy

a(@)xWxe(FmaX /0,04)><0c1 x A

dZ

Sca x dSZEC x deZ

s the target to isocentre distancée in metres;

s the distance from isocenfre to the wall at the end of the maze in metres;

s the maze length from'the wall to the entrance in metres;

s the workload for.the period of reference in Gray;

s the orientabion or use factor;

s the patient scatter fraction (see 9.3.2) normalized for (0,2 x 0,2) m? field size;

s the maximum field area in m2 (same area assumed for patient scatter in secondary ¢

e to

ingle

ered

re assumption). For the patient and wall scatter calculations, the@nost extreme geometry

11 be

&

lre

(17)

alcu-

a1

26

ation);

is the reflection coefficient in m-2 depending on energy of patient scattered radiation,

wall

material, incidence and reflection angles (see Tables B.2 and B.3); a conservative value of 0,5

MeV can be considered for the mean energy of patient scattered radiation;

is the area in m2 of maze back wall that can be seen from outer maze entrance, A7 = w; x h

where wy is the width of the area in metre and h is the height of the room in metre.
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10.3{1.3 Wall scatter

10.3}1.3.1 Wall scatter with the plane of rotation parallel to the inner maze wall

Figure 4 — Patient scatter distances

For this geometry, the unshielded dose equivalent at the entrance due to wall scatter is calculated using
the geometry in Figure 5. The unshieldéd dose equivalent due to wall scatter (Hy,s) (Sv] is given by

Formula (18).

H

wherte

uS

_WxeaoonvaxAZ

2 2 2 (18)
a'H X dr X dZ

is thetarget to primary barrier distance in metres;
is\the distance from the primary barrier to the inner maze entrance in metres;

1s the distance from the inner maze entrance to the entrance in metres;

ao

iSThe workioad for the period of Teference in Gray;
is the orientation or use factor;

is the reflection coefficient in m-2 depending on the nominal energy of the X-ray beam, wall
material of primary barrier and incidence and reflection angles (see Tables B.2 and B.3); for
accelerators with FFF operating mode, specific ag values shall be considered[33];
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A,

is the beam area in m?2 at first reflection wall for the maximum field size; Ag = (0,4 dy)? for
a40 cm x 40 cm field at 1 m;

is the reflection coefficient in m-2, depending on energy of scatter by primary wall, wall
material of maze and incidence and reflection angles (see Tables B.2 and B.3); a value of 0,5
MeV is usually assumed for the energy of primary wall scattered radiation, but a value of
0,25 MeV is more conservative;

is the cross section of the inner maze entrance in m2, 4, = wy, x h, where wy, is the inner maze
entrance width in metre and h is the height of the room in metres.

Fraction of {

Key
1
2
3

target
isocentr
door

Figuy

10.3.1.3.2

If the plane]

the entranc

equivalent d

ne primary beam transmitted through the patient 1s not considered.

o
3
S 1
&2
< |
d
]
S

'e 5 — Wall scatter distances with plane of rotation parallel to inner maze wall

Wall scatter with plane of rotation perpendicular to inner maze wall

nt at
dose

of rotation is perpendicular to the inner maze wall, the unshielded dose equivalg
e due teswall scatter is calculated using the geometry in Figure 6. The unshielded
ue to\wall scatter (Hy,s) (Sv) is given by Formula (19).

1AL LL A
144 U MO 110
H .=B (19)
us 2 42
dH x Z
where
dy  isthetarget to maze primary barrier distance in metres;
d, is the distance from the wall to the entrance in metres;
W isthe workload for the period of reference in Gray;
U is the orientation or use factor;
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B is the maze wall transmission factor using primary TVL (See Annex A);
ap  isthereflection coefficient in m—2, depending on the nominal energy of the X-ray beam, wall
material of maze primary barrier and incidence and reflection angles (see Tables B.2 and
B.3); for accelerators with FFF operating mode, specific ag values shall be considered|[33];
Ap  is the beam area in m2 at reflection wall for the maximum field size; Ag = (0,4 dy)?2 for a
40 cm x 40 cm field at 1 m.
—
3
S
0] A S S
T2
Key
farget
isocentre
3 door
Flgure 6 — Wall scatter distances with plane of rotation perpendicular to inner maze wall
10.3{1.4 Leakage scatter
The inshielded doseequivalent at the entrance due to leakage scatter is calculated using the geometry
in Figure 7. The léakage scatter unshielded dose equivalent (Hy,1s) (Sv) is given by Formula(20).
1073 x W, xUxa; x4
Hs¥% (20)
- d%  xd?
sec 7Z
where
dsec isthe distance from the average targetlocation (isocentre) to the wall at the end of the maze
in metres;
d;;  isthe maze length from the wall to the entrance in metres;
W1,  is the workload for the period of reference in Gray;
U is the orientation or use factor equal to 1;
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a1 isthereflection coefficientin m-2, depending on leakage X-ray energy, material of maze back
wall and incidence and reflection angles (see Tables B.2 and B.3); a value of 1,5 MeV can be
considered for the mean energy of leakage radiation[81[19]; for accelerators with FFF operating
mode, specific @1 values can be considered[33];

A1 is the area in m2 of maze back wall that can be seen from outer maze entrance, A1 = w1 x h
where w1 is the width of the area in metre and h is the height of the room in metres.

10-3 is the X-ray leakage fraction (see 9.3.2).

Key

1 target
2 isocentre
3  door

Figure7 — Leakage scatter distances

10.3.2 X-rgy direct Leakage

The unshielded dose eqiivalent (including maze wall transmission but not the door transmissign) at
the entranc¢ due to léakage (Hy,1) (Sv) is given by Formula (21). See Figure 8.

W, xUx107 x B

H ol T 5 (21)
d;
where

dj, is the distance from the average target location (isocentre) to the protected point in metres;
B is the transmission factor of the maze wall;

Wy,  is the leakage workload for the period of reference in Gray;

10-3 is the X-ray leakage fraction (see 9.3.2);

U is the orientation or use factor equal to 1.

The maze wall transmission is calculated using the leakage TVL of the maze wall material (See Table A.5).
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If the treatment room layout causes another location to have a significantly higher unshielded dose, the
calculation may be made to this location. In this case, an adjustment may be made reflecting orientation
or use factor with the target in this orientation.

— AN

3 —1

<o
<

2

Key

1 aze wall

2 ]::ocentre
oor

Figure 8 — Direct'leakage distance

10.3{3 Maze neutron and capture gammacalculations

For accelerators with nominal energy of'the beam greater than 8 MV, note that neutron leakiage through
the wall and door is generally a negligible component of the shielded dose equivalent at the|entrance.

On the contrary, neutron transmission down the maze shall be included in the dosd equivalent
calcylation at the maze entrance. This dose equivalent shall include not only neutrons, butfalso gamma
rays|associated with neutron capture in the maze. An analytical calculation is descfibed below
[TAEA SRS 47](34].

The first step is té.¢alculate the total neutron fluence at point A per Gy workload (¢, ) (neutrons/m2-Gy).
The ¢alculatignyis given by equation (22) and uses the geometry illustrated in Figure 9.

PxQ, 54pxQ, 130Q,
~ + +

“s > 27x S 27xS (22)
TIL X Ul r r
Where
B is the accelerator head shielding transmission factor (1 for lead, 0,85 for tungsten);

Qn  is the neutron source strength (neutrons per X-ray unit dose at isocentre) (neutrons/Gy)].
Qn depends on the nominal energy of the beam and on the accelerator model, for a given
energy. Qn values are given in IAEA SRS 47, Table 9, inl2] and in[22] for modern accelerators.
Depending on the model, the @y, value for a 18 MV modern accelerator ranges between 0,428
and 1,26 x 1012 at 18 MV and between 0,144 and 0,742 x 1012 at 15 MVI2][22];

Sr is the treatment room total reflection surface in m2, given by Formula (23):
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d_ dy +hd +hdy) (23)

is the room height in metres;

dwandd];, arewidth and length of the treatment room in metres.

Key
1 isocentr
2 door

Formula (24

Hu,y =1

where

d

| |

d,

X
=

—_

dy

Figure 9 —Maze neutron distances

) gives the capture gammaunshielded dose equivalent at the entrance (Hy,y) (Sv).

~d, / TVD,

WV, xUxKxd, x10 (24)

is:the distance from point A to the protected point in metres;

TVD,

is the capture gamma tenth-value distance (m); a value of 6 m can be usedI2];

wi
U

is the ratio of capture gamma dose equivalent to neutron fluence at point A (Sv-m2/
neutrons) [[AEA SRS 47][2]; a value of 6,9 x 10-16 Sy-mZ2 /neutrons can be used (average
value from measurements on different facilities)[2];

is the leakage workload for the period of reference in Gray;

is the orientation or use factor equal to 1.

It is also a conservative assumption for FFF operating mode as removal of the flattening filter reduces

accelerator
dosel33].

32

head leakage by reducing integral target current requirements for the same delivered
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Formula (25) gives the entrance neutron unshielded dose equivalent (Hy ) (Sv).

1/2
S - —
HuH :WL XUX2’4-><10*15 ¢A [?OJ |:1,64'X10 (d2/179) +10 (dZ/TVDn):|

where

(25)

So/S  istheratio of inner maze entrance cross-section area (So = dg x h), in m2, to maze cross-sec-
tion area (S = dy x h) in m2, where dg (in metres) and dy (in metres) are the widths of the
inner maze entrance and of the maze, respectively, and h is the maze height (in metres);

10.4

Whe
along
Furt
by a

TVD,, is the neutron tenth-value distance in metres; TVD,, = 2,06 x S1/2[2];
wy, is the leakage workload for the period of reference in Gray;

U is the orientation or use factor equal to 1.
Two legged maze
h the maze has more than one bend, the final distance in the maze neutron calculation

hermore, the additional maze bend reduces roughly the ainshielded dose equivalent f
Factor of three compared to a maze with a single bend and the same total length [IAEA

d,
N =

da

is measured

b the maze centreline to the entrance. This is illustrated{for the distance d; fronm Figure 10.

or neutrons
SRS 47]I21.

Key
farget
Isocentre
3 door

Figure 10 — Neutron calculation geometry with additional bend in maze

Scattered X-ray radiation undergoes an additional interaction if the treatment room entrance is not
visible from the far end of the maze, with an additional scatter factor added to account for interaction.
The portion of the maze wall visible from the treatment room entrance determines the area (Ay) (m?2)
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used in calculating the additional factor, as illustrated in Figure 11. The additional scatter factor is
given by:

a-Ay /| dyy (26)
where

a is the reflection coefficient (m-2) (see Tables B.2 and B.3); a value of 0,5 MeV can be assumed
for the energy of incident radiation, but a value of 0,25 MeV is more conservative;

SR | 1 £ +1 1 CPRR | - PRSR | - : -
dM 15 UIC UISUAIILT TT UIIT ULIIC Wddll UPPUSILT LT T AIITE LU LT TN ATICC TIT IIICLICS,

Am  isthe areain mZ2 of maze wall that can be seen from the treatment room entrance, Ay,= wWim x h
where wy is the width of the area (in metres) and h is the height of the room (in metreg).

Nt

The distancgs dz and dzz extend to the wall opposite the entrance (see 10.3).

\ \
X
N\
1

Key

1 target
2 isocentre
3  door

Figure 11-= Scatter calculation geometry with additional bend in maze

Another method‘of calculation is to use Monte Carlo simulations to evaluate the transport of X-ray,
neutron and gantma components in the maze and the transmission of the radiations through the dpoor.

10.5 No maze - Direct-shielded doors

10.5.1 General

As described in 10.3, linear accelerator treatment rooms traditionally include a maze between the
entrance to the treatment room and the machine. The treatment room size can be significantly reduced
if this maze is eliminated, with entrance to the room via a direct-shielded door installed in a secondary
barrier wall. A direct shielded door shall shield not only X-rays but also leakage neutrons for primary
nominal energies above 8 MV. The door itself is a secondary barrier, with shielding calculated as
described in 9.3.

A maximum gap of about 10 mm between wall and door is acceptable after allowing for fit-and-finish in
the wall construction. The door design should provide a 200 mm minimum overlap beyond the inside
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surface of the shielding at in the entrance walls, see Figure 12. The limited overlap of the door with
the entrance to the accelerator room may require additional specialized shielding. 10.5.2 describes

the shielding at the far side of the door, which is a secondary barrier calculation with a specialized
geometry. 10.5.3 describes a method for adapting maze calculations to assess the shielding required at

the near side of the entrance.

10.5.2 Shielding at the far side of a direct-shielded door entrance

Asillustrated in Figure 12, a direct leakage path occurs at the far lateral edge of the door. To compensate
for the relatively short slant thickness through the corner of the entrance, additional material is
typically added beyond the door and in the entrance wall as shown in Figure 13. If sufficient space

existls, normal weight concrete added at the far side of the entrance can be sufficient with.-njo additional
shielding at this location. When space is limited, high density concrete is typically added beyond the
door|with lead added to the entrance wall. Borated polyethylene lining inside the high dendity concrete

may plso be appropriate.

The shielding calculation at the far side of the entrance uses the standatd secondary] calculation
metHodology described in 9.3. The slant thickness through the wall at the corner (dw) (m) is given by

Formula (27).

dy, = do_ s
w ;
cos(0) sin(0)

wherte

do isthe door overlap beyond the entrance in{metres;
dg  isthe gap between the concrete wall @nd the door in metres;

d
de +d

4 = atan

where dris the distance from isocentre to the far side of the entrance.

The §lant thickness through the toncrete (dc) is then given by dyw minus the slant thickness

lead pdded to the wall, d1,/cos(B), where d, is the lead thickness in metre: d¢ = dw - d1./cos(8).

(27)

through the
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Figure 12 — Slantthickness at far side of direct shielded door
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Figure 13 — Material added to entrance on far side of direct shielded door
10.5{3 Shielding at the near side of a direct-shielded door entrance
10.5|3.1 General
The geometry at the near side of the entrance is similar to that of a maze, implying the s
of lepkage, scatter, and neutron-related:radiation are present. Unlike a maze, single-inte

scattler from one lateral primary barrier has a direct path to the near side of the door,

shiel

10.5

ISO 1664

N
\)

ing requirements for the other'sources of scattered radiation negligible in compariso

3.2 Primary X-ray wall scatter to near side of entrance

5:2016(E)

ime sources
raction wall
making the
n.

The wall scatter unshielded dose equivalent at the near side of the entrance is calculat¢d using the
geonjetry in Figure-12. The unshielded dose equivalent due to wall scatter (Hys) (Sv)|is given by
Formula (28).
WxUxa,xA,
H,s = (28)
’ 2 2
dy xd;
wherte
do isthe targetto primary barrier distance in metres;
d7  isthe distance from the primary barrier to the protected location in metres;
W is the workload for the period of reference in Gray;
37
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U is the orientation or use factor (conservative assumption: U = 1);

ap is the reflection coefficient in m-2, depending on primary X-ray end point energy, wall ma-
terial and incidence and reflection angles (see Tables B.2 and B.3); for accelerators with FFF
operating mode, specific @g values shall be considered[33];

Ap  isthe beam area in m2 at first reflection wall for the maximum field size.

~
o0]

10 \

typical gap<10 mm

200 mm typical door overlap

protected point (0,3 m beyond door enclosure)

target rotational plane

isocentre

target

lead added to entrance wall

door

door overlap

borated polyethylene added beyond secondary barrier

Figure 14 — Material added to entrance on near side of direct shielded door
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10.5.3.3 Neutrons and capture gammas at near side of entrance

For accelerators greater than 8 MV, neutron transmission through the near side of the door shall be
included in the dose equivalent calculation. This dose equivalent shall include not only neutrons, but
also gamma rays associated with neutron capture. This calculation adapts the maze neutron calculation
addressed in 10.3.3.

Using the geometry in Figure 15, the first step is to calculate the total neutron fluence at point A per Gy
workload (¢, ) (neutrons/m?2-Gy) using Formulae (22) and (23).

dy
)>
AR
d

da

dy,
[N
¥’

Key
1  isocentre

Figure 15 — Neutron fluence calculation at near side of direct-shielded dogr

Formula (24) then gives®he gives the capture gamma unshielded dose at the near side of {he entrance
(Hyy) (Sv). Similarly-Formula (25) gives the neutron unshielded dose-equivalent at the nedr side of the
entrance (Hyn) (S¥).

The distancethrough the near side of the entrance to the protected location is drawn jus{ beyond the
edge| of the'door. Providing adequate shielding at the near side of the entrance typically requires lead
added to6.the entrance walls. Depending on the regulatory requirements and the amount of overlap
of the'door at the near side of the entrance, lining the door housing with thick borated polyethylene
may also be needed. Thickness of borated polyethylene greater than 5 cm are not recommended since
capture gamma rays generated in the borated polyethylene could become significant compared to the
neutrons.

10.6 No door at maze entrance

When there is a maze and no door at the maze entrance, the area around the entrance may have a
higher dose equivalent than is suitable for a full occupancy location. A calculation is therefore required.

The radiation at the entrance falls into two broad categories: direct leakage radiation and scattered
radiation. The standard secondary barrier calculation is applied to the direct leakage, with radiation
inversely proportional to the square of the distance from isocentre. In addition, the protection provided
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by the walls next to the entrance is included when calculating the direct leakage to the left or right of
the entrance.

In contrast, the scattered radiation can be expected to be roughly inversely proportional to the square
of the distance from the entrance (d) (m). Assuming the dose is uniformly radiated in a hemisphere
beyond the entrance, the average scatter dose equivalent [Hg(ave)] (Sv) at distance d away from the
entrance with cross-sectional area Az (in m2) is given by:

2

H,(ave) = Hg x A, / (2nd”) (29)
Where HS iS hescatterdaose nqniva]nnf atthe entrance (Qv)
NOTE This expression makes physical sense only at distances sufficiently large for the source of Seattered
radiation (Az) to be considered as a point source.
Because this radiation consists of scattered neutrons and photons, the intensity is-proportional to
the wall surfface area visible near the entrance. The visible surface area can be expécted to scalefwith
cos(6), where 6 is the angle to the protected location relative to a vector that is normal to the plane
of the entrgnce. This results in a dose equivalent [Hq(6)] (Sv) at distance d and angle 6 as givén by
Formula (30Q).

H4(0) 5 Hy(ave) 2cos (0) (30)
Directly in ffont of the entrance 6 = 0 is applicable.
If the calculated neutron dose equivalent at the entrance is slightly higher than desired, lining the
maze with horated polyethylene may be appropriate, see Reference [35]. Lining the maze walls 4t the
exterior entfrance or at the opposite end of the maze near the treatment room interior opening with a
combination of polyethylene and boron results in reduction of the neutron and capture gammas|dose
equivalents|at the entrance.
10.7 Door|Calculations
10.7.1 General
If TVL data gre provided by the national regulatory authority in a given nation, then these shall bejused
in that natign. In other cases, for,conservative calculations, the use of the largest TVL value for a given
energy and f given material dssrecommended.
10.7.2 Maze door calculations
Door transnpissioniscalculated with separate TVLs for each type of radiation.
For X-ray dlrect leakage the door transmlsswn is calculated usmg the leakage TVLS for the [door
shielding ma i

may not pass through the door in Wthh case no transmlssmn should be included for the door for the
direct leakage.

Maze X-ray scatter transmission through the door can be calculated using tenth-value layers (TVLs)
specific to the degraded energy spectrum of the X-rays reaching the door. For patient scatter and
wall scatter radiation that undergo two interactions before reaching the door, 0,2 MeV energy can
be assumedI2], with transmission based on broad beam TVLs (see Table A.9). For leakage scatter that
undergoes only one interaction, 0,3 MeV average energy can be assumed[19], with transmission based
on broad beam TVLs (see Table A.9).

When the nominal energy of the primary X-ray beam is higher than 8 MV, neutron and the associated
capture gamma radiation are likely the dominant source of radiation near the door.
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The average neutron energy at the maze entrance is about 100 keV for all accelerators [TAEA SRS 47]
[2]; corresponding conservative TVL values are 8 cm for paraffin/polyethylene and 16 cm for concrete
(see Table A.9) [IAEA SRS 47][2][4][5][15],

For capture gamma radiation, average energy of 3,6 MeV and maximum energy of about 10 MeV can be
assumedI15][29], with transmission based on broad beam TVLs (see Table A.9).

10.7.3 Direct Shielded Door Calculations

For a direct shielded door, the door transmission is calculated using a standard secondary barrier
calculation. The door includes lead to attenuate the X-rays. For accelerators with nominal energy of the
primary X-ray beam higher than 8 MV, hydrogenated material [ike borated polyethylene or|paraffin are
also Included to attenuate neutrons.

Cons or concrete

(see

ervative neutron TVL values are 15 cm for paraffin/polyethylene and 25vcm f
[able A.9 and Figure A.7)[4][5](15].

Aver
(see]

hge capture gamma energy of 3,6 MeV and maximum energy of 10 MeV.¢can be assum
[able A.9)[15][29],

ed for y TVL

11 $hielding calculations for special devices

11.1 General

Somyd
wart
isad
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resembling diagnostic CT.

11.2

Thes|

beam to be directed at any partafithe body from [virtually] any direction. The treatment pla

by uj
a rel
shiel

systd

The

the I
barr
equiy

e adaptations of linear accelerators differ sufficiently from the conventional gantry conf
ant special discussion on how to adapt the shielding calculation in Clauses 9 and 10. (
ompact linear accelerator mounted on a robotic arm used for stereotactic radiothera
iple is helical intensity modulated radioth€rapy, which delivers IMRT using a beal

Robotic arm accelerator

e systems combine a compact linear accelerator mounted on a robotic arm that allows ]
ing a large number of radiation beams compared to a conventional linear accelerator,

ding calculations).@Any wall shall be considered to be a primary barrier (except the
m cannot point atit, in such case a secondary calculation shall be done for the ceiling)

eakage worklead shall be calculated using a value of C; (IMRT ratio) equal to 15[2]
igh leakage/workload and the low primary orientation or use factor, both primary an
er caleulation shall be performed for each wall, with the results added to yield th
Falent/Scatter is negligible for walls, and shall not be included in the wall calculations.

If the

iguration to
ne example
by. A second
n geometry

he radiation
his achieved
resulting in

htively low orientatipn OT use factor in any particular direction (U = 0,05 is recommiendedI(2] for

reiling if the

Because of
d secondary
e total dose

b system has a variable target to isacentre distance [nr source-axis-distance (QAI’))] 1

e shielding

calculations shall assume a constant SAD (considered to be the nominal value of SAD).

The maze calculation for that type of accelerator includes primary beam wall scatter and leakage
scatter. The leakage scatter calculation is unchanged from the approach used for a conventional linear
accelerator. As for secondary barrier calculations, if only small field sizes are used, patient scatter
may be considered as negligible. Unlike a conventional maze, the primary beam wall scatter is single
interaction scatter, since the beam can be directed toward the end of the maze, and the reflection
coefficient and the tenth value layers used to calculate attenuation at the entrance shall take this point
into account.

The dose equivalent at entrance shall include a calculation of the primary plus leakage radiation passing
through the wall to the entrance.

The direct path transmission provided by the door uses the conventional primary and leakage TVLs.
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11.3 Helical intensity modulated radiotherapy

The field shape is adjustable in the inferior-superior patient direction by a MLC. The system may include
a primary beam stopper.

The system traditionally operates in a helical mode. In this mode, the slit beam of radiation continuously
rotates around patient. All treatments in the helical mode use IMRT, with a relatively high IMRT ratio
(C1 = 16 is typicall36l).

Calculations are made using the leakage workload, Wy

Wy, = W x IMRT factor

where IMRT factor = C1 (FimMrT = 1) (see 9.3.2).

The unshielfled X-ray dose equivalent, Hy, is the combination of all components: leakage,.(fy,1), pqtient
scatter (Hy,ps) and primary (Hyp) transmitted through the beam stopper. Hy varies{as a functipn of
the angle in the room (see Figure 16) and is < 0,02 % x Wy, at a distance of 1 m'from the isocentre.
Isoexposurg profiles provided by the manufacturer should be used in these shielding calculations.

In addition to the helical treatment mode, a topographic treatment mode is‘éptional. Unlike the helical
treatment ode, treatments are performed with the gantry in various ‘static positions, instead of
with the gantry continuously rotating. This reduces the number of m@nitor units required to deliver a
prescribed xose to the patient, resulting in shorter treatment times'and a lower IMRT ratio (~10)f The
combined ldakage, scatter, and primary radiation requiring shielding in the topographic mode i§ less
than 0,01 %)]of the leakage workload in all directions.

It should be pssumed that radiation is less than 0,1 % of the leakage workload for shielding calculagions.

180°

Key
1 couch
2 gantry

3 exterior

Figure 16 — TomoTherapyTM geometry

11.4 Dedicated device for intra operative radiotherapy with electrons

These dedicated devices for intraoperative radiotherapy (IORT) use a linear accelerator that delivers
only electron beams (maximum energy of about 12 MeV) with a very high dose rate (up to around
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40 Gy/min), to deliver single fraction high dose directly in contact to the target tissue in the patient.
Electron beams are collimated by cylindrical applicators of low Z material (plastic or aluminium).

These are mobile systems designed to be used in standard operating rooms. The gantry and the head
have many degrees of freedom allowing the beam to be directed in many directions. Some systems
include a primary beam block, others not. There is no bending magnet and no or thin scattering foil,
leading to strong reduction of leakage X-rays as compared to conventional devices. Because of the
limited maximum energy, neutron production is not a concern. In normal clinical use, primary electrons
are stopped in the patient, so the radiation components to be considered for radiation shielding
calculations are only secondary radiations: patient scattered X-rays, head leakage X-rays (not negligible)
and contamination electrons (coming from the applicator, not negligible). If one cannot exclude device

use

ations, and the materials and methods used for the TVL evaluation should be know

Id be paid to the fact that the scattered X-ray field could not follow an inverse squ
ion of the distance if the reference distance is only 1 m from the scattering body.

'y high absorbed dose rates (greater than 10 Gy-min!) are used in standard oper
but reinforcements of the protective barriers (walls, floor and ceiling), some areas surt
hting room shall be forbidden to the public and:the workers during operation, and a

bed to prevent access to these areas during a€celerator use, with a treatment interry

connlected to the machine.

As de¢dicated IORT devices are mobile, special-formal procedures shall be put in place in or
pernjanent location of the device in the dedicated rooms (operating and storing rooms), an
opergtion during storage.

12 Ducts

12.1] Duct impact onradiation protection

There are three kinds’ of ducts penetrating a treatment room: ducts for electrical cab
to physics meastgirements), for fluids and anaesthesia gases, and for heating, ventilatj
condjitioning (HVAC). The duct penetration leads to two kinds of impact on radiation
radidtion passes through the interior of the duct (from the duct interior opening to the d
openfing) and passes through a reduced barrier thickness (for oblique incidence or for duct
or mpltiple bends in the barrier).
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The ducts for electrical cables and for fluids have typically small size (maximum diameter of around
10 cm) and have little impact on radiation protection if they are correctly positioned (see below). On
the contrary, HVAC ducts have large dimensions, with penetration typically on the order of 1 m wide by
0,5 m high), which requires special attention and specific shielding calculations.

12.2 Recommended location and geometry

Ducts for electrical cables and for fluids should be placed either in the floor at a sufficient depth either
penetrate a vault wall slantways, with an angle of around 45° and the duct interior opening near the
floor in order to prevent radiation from passing directly through the interior of the duct.

When there is a maze, HVAC ducts shall penetrate the vault above the door. In the absence of maze,
HVAC ducts shall penetrate the vault in a secondary barrier, as far as possible from the accelerator head
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and such a way that radiation cannot pass directly through the interior of the duct: penetration shall be
oblique or alter direction in the shielding barrier.

12.3 Additional shielding

12.3.1 General

Except for treatment rooms with little or no shielding at the entrance (i.e. for a very long maze and / or
low energy machine), shielding is generally required for the HVAC ducting. One approach to provide this
shielding is a baffle (stralght or bended shelfbeneath the duct or lintel in front ofthe interior opening of

the duct) copstrs :
wrapped with the same shleldlng materlal as the door Another method is to have the duct pass th
hicane of two baffles in the space between the treatment room ceiling and the false' cgili
eo of the maze. These baffles are built as part of the concrete ceiling of the treatment n
n also start parallel and close to one wall and then go obliquely to run paralleland clg

a concrete ¢
in the long 1
The duct ca
the opposits
before and 4

The design

 wall. A concrete baffle originating on the opposite side of the maze to;the duct is p
fter the transition.

Analytical

of X-ray, neutron and gamma components and the transmission of the radiations through the inter
the duct and through the reduced barrier thickness. These calculations shall be done using the co
geometry (treatment room, maze and duct penetration). If Monte Carlo simulation is used, it sh3
done using primary X-ray and neutron energy spectra published\in the scientific literature, de
and elemental composition of all materials as accurate as possible and an adequate transport
(managing the transport of photons, electrons, positrons and-neutrons, photoneutron productior

neutron cap
of the differ
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the width of
exterior ope

12.3.2 Neu

An example
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is equal to {
(Hn,p10) (SV)
interior ope

ure gamma generation in the appropriate enexgy range and for the elemental compos
bnt materials).

of 1/3 as much as is contained in the-door. The shelf or wrapping extends at least 3
the penetration. The calculatiop'ef the dose due to the radiations reaching the HVAC
ning (above the door) can be made with the analytical approach described below.

tron and capture gamma radiation passing through the interior of the shielded d

of the geometry for the neutron calculation is illustrated in Figure 17 for a duct wra
material. If a shelfis placed beneath the duct to provide the shield, the dimension d
he maze width\(dv). The neutron dose equivalent at the duct shielding interior opg
is calculatedusing Formula (25) where d> is the distance from point A to the duct shie
hing (m), TWD (in metres) is 2,06 x §1/2 and S is the maze cross-section area, in m2.

and sizing of the additional shielding (baffle or wrap) requires specific calculati
ethods described below or Monte Carlo simulations may be used to evaluate the trans

1 be wrapped with the same shielding material as the door, but with the material thick
on the order
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The peutron dose equivalent at the duct shielding exterior'epening (Hn pgo) (Sv) is then calc

Formula (31),
- —(d3 /TVD get )
Hupeo = Hypiol0 37 74
whefe
ds3 is the length of the'duct shielding in metres;

Depgnding on georhetry, the ratio of capture gamma dose equivalent to maze neutron dos

rang
can I

12.3
The

1 ]:uct shielding exterior opening

ISO 16645:2016(E)

ds

X
z/
dy,

\ dy I

d;
|

uct shielding interior opening

Figure 17 — Maze HVAC ductshielding

TVDquct (m) is 2,06 x Sq{cct/2;

Sduct is the duct cross-section area in m2, Sqyct = da x ds, where d4 and ds are th
the height of the duct shielding, respectively, in metres.

bs from 0,2.46.0,5[13]. The capture gamma unshielded dose equivalent at the duct exte
e conservatively assumed to be 0,5 of the neutron dose equivalent.

3 /X scattered radiation passing through the interior of the shielded duct

ulated using

(31)

e width and

e equivalent
Fior opening

raction of scattered radiation (patient scatter, wall scatter, leakage scatter) passing

through the

duct can be calculated using Formulae (17) to (20), with one difference: the visible area of the reflecting
maze wall is given by the duct shielding height and length. Figure 18 illustrates the geometry and the
calculation of the maze wall height (Hv) (in metres) visible from the duct exterior opening.

© ISO
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Figure 18 — Reflecting maze wall height visible from duct exterior opening
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12.3.4 Scattered radiation passing through the walls of the duct shielding

The calculation of the fraction of scattered radiation (patient scatter, wall scatter, leakage scatter)
passing through the walls of the duct is similar to that for the door at the end of the maze, except the
shielding material and slant angle. Since the maze radiation passes at an oblique angle through the duct
shielding, a 45 ° slant angle can be assumed in the calculation.

12.3.5 Dos

e equivalent at HVAC duct exterior opening

Assuming the dose is uniformly distributed in a hemisphere beyond the duct exterior opening, the
average dose equivalent [Hg(ave)] (Sv) at distance d (in metre) away from the baffle opening with cross-

sectional ar

H,(ave

where Hpgo

Because thi
the surface
0 is the ang
This results
Formula 33

H4(0)

13 Specia

13.1 Skyshine

13.1.1 Genleral

Skyshine re
treatment r
which imp
prevent un
operation.

Empirical apalytical appfoaches are described below for calculation of the X-ray and neutron sky

dose equivg
Monte Carlo

13.1.2 X-rd

ljes there shall be no_potential occupancy above the accelerator. Vigilance is requir

pa Az (1n m<) 1s given by Formula 32.

= Hpypo Ay [ (2nd?)

is the dose equivalent at the duct exterior opening (Sv).

5 radiation consists of scattered neutrons and photons, the inten§ity is proportion
area visible through the duct opening. The visible surface area seales with cos(6), W
e to the protected location relative to a vector along the centréline of the baffle ope
in a dose equivalent at a protected location at distance d andangle 6 [Hq(6)] as give

(Sv).
H 4 (ave)-2 cos(0)

1 considerations

fers to radiation scattered by ‘the atmosphere that reaches occupied locations outsid
bom. This particular source of radiation is significant only if the ceiling is lightly shig

uthorized roof access,/a system shall be used to prevent access when the accelerator

lents. However, these methods are approximate and precise evaluation can be dor
simulatioen.

(32)

al to
there
ning.
en by

(33)

e the
lded,
ed to
is in

thine
le by

y skyshine radiation

X-ray skyshine is calculated using the geometry in Figure 19.
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Dimensions in metres

Key
isocentre
farget

3 {loor

Figure 19 — X-Ray skyshine geometry

The gnticipated skyshine unshielded dose equivalent (Hysky) (Sv) is given by Formula (34)[2].
0,025x W x U x Q13
H = (34)
sk
U,SKy dlz y dsz
whertte
d; is the distance from the target to a point 2 m above the roof in metres;
ds is thedistance from isocentre to the point protected in metres;
w isthe workload specified for the period of reference in Gray;
U is the orientation or use factor for the beam oriented toward the ceiling; secondary
radiation is not a significant contributor to skyshine exposure;
0 is the solid angle of the radiation beam (steradian) (0,122 for 0,4 m x 0,4|m beam)

When there is an existing ceiling barrier, the transmission through this barrier shall be taken into
consideration when determining the anticipated skyshine dose equivalent.

The roof here is considered to be at the top of the lateral barrier. This calculation is imprecise and
should be used with caution (at least with a multiplicative factor of 2).

As shown in Figure 19, the point protected is outside the wall by a distance that is equal to the wall
height. Measured data indicate that this is the location experiencing highest dose rate. If the unshielded
dose equivalent exceeds the maximum permissible shielded dose (P/T), material shall be added to the
roof, with attenuation calculated using the primary TVL.
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13.1.3 Neutron skyshine radiation

At machine energies greater than 8 MV, neutron skyshine shall be considered as well. The most critical
geometry in this case is with the target above isocentre (see Figure 20). The skyshine unshielded
neutron dose equivalent (Hyns) (Sv) at lateral distances less than 20 m is given by (adapted from
Referencel2]):

54x107* H_. xQ
_ pri (35)

Hu,ns ZTC

where

Hpyi (Sy) is the neutron dose equivalent within the beam at isocentre [IAEA SRS 47];
Q0 is the solid angle (steradians) of the shield walls subtended by the tanget.

Formula (33) assumes the ratio of neutron fluence is the same as the ratio of neutroiwdose equivalent.
No orientatifn or use factor is applied since neutron skyshine can be observed forany beam orientation.

This calculation is imprecise and should be used with caution (at least with a multiplicative factor jpf 2).

3
a
Key
1 isocentrg
2 target
3 floor
a

Up to 20|ntlateral distance.

Figure 20 — Neutron skyshine geometry

If the combined unshielded photon dose equivalent and neutron dose equivalent exceed the maximum
permissible shielded dose, material shall be added to the roof. Neutron attenuation is calculated using
the primary neutron TVL. Note that metal in the ceiling barrier would result in a substantial increase
in neutron skyshine compared to the calculation above due to photoneutron generation in the metal.
Consequently, metal should not be used to shield a ceiling for skyshine.
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13.2 Groundshine radiations

Because primary barriers constructed of lead are relatively thin, scattered radiation through the floor
may exceed the direct radiation through the wall when the beam is pointed at the bottom of the wall
(see Figure 21). This radiation is referred to as groundshine.

Shielding calculations may be done with analytical methods or Monte Carlo simulations. If calculations
indicate groundshine is excessive, lead can be added to the floor next to the wall, as shown in Figure 21.

Dimensions in metres

Key
Pprimary transmission to point X
Isocentre
3 §catter transmission from point X to point Z

Figure 21 — Basic groundshine geometry

13.3 Joints and junctions

A cold joint is discontinuity between layers of concrete that occurs when a layer is allowdd to harden
before the next layer is poured. Althoughyundesirable, such a joint is acceptable if located pt a suitable
locatjion. A cold joint shall not be located at least 1 m above or below the elevation of isocentre.

Wheh using lead brick, steel plate.or modular concrete blocks, the junctions shall be staggered between
layerfs. Any junction between-steel plates or concrete blocks shall not be aligned with isocentre.

Whep using precast blocKs,)jjoints should be tongued and grooved.

14 $hielding evaluation (experimental verification)

14..1 General

Immegdiately after the accelerator has been made operational, a preliminary survey shall be carried
outt iati i ili e applicable

shielding design goal and time averaged dose equivalent rate. Once the accelerator has been made
completely operational and an initial calibration has been completed, a complete radiation survey shall
be conducted.

All occupied areas near the facility shall be evaluated for the purpose of determining whether the
shielding design goal is achieved and whether any person is likely to receive more than the recommended
applicable annual effective dose values for controlled and uncontrolled areas.

After any changes of structural design and periodically as defined by national regulation, evaluation of
shielding shall be carried out.
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14.2 Measuring equipment and methodology

The survey instrument should have both rate and integrate modes and adequate range(s) to cover
expected measurements (e.g. up to 50 mGy h-1). For accelerators operating above 8 MV, a portable
neutron survey instrument should be used to determine the neutron dose equivalent per monitor unit
and the dose-equivalent rate (A). Each of the instruments used for the final measurements shall have a
current calibration traceable to the national standards.

The test conditions for checking of structural shielding are:
— all measurements should be made at least 0,3 m beyond the barrier or door considered as

represe tativa of whola hody daca aaguivalant ar ot tha nainte of caleonlation inclnding tha maze
preseptativeolwhole body dose aguivalent or at-the po athe

TTIreo—or—tcotrotrorcrorr—Trirerererrir

— maximym absorbed dose rate intended for operation, at maximum photon energy} for fome
accelergtor with FFF mode, it is relevant to consider the mode providing the higher doSerate fqr the
higher gnergy available in FFF mode;

— primary barrier: maximum useful beam and collimators rotated through 452 so that the diagonal
of the radiation field is along the length of the barrier, directed at each-barrier in turn. These
measurgments are performed without any phantom material in the radiation beam. It is espegially
importdntto survey the region where the primary barrier changes to,a secondary barrier to confirm
that thellength of the primary barrier is adequate;

— other bfarriers including door or maze entrance and egress.of ducts which cannot be hjt by
primary beam: maximum useful beam directed at least with-the gantry at 0°, 90°, 180° and R70°.
Measurgments shall be performed with phantom materialdn the beam at the isocentre to simplate
the patient. The junctions between secondary and primiary barriers should be measured cargfully
to ascertain whether or not there is any leakage from;small angle scatter at the edges of the prinary
barrier;

— for wall|shielding, measurements across a range extending between a distance of 0,1 m and (,5 m
behind the shielding and between a height of0;5 m and a height of 2 m above the floor; measurements
should also be made at junctions betweénjthe ceiling slab and the walls;

— for ceilihg shielding, measurements:inthe room above the irradiation room, at a 0,5 m height gbove
the floof;

— for floor shielding, measurements in the room below the irradiation room, at a 2 m height above
the floofr;

— If the facility is an~existing one that has been upgraded for a higher energy machine, |then
measurpments shall-be made at the junctions of additional shielding or modifications.

The evaluatjon of therarea dose measurements shall be initially based on the reference planning v4lues.
If the permfissiblé area dose values are exceeded, the intended operating mode (operating vdlues,
radiation diréctions, workload) shall be taken into consideration.

If any defects in the shielding are identified further measurements should be made at these positions
using the appropriate type of detector.

If it is decided that an area requires on-going evaluation after the facility begins operation, either film
or optically-stimulated luminescence dosimeters or thermoluminescent dosimeters (TLDs) may be
used for photons, while solid-state nuclear track detector dosimeters or a hybrid TLD may be used for
neutrons.

14.3 Evaluation
When designing radiation shielding barriers, it is usual to assume that the workload is evenly

distributed throughout the year. Therefore, it is reasonable to design a barrier to meet a weekly or
a monthly value. The use of a measured instantaneous dose rate, IDR [instantaneous dose equivalent
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rate measured at a reference point at 0,3 m beyond the penetrated barrier (Sv-h-1)], with accelerator
operating at maximum output, does not properly represent the true operating condition and radiation
environment of the facility. It is more useful if the workload and orientation or use factor are considered
together with the IDR when evaluating the adequacy of a barrier. For this purpose, the concept of time
averaged dose equivalent rate, TADR, is used with the measured IDR.

TADR is the barrier attenuated dose equivalent rate averaged over a specific time or period of operation
Tr (Sv-Tr-1). TADR is proportional to IDR and depends on the values of workload W and orientation or
use factor U:

TADR = IDR x W x U / DR, (36)

wherte

W  isthe workload associated to the energy considered for the period of reference Tt (Gy-Tr-1). If
there is sufficient design margin, the total workload should be attributed to the highest energy,
with survey measurements performed only at the highest energy.-Otherwise TADR at each
photon beam energy, combined with the workload at isocentre for each one, is determined.
The total measured TADR is then the sum of the TADR for each energy;

DRy isthe absorbed dose rate at isocentre for the energy considered (Gy-h-1).
The dlose equivalent rate for the period of reference Tr shoulddbe¢alculated from survey mepsurements.

The beam-on time for the period of reference Tr and for the’energy MV is calculated as follqws (h-Tr-1):

beam-on time = W / DR, (37)

The TADR (Sv-Tr-1) is calculated from the IDR and beam-on time as follows:
TADR = U x IDR x beam-on time (38)
The TADR for secondary barrier leakage measurements is based on the leakage workload Wy, (Gy-Tr-1),
which includes an adjustment for}MRT.

The X-ray leakage beam-on time for each energy is calculated as follows (h-Tr-1):

leakage beam-on'time = W, / DR, (39)

The X-ray leakage TADR (Sv-Tr-1) is calculated from IDRy, (Sv-h~1) due to leakage and leakdge beam-on
time|(h-Tr-1).as)follows:

LieakageTADR = IDR; x leakage beam-on time (40)

where IDRy, is the instantaneous dose equivalent rate due to leakage radiation (Sv-h-1).

The neutron leakage TADR is calculated in the same fashion as photon leakage TADR, except using the
measured neutron dose rate and the neutron leakage beam-on time. In general, the neutron leakage
beam-on time is the same as the X-ray leakage beam-on time. If the survey is performed only at the
highest energy, the leakage workload associated with energies less than 8 MV in the shielding evaluation
report can be excluded from the neutron leakage workload, resulting in a neutron leakage workload
that may be significantly less than the X-ray leakage workload.

In general, the TADR beyond a secondary barrier consists of a combination of scatter, X-ray leakage
and neutron leakage. For conventional devices, X-ray scatter is insignificant for the walls that are not
adjacent to the primary barrier. However, scatter is often the largest source of radiation for secondary
barriers immediately adjacent to a primary barrier. Unlike leakage, scatter is based on the primary
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workload (not the leakage workload) and hence does not increase with IMRT. The secondary dose rate
next to a primary barrier is often sufficiently low that there is need to distinguish between leakage
and scatter. However distinguishing between measured scatter and leakage may be appropriate to
avoid overstating the total TADR for the secondary barrier adjacent to a primary barrier if there is
insignificant design margin.

The scatter plus leakage exposure rate is measured with the beam pointed at the primary barrier
adjacent to the secondary barrier. The measured leakage dose rate is the dose rate measured at the
same location, but with the beam pointed in at least one of the other three gantry orientations. The
leakage contribution to TADR is then calculated as described above based on the leakage dose rate
(Sv-h-1). The average scatter exposure rate is given by (Sv-h-1):

average [scatter dose rate =
U [(scattler + leakage) measured dose rate - measured leakage dose rate] (41

The same ¢rientation or use factor applied to the primary barrier is also_applicable to scatter
measuremepts.

The scatter [TADR is calculated as follows (Sv-Tr-1):

scatter TADR = average scatter dose rate x beam-on time (42)

Here beam-pn time is the primary beam-on time calculated as described above.

15 Indication, warning signs, interlocks

Requiremerts of IEC/TR 61859 for radiotherapy treatment room design shall be complied[3Z].
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Tenth value layers for the most common shielding materials
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Figure A.7— Primary photon TVL values for ordinary concrete (density 2,35 g-cm-3)

Table A.1 — Primary photon TVL values for ordinary concrete (density 2,35 g-¢m-3)

a  BJR 11 MV definition.

b Density scaled using data from density 2,2 g-cm-3 concrete.

IAEA 47 (Table 4) NCRP 151 (Table B.2) DIN (Figure 3) DFI (Table 2)
E (MV) TVLc (cm) Ea (MV) TVLe (cm) E (MV) TVLc (cm) E (MV) TVLcb (cm)

3 23,6 4 26,2

4 26,8 6 31,6
4 29,0 30 5 29,7 8 35,3
6 34,3 6 33 6 32,1 10 379
10 389 10 37 7 34,3 12 39,8

NOTE If TVL data are provided by the national regulatory authority, then these shall be used in that nation. In other

cases, for conservative calculations, the use of the largest TVL value for a given energy is recommended.
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Table A.1 (continued)
IAEA 47 (Table 4) NCRP 151 (Table B.2) DIN (Figure 3) DFI (Table 2)
E (MV) TVLc (cm) Ea (MV) TVLe (cm) E (MV) TVLc (cm) E (MV) TVLcb (cm)
15 43,2 15 41 8 36,0 14 41,7
18 44,5 18 43 9 37,5 16 429
20 45,7 20 44 10 38,7 18 43,5
24 47,0 25 46 20 449 20 44,1
30 49 30 47,5 22 44,7
46 485 24 457
50 49,2 26 45,4
28 46,3
NOTE If TYL data are provided by the national regulatory authority, then these shall be used in that‘hation. In pther
cases, for congervative calculations, the use of the largest TVL value for a given energy is recommended;
a2 BJR11 MYV definition.
b Density sfaled using data from density 2,2 g-cm-3 concrete.
Y§
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primary|photon TVL for heavy concrete 3,2 (cm)
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NCRP 151 Table B.2 (TVLe), density scaled using Table A.1
IAEA SRS 47 Table 4 (TVLc), density scaled using Table A.1
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Y
1 DIN Figu
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4

Figure A.2 — Primary photon TVL values for high density concrete (density 3,2 g-cm-3)
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Table A.2 — Primary photon TVL values for high density concrete (density 3,2 g-cm-3)

IAEA 47 (Table 4) NCRP 151 (Table B.2) DIN (Figure 3) DFI (Table 2)
E(MV) TVLcb(cm) | Ea(MV) TVLeb(cm) | E(MV)  TVLc(cm) | E(MV)  TVLc(cm])
3 17,4 4 19,2
4 19,6 6 22,7
4 21,3 4 22,0 5 21,8 8 25,0
6 25,2 6 24,2 6 23,5 10 26,7
10 28,6 10 27,2 7 24,6 12 27,3
15 347 15 36+ 8 25-6 4 279
18 32,7 18 31,6 9 26,7 16 28,5
20 33,6 20 32,3 10 27,4 18 29,1
24 34,5 25 33,8 20 29,5 20 29,7
30 36,0 30 29,8 22 29,8
40 29,9 24 29,9
50 299 26 30,1
28 30,2

NOTE If TVL data are provided by the national regulatory authority, thefixthese shall be used in that n{
caseq, for conservative calculations, the use of the largest TVL value for a gfveh energy is recommended.

a  BJR 11 MV definition.

b Tbensity scaled using Table A.1.
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Figure A.3 — Primary photon TVL values for steel (density 7,8 g-cm-3)
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Table A.3 — Primary photon TVL values for steel (density 7,8 g-cm-3)

IAEA 47 (Table 4) NCRP 151 (Table B.2) DIN (Figure 3) DFI (Table 2)
E(MV) TVLc(cm) | Ea(MV) TVLe(cm) | E(MV)  TVLc(cm) | E(MV)  TVLc(cm)
4 91 4 99 3 8,2 4 9,0
6 9,8 6 10,0 4 9,0 6 9,8
10 10,5 10 11,0 5 9,5 8 10,3
15 10,8 15 11,0 6 9,9 10 10,5
18 11,1 18 11,0 7 10,1 12 10,6
20 14+ 29 +1-6 8 16-3 4 +6-6
24 10,7 25 11,0 9 10,4 16 16,7

30 11,0 10 10,5 18 10,7
12 10,7 20 10,9
14 10,7 22 10,8
16 10,7 24 10,8
18 10,8 26 10,7
20 10,8 28 10,7
22 10,8
24 10,8
26 10,8
28 10,8
30 10,7
35 10,7
40 10,7
45 10,6
50 10,6

a  BJR 11 MY definition.

NOTE If TYL data are provided by the national regulatory authority, then these shall be used in that nation. In pther
cases, for congervative calculations, the use of the largest TVL value for a given energy is recommended.
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~

Key
X maximum energy (MV)

1  DIN Figure 3 (TVLc)

primary photon TVL for lead (cm)

10

Figure A.4 — Primary photon TVL values for lead (density 11,3 g-cm-3)

Table A.4 — Primary photon-TVL values for lead (density 11,3 g-cm-3)

100 ¥

IAEA 47 (Table 4) NCRP 151 (Table B.2) DIN (Figure 3) DFI (Table 2)
E[MV) TVLc (cm) Ea (MV) TVLe (cm) E (MV) TVLc (cm) E (MV) TVLc (cm)
4 5,3 4 5,7 3 4,4 4 5,0
6 5,5 6 5,7 4 49 6 5,3
10 5,6 10 57 5 5,2 8 5,5
15 5,7 15 5,7 6 5,3 10 5,6
18 5,6 18 5,7 7 5,4 12 5,6
20 5.5 20 5,7 8 5,4 14 5,6
24 5,2 25 5,7 9 5,5 16 5,6
30 57 10 5,5 18 5,6
12 5,5 20 5,5
14 55 22 5,4
16 5,5 24 5,4
18 5,4 26 5,4
20 5,4 28 5,4
22 5,4
24 5,4
26 5,4
28 5,4

a  BJR 11 MV definition.

NOTE If TVL data are provided by the national regulatory authority, then these shall be used in that nation. In other
cases, for conservative calculations, the use of the largest TVL value for a given energy is recommended.
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Table A.4 (continued)
IAEA 47 (Table 4) NCRP 151 (Table B.2) DIN (Figure 3) DFI (Table 2)
E(MV) TVLc (cm) Ea (MV) TVLe (cm) E (MV) TVLc (cm) E (MV) TVLc (cm)
30 54
35 53
40 5,3
45 5,2
50 5,2
NOTE  If Tlf—dateare-providedbythenationalregwlatoryauthority—thentheseshal-be-usedinthatnatien—tapther
cases, for congervative calculations, the use of the largest TVL value for a given energy is recommended.
a  BJR 11 MYV definition.
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X  maximum energy (MV)
Y Xleakagp TVL in concrete 2,35 (cm)
1 NCRP 131 Table B.7 (TVLe)
2 IAEA SR} 47 Table 4 (TVLc)

Figure A.5 — LeaKage photon TVL values for ordinary concrete (density 2,35 g-cm-3)

Table A.5 — LeaKkage photon TVL values (cm) for ordinary concrete (density 2,35 g-cm-3), steel

and lead
Leakage X (90°)
Ordinary concrete Steel Lead
IAEA 47 (Table 4) NCRP151 (Table B.7) IAEA 47 (Table 4) IAEA 47 (Table 4)
E (MV) TVLc TVLe TVLc TVLc
4 25,4 28 7,9 4,7
6 279 29 8 4,5
10 30,5 31 8,5 4,6
15 33 33 8,7 4,7
NOTE If TVL dataare provided by the national regulatory authority, then these shall be used in that nation. In other cases,
for conservative calculations, the use of the largest TVL value for a given energy and a given material is recommended.
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Table A.5 (continued)

ISO 16645:2016(E)

Leakage X (90°)
Ordinary concrete Steel Lead
IAEA 47 (Table 4) NCRP151 (Table B.7) IAEA 47 (Table 4) IAEA 47 (Table 4)

E (MV) TVLc TVLe TVLc TVLc

18 33 34 8,7 4,7

20 34,3 34 8,8 4,9

24 35,6 8,9 51

2p 35

3P 36
NOTE If TVL dataare provided by the national regulatory authority, then these shall be used in thathation. |n other cases,

for cgnservative calculations, the use of the largest TVL value for a given energy and a given material i$ recommended.
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Figure A.6 — Patient scattered photon TVL values for ordinary concrete (density 2,35 g-cm-3)
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