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PREFACE

The current report on shielding and radiation protection for charged particle therapy facilities is
the first report produced by the Publicasddubcommittee of the Particle Therapy-Qperative Group
(PTCOG). The PTCOG Publications Subcommittee was authorized at the PTCOG 46 Steering

Committee meeting in Wanjie, China, and has the following membership:

Co-Chairpersons: Al Smith and Erik Blomgist

Members: Masayuki Mumada
Takashi Ogino
Thomas Delaney
Eugen Hug
Carl Rossi

Thomas Bortfeld

De Facto Members: Hirohiko Tsujii, PTCOG Steering Committee Chariman

Martin Jermann, PTCOG Secretary/Treasurer

The PublicationSubcommittee was charged with defining topics of interest to PTCOG members
and establishing Task Groups to develop reports on such topics. The first Task Group to be establishe
wasTask Group:1Shielding Design and Radiati®rotectionof Charged Partiel Therapy Facilities.

The Task Group has the following members:

Task Group Leader: Nisy Ipe, Shielding Consultant, San Carlos, CA USA
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The topic of shielding and radiation protection was proposed by a number of PTCOG members

and was deemed to be important to all particle therapy facilities. The topic is, however, somewhat

difficult to address due to ¢hvariety of particle accelerators, treatment delivery systems, and regulations

encountered throughout the world. Because of these differences, some of the material in the report is,

necessity, more general than would have been the case if specifiostiances were being addressed.
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We have tried, as far as possible, to describe modern ateddste methodology, procedures,
and instrumentation used in shielding calculations and radiation measurements. That said, we have nc
attempted to be exhaustigad therefore have not covered every possible technique and every new
technol ogy. We have focused on the Atried and
provide the most useful document for particle therapy users and developers. Ihtsyhowever, to
periodically update the document in order to keep it current with the latest thinking experience and
technologies. The document is being published electronically and is available on the PTCOG web site:

http://ptcog.web.psi.ch

We encourage PTCOG members, and others, to send comments, critiques, and corrections to t
address specified in the PTCOG Publication Subcommittee link on the PTCOG web site. We will
attempt to address corrections in agiyjnmanner. Comments and critiques will be addressed as time

permits.
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415 Now that this initial effort has been brought to a successful conclusion, the Publications
416 Subcommittee intends to identify other topics of general interest to the PTCOG community and publish

417 additional reports. We look forward to your feedback asslstance.

418
419 Al Smith
420 September 2009
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1. Introduction

Nisy Elizaleth Ipe

1.1 Brief Overview of Charged Particle Therapy Facilities

Charged particle therapy facilities might use protons and various ions such as helium, lithium,
boron,carbon, nitrogen, oxygen, neon, and argon to treat malignant and nonmalignant diseases. Partic
energies are required that allow penetration of 30 cm or more in tissue. In this report, the primary
emphasis will be on protons and carbon idieere are awently about thirty operational particle therapy
facilities (both proton and carbon) worldwid@T{COG 2009. Another twentythree facilities or so are

in the planning, desigmr construction stage at the time of writing this report.

A typical large paicle therapy (PT) facility might consist of an injector, a cyclotron or a
synchrotron to accelerate the particles, a‘aghrgy beam transport line, several treatment rooms
including fixed beam and 360° gantry rooms, and, often, a researchGiRéd @7). Recently, single
room therapy systems with a synchrocyclotron integrated in the treatment room have also become
available. These and other novel technologies are discussed in Chapter 2. Several vendors oeffer single
room systems with the acceleratotsade the treatment room; such facilities usually have the ability to
add additional treatment rooms in future facility expansions. For both cyclamdrsynchrotrofased
systems, dose rates of 1 to 2 Gy/min are typically used for patient treatmgnt uim ar ge 6 f i e
order of 30 cm x 30 cm. Special beam lines devoted to eye treatments use dose rates in the order of 1
20 Gy/min but for smaller fields of about 3 cm diameter. There are a few systems used specifically for
radiosurgery techniquebat use dose rates and field sizes intermediate to those for large field treatment

and eye treatments.
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During the operation of particle therapy facilities, secondary radiation is produced at locations
where beam losses occur. Such losses may octiue synchrotron and cyclotron along the beam line
during injection, acceleration, extraction, energy degradation, and transport of the particles in the bean
line to the treatment room, and in the beam shaping devices in the treatment nozzle. In ddlition, t
deposition of beam proton interactions in the patient, beam stop, or dosimetry phantom also results in
radiation production. Thus, the entire facility requires shielding. The interaction of protons and carbon
ions with matter rseisdudalso irna diipartoimopnt.0 PRarnodmpitr er a
time that the beam is present. Residual radiation from activation continues after the beam is shut off. F

charged particle therapy facilities, neutrons dominate the prompt radiation dose thasstiielding.

Proton energies in therapy facilities typically range from about 230 MeV to 250 MeV, while
carbon ions may have maximum energies of 320 M&i 430 MeV u'. For ions, it is customary to use
the specific energy defined as the ratighef total energy to the atomic mass number (MeV-aaru
MeV u?) (NCRP, 2003). The specific energy is generally considered equivalent to the kinetic energy pe
nucleon. Because there are 12 carbon nucleons the total energy available for interacfiérsey/Sor
430 MeV u! carbon ions. Thus, the maximum neutron energy will exceed 430 MeV in this case. For
carbon ion beams, the maximum energy of the neutrons is approximately two times the energy of the
carbon ion Kurosaweet al, 1999. For proton bemas, the neutron energies extend to a maximum, which

is the energy of the incident proton.

Figure 1.1 shows a schematic of a cyclotbased PT facility capable of accelerating protons or

carbon ions. Figure 1.2 shows an example of a synchrbaeadPT facility.
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472  Figure 1.1 Schematic of a cyclotrebhased particle therapy facility (Courtesy of IBA
473

! lon Beam Applications, Belgium



PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

474
475
476

ar7

478 Figure 1.2 Heidelberg lon Therapy Center (Courtesy of G. Fehrenbacher)
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1.2 Overview of Particle Accelerator Shielding

The history of partile accelerator shielding dates back to the 1930s, with the construction and
operation of particle accelerators at Cambridge by Cockroft and Walton, and at Berkeley by Lawrence
and Livingstone $tevenson1999 IAEA, 1988). The early accelerators were o energy and
intensity, and many of them were constructed underground. However, as larger accelerators producing
particles with much higher energies were developeagl the Cosmotron at Brookhaven and the
Bevatron at Berkeley), knowledge of the prongatiation fields and the requirements for effective
shielding design became necessary. An understanding of the generation of prompt and residual radiati
requires knowledge of the nuclear reactions that occur in the energy range of interest. These are

disaussed in Chapter 2.

The prompt radiation field produced by protons (67 MeV to 250 MeV) encountered in proton
therapy is quite complex, consisting of a mixture of charged and neutral particles as well as photons.
When these protons react with matter, arbat or nuclear cascade (spray of particles) is produced in
which neutrons have energies as high as the proton en€igy,(2000. Further discussion can be
found in Chapter 2. This higénergy component with neutron energigs @bove 100 MeV propagsd
the neutrons through the shielding; and continuously regeneratesdoesgy neutrons and charged
particles at all depths in the shiefid inelastic reactions with the shielding materMbf{itz, 2007).

Thus, the neutron energy distribution consistsM@ components, higenergy neutrons produced by the
cascade and evaporation neutrons with energy peaked at ~ 2 MeV. Tieméigi neutrons are forward
peaked but the evaporation neutrons are isotropic. The highesiy neutrons detected outside the
shielding are those that arrive without interaction, or that have undergone only elastic scattering or dire
inelastic scattering with little loss of energy, and a small change in directiorehergy neutrons and

charged particles detected outside thielding are those that have been generated at the outer surface of

5
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the shield. Thus, the yield of higdnergy neutrong, > 100 MeV) in the primary collision of the

protons with the target material determines the magnitude of the prompt radiatiomufsadte che shield

for intermediateenergy protons. The higénergy neutrons are anisotropic and are forward peaked. In the
therapeutic energy range of interest, the charged particles produced by the protons will be absorbed in
shielding that is sufficienglthick to protect against neutrons. Thus, neutrons dominate the radiation field
outside the shielding. Degraded neutrons might undergo capture reactions in the shielding, giving rise

neutroncapture gamma rays.

The prompt radiation field produced bgrbon ions is also dominated by neutrons with much
higher energies than is the case with protons. Dose contributions from pions, protons, and photons are

significantly lower than from neutrons. Additional information is provided in Chapter 2.

The goal ofshielding is to attenuate secondary radiation to levels that are within regulatory or
design limits for individual exposure, and to protect equipment from radiation damage, which should be
done at a reasonable cost and without compromising the useaaiciierator for its intended purpose
(Stevenson2001). This requires knowledge of the following parametgrs, 008, some of which are

discussed in detail in Chapter 3.

1. Accelerator type, particle type, and maximum energy

2. Beam losses and targets

3. Beamon time

4. Beam shaping and delivery

5. Regulatory and design limits

6. Workload, including number of patients to be treated, energies for treatment, field sizes,

dose per treatment
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7. Use factors

8. Occupancy factors

There are several powerful computer codes discusggtapter 6 that are capable of providing
detailed spatial distributions of dose equivalent outside the shielding. However, it is often desirable to
perform simpler calculations, especially during the schematic design of the facility. Shielding can be
estmated over a wide range of thicknesses by the following equation for a point source, which combine
the inverse square law and an exponential attenuation through the shield, and is independent of geom

(Agosteocet al, 1996a&:

H( Ep’ d1 d/dd)) = Wexpg- mg (11)

where
H is the dose equivalent outside the shiejd
Ho is source term at a productiangled with respect to the incident beam and is assumed
to begeometry independent
E, is the errgy of the incident particle;
r is the distance between the target and the point at which the dose equivalent js scored
d is the thickness of the shield
d/g(d) is the slant thickness of the shield at an adgle
&d) isthe attenuatiotength for dose guivalent at an angléand is defined as the
penetration distance in which the intensity of the radiation is attenuated by a fagtor of
gd = cosd for; forward shielding
gd = sind for | ateral shielding

g(d) = 1 for spherical geometry
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Approximationof the radiation transmission by an exponential function works well over a limited
range of thicknessNCRP, 2003. The attenuation length is usually expressed in cm (or m) and irfg cm
(or kgm?) whenmultiplied by the densityr) and will be referre to hereafter as: For thicknesseg ()
that are less than ~ 100 génthe valueo® changes with increasing de
Asoftero radiations are mor e e as iHigyre Ja3tshoegitheat e ¢
variation of attenuatiolength ¢a) for monoenergetic neutrons in concrete as a function of energy. The
attenuation length increases with increasing neutron energy at energies greater than ~ 20 MeV . In the
past, it has typically been assumed that the attenuation length redugéfnergy limiting value of

about 120 g cr, even though the data in Fig. 1.3 show a slightly increasing trend above 200 MeV.

Figures 1.4a and 1.4b show ttmmparison of neutron dose attenuation lengths measured at
various facilities, for concretend iron, respectively, as a function of the effective maximum energy
(Emax) of the source neutrons, for neutrons with energies from thermal to maxifigores 1.5a and
1.5b show theomparison of neutron dose attenuation lengths measured at varibtis§afor concrete
and iron, respectively, as a function of the effective maximum enExgy) ©f the source neutrons, for
neutrons with energies greater than 20 MeV. As expected, the attenuation lengths in the latter case are
larger than for neutronsith energies greater than thermal energy. The experiments are described in a
paper by Nakamura and include measurementSifgranging from 22 MeV to 700 MeV, and various
production angles for a variety of neutron sourddskémura2004. Table 1.1 sumarizes the site and
properties of the neutron source, shielding material, and the detectors. According to Nakamura, the
measured neutron dose attenuation length (thermal to maximum energy) for concrete lies between 30
cmi2 and 40 g crd from about 22 M¥ to 65 MeV in the forward direction and then gradually increases
above 100 MeV to a maximum value of about 130 ¢f,amhich may be the higkenergy limit. For 400
MeV u? carbon ions, the measured attenuation length in the forward direction for cqférete

production angle) for a maximum neutron energy of 700 MeV is 126 + 9%gwhile the calculated
8



579

580

581

582

583

584

585

586

587

588

589

590

5901

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

value is 115.2 + 9 g c The corresponding measured and calculated attenuation lengths for iron in the
forward direction were 211+ 9 g ¢inand 209.2 4.5 g cn?, respectively. Monte Carlo calculations by

Ipe and Fassdfe andFass92006 yielded a total dose (from all particles) attenuation length in the
forward direction 0fl23.8+ 0.5y cm? for 430 Mevu! carbonions in concrete Steel is much wre

effective than concrete for the shielding of kgtergy neutrongt is important to note that, in addition

to energy and productionang(, & al so depends wupon the mater
Carlo calculations by Ipe indicate thaty fincrete, shielding for 250 MeV protons in the forward

direction can differ by about 30 cm for shielding thicknesses of the order of 2 m to 3 m when two
concretes with the same density but differing compositions are used. Thus, all concretes wik tio¢ hav
same @& at a given angle and energy, and the di
forward direction for concretes with different compositions and densities. More information on shielding

is provided in Chapter 3.
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Table 1.1. Summary of site, neutron source, shielding material, and detector properties

Site

Projectile

Target (thickness)

Neutron sowe
and measured

Shield material
(thickness)

Detector

angle
Cyclotron and Radioisotopg 25, 35 MeV proton Li (2 mm) Quast Concrete (10 cnto NE213 pradon recoll
Center (CYRIC), Tohoko monoenergetic 40 cm) proportional counter
University, Japan collimated beam a{ Iron (25 cmto100 Bonner Ball with®*He
0° cm) counter
TIARA proton cyclotron 43 MeV proton Li (3.6 mm) Quast Concrete (25 crto BC501A
facility, Japan Atomic monoenergetic 200 cm) Bonner Ball with®*He
Energy Research Institute | 68 MeV proton Li (5.2 mm) collimated beam a{ Iron (10to 30 cm) counter
(JAERI), Japan 0°
Loma Linda University 230 MeV proton Al, Fe, Pb White spectrum Concrete (39 g crh | Tissue Equivalent

Medical Center, U.S.A.

(stopping length,

(0°, 22°, 45°, 90°)

515gcn?,1.88¢g

Proportional Counter

10.2 cm diameter) cm® density) (TEPC)
Orsay Proton Therapy 200 MeV proton Al (15 cm long, 9 | White spectrum Concrete (0 cno lon chanber
Center, France cm diameter (0°, 22°, 45°, 300 cm) TEPC
Water (20 cm x 20| 67.5°, 90°) Rem counter
cm x 32 cm) Rem counter with lead
(LINUS)
LiF TLD with moderators
HIMAC, National Institute | 400 MeV u*C Cu (10 cmx 10 White spectrum Concrete (50 crnto TEPC
of Radiological Sciences cm x5 cm) (0°) 200 cm) NE213

(NIRS), Japan

Iron (20 cmto 100
cm)

Activation detectors (Bi, C)
SelfTime of Flight (TOF)
detector

National Superconductin{ 155 MeV u* He, C, O Hevimet (5.08 cm| White spectrum Concrete (30& Bonner Ball with
Cyclotron Laboratory| x 5.093 cm) (44°-94°) 1057 gcnt, 2.4 g Lil (Eu)
(NSCL), U.S.A. cm® densiy)
TRIUMF, Canada 500 MeV proton White spectrum Concrete Bonner Ball with

Lil (Eu)

11C activation of NE102A
KENS, High Energy 500 MeV proton W (stopping White spectrum Concrete( 0 nto 4 Activation detectors (Bi, Al,
Accelerator Research length) 0 m) Au)

Organization (KEK), Japan

LANSCE, Los Alamos
National Laboratory
(LANL), U.S.A.

800 MeV proton

Cu (60cm long,
21cm diameter)

White spectrum
(90°)

Iron (4to 5 m)

6 ton water Cherenkov
detector

ISIS, Rutherford Appleton
Laboratory (RAL), U.K.

800 MeV proton

Ta (30cm long, 9
cm diameter)

White spectrum
(90°)

Concrete (20 crto
120 cm)

Iron (10 cmto 60
cm) After 284cm
thick iron and 9m
thick concrete

Bonner Ball with
Lil (Eu)
Rem counter

AGS, Brookhaven National
Labomtory, U.S.A.

1.6, 12, 24 GeV proton

Hg (130cm long,
20cm diameter )

White spectrum

()

Steel (0 nto 3.7 m)

White spectrum

Concrete (O nto 5

Activation detectors (Bi, Al,
Au)

(90°) m)
Steel (0t0 3.3 m)
SLAC, Stanford National 28.7 GeV electron Al (145 cmlong, White spectrum Concrete NE213

Accelerator Labmtory,
U.S.A.

30cm diameter)

(90°)

(274, 335, 396 cm)

Bonner Ball with Lil (Eu)

CERN, Switzerland

120, 205 GeV/c proton

Cu (50cm long, 7
cm diameter)

White spectrum
(90°)

Iron (40 cm)
Corcrete (80 cm)

160 Gev U lead

Pb

White spectrum

Concrete

TEPC (HANDI)

Bonner Ball with Lil (Eu)
LINUS

2098j and?%2Th fission
chambers

13
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The attenuation length of neutrons in the shielding material determines the thickness of shieldin
that is requiredo reduce the dose to acceptable levels. Shielding for neutrons must be such that
sufficient material is interposed between the source and the point of interest, and neutrons of all energ
must be attenuated effectivelM@ritz, 2001). Dense material dfigh-atomic mass such as steel meets
the first criterion, and hydrogen meets the second criterion because of effective attenuation by elastic
scattering. However, steel is transparent to neutrons of energy ~ 0.2 MeV to 0.3 MeV. Therefore, a lay
of hydragenous material must always follow the stédernatively, large thicknesses of concrete or

concrete with higfz aggregates can be used as discussed in Chapter 3.

1.3 Dose Quantities and Conversion Coefficients

1.3.1 Protection and Operational Dose Qantities

The interaction of radiation with matter is comprised of a series of events (collisions) in which
the particle energy is dissipated and finally deposited in matter. The dose quantities that are used in

shielding calculations and radiation mamihg are discussed below.

Shielding calculations and radiation monitoring are performed solely for radiation protection. The
former are performed to ensure that the facility is designed so that exposures of personnel and the put
are within regulatoryimits. The latter is performed to demonstrate compliance with design or regulatory
limits (NCRP, 2003). Thus, the calculations and measurements must be expressed in terms of quantiti
in which the limits are defined. The International Commission ondRagical Protection (ICRP)
defines dose limits. They are expressed in terms of protection quantities measured in the human body.
Compliance with these limits can be demonstrated by measurement of the appropriate operational

quantity defined by the Inteational Commissions on Radiological Units and Measurements (ICRU).
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ICRP Publication 60ICRP, 1991 recommended the use of equivalent détg &nd effective dos¢E)

as protection quantities. However, these quantities are not directly measurable. frat exd&vidual
exposure the accepted convention is the use of operational quantities, ambient dose eldtiju)¢ne
directional dose equivalehrt(d,)f, and personal dose equivaléhd), defined by ICRU. The two sets

of quantities might be related the particle fluence and, in turn, by conversion coefficients to each other.
Note that the term Adoseod might be used in a
various dose quantities. The definitions of protection and operationditpsataken from ICRU Report

51 (CRU, 1991), ICRPPublication60 (ICRP 1991) and ICRRPublication103 (ICRR 2007 are as

follows:

Theabsorbed doseD, is the quotient oD = g—;where de is the mean energy impartbg

ionizing radiation to matter of maskn. The unit is J kg .The special name for the unit of

absorbed dose is the gray (Gy).

Thedose equivalentH, is the product o andD at a point in tissue, whef2is the absorbed
dose adQ is the quality factor at that point. Thik$,= Q D. The unit of dose equivalent in the SI

system of units is joules per kilogram (J%@nd its special name is the sievert (Sv).
The dose equivalent was specified in ICRP Publication@RF, 1973).ICRP Publication 60

(ICRP, 199]) introduced the concept of equivalent dose. ICRP PublicationlC83(2007)

modified the weighting factors.

15
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667 Theequivalent dose H, in a tissue or organ is given by, = Q wgD; -, whereD; . is the

R
668 mean absorbed dose in the tissue or orfadye to radiationR, andw;, is the corresponding
669 radiation weighting factor. The unit of equivalent dose is the sievert (Sv).
670
671 The weighting factomy, for the protection quantities recommended by ICRP Publication 103
672 (ICRP, 2007) is shown in Table 1.2. In the case of neutromgsyaries with energy and therefore
673 the computation for the protection quantities is made bygiat®n over the entire energy
674 spectrum.
675
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676
677 Table 1.2. Radiation weighting factors recommended by ICRP Publication 103
678
Energy Range W,
Radiation Type
Photons, electrons and muons| All energies 1
Neutrons <1 MeV 2
W, =2.5+18.2exp[- @]
Neutrons 1 MeV to 50 MeV 2
WR :5+17exp[_ @]
Neutrons > 50 MeV 2
W, =2.5+3.5ex[- w]
Protons, other than recq>2 MeV 2
protons
Alpha particles, fission All energies 20
fragments and heavy nuclei
679
680
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681

682 Theeffective doseE, is given byE = § w; H,, whereH; is the equivalent dose in the tissue or
R

683 organ, T, andw; is the corresponding tissue weighting facidre effective dose is expressed in

684 Sv.

685

686 Theambient dose equivéent, H*(d), at a point in a radiation field, is the dose equivalent that

687 would be produced by the corresponding expanded and aligned fidid, [@RU sphere

688 (diameter =30 cm, 76.2 % O, 10.1 % H, 11.1 % C and 2.6 % N) at a depththe radius

689 opposig the direction of the aligned field (ICRW993). The ambient dose equivalent

690 measured in Sv. For stronghgnetrating radiation, a depth of 10 mm is recommerietad.

691 weakly penetrating radiation, a depth of 0.07 mm is recommehd#te expanded araligned

692 field, the fluence and its energy distribution have the same valwgytiout the volume of

693 interestas in the actual field at the point of reference, but the fluence is unidirectional

694

695 Thedirectional dose equivalentH 6 (), at a point ina radiation field, is the dose equivalent

696 that would be produced by the corresponding expanded fiehe IlCRU sphere at a depth,on

697 the radiusn a specified directionl/(ICRU, 1993. The directional dose equivalent is measured

698 in Sv.For stronglypenetrating radiation, a depth of 10 mm is recommerfd@dwveakly

699 penetrating radiation, a depth of 0.07 mm is recommended.

700

701 Thepersonal dose equivalentHpy(d), is the dose equivalent in soft tissue, at an appropriate

702 depth,d, below a specified point aime body. The personal dose equivalent is measured in Sv.

703 For strongly penetrating radiation, a depth of 10 mm is recommeRdedeakly penetrating

704 radiation, a depth of 0.07 mm is recommended.
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705

706 1.3.2 Conversion Coefficients

707

708 Conversion coefficiens areusedto relate the protection and operational quantities to physical
709 quantities characterizing the radiation fielldRU, 1998. Frequently radiation fields are characterized in
710 terms of absorbed dose or fluendéefluence F, is thequotient ofdN by da wheredN is the number
711 of particles incident on a sphere of crssgtional areda. The unit is 1if or cni?. Thus, for example, the
712 effective dose can be obtained by multiplying the fluence with the fluerelective dose conversion
713  coefficient

714

715 The fluenceto-doseconversion coefficients at higgnergies are the basic data for shielding
716 calculationsConversion coefficients for electrons with energies up to 45 MeV, photons with energies uj
717 to 10 MeV and neutrons with energies up to 180 MeVibeafound in ICRU Report 51¢RU, 1998.

718 Fluenceto-effective dose and fluende-ambientdose equivalent conversion coefficients have been
719 calculated by the Mont€arlo transport code FLUK&errari, 2005; Battistorgt al, 2007 for many

720 typesof radidion (photons, electrons, positrons, protons, neutrons, mabasged pions, kaons) and
721 incident energies (up to IeV). The data are summarized in a papePblficcioni(Pelliccioni 2000.
722  Conversion coefficients for higbnergy electronghotons, natrons and protons have also been

723 calculatedoy othersusingvarious Monte Carleaodes. These references are cited in ICRU Report 57
724  (ICRU, 1998) and Pelliccioni (2000). Figure 1.5 shows the fluéo@dfective dose conversion

725 coefficients for anterioposterior (AP) irradiation for various particles as a function of particle energy
726  (Pelliccioni 2000. Figure 1.6 shows the fluente ambient dose equivalent conversion coefficients.
727 Figure 1.7 shows the fluente effective dose conversion coefficients igotropic (ISO) irradiation.

728
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733 Figure 1.5. Fluencto-effective dose conversion coefficients for AP irradiation as a function of energy

734  for various types of radiatiorPélliccioni, 2000)
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Figure 1.6. Fluenct-ambient dose conversion coefficierds a function of energy for various types of

radiation (Courtesy of M. PellicionRelliccioni, 2000)
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740 Figurel.7. Fluenceto-effective dose conversion coefficients B8O (isotropic)irradiation as a
741 function of energy for various types of radmti(Courtesy of M. Pelliccioni)
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1.4 Shielding Design and Radiation Safety

Theremainder of this report is devoted to shielding design (Chapters 2 and 3) and radiation safe
(chapters %) of charged particle therapy accelerators. The literature ideepid data and information
for high-energy proton accelerators (> 1 GeV); however, such information is sparse for intermediate
energy protons and carbon ions. The purpose of this report is to provide sufficient information for the
design of new facilitis; therefore, it does not necessarily provide a comprehensive citation of all related

references for proton and carbon ion.
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2. Radiological Aspect®f Particle Therapy Facilities

Nisy Elizabeth Ipe

2.1 Charged Particle Interactions

The literature is nglete with the physics of higénergy particle accelerator shielding, but there is
a dearth of related information for intermediate energy charged particle accelerators. The first section
this chapter provides a summary of the particle interactionstitbmphasis placed mainly on the

interactions pertaining to shielding of charged particle therapy facilities.

The interaction of an accelerated beam of charged particles with matter results in the productior
of different types of radiatiofCRP, 2003. The yield (number of secondary particles emitted per
incident primary particle) and types of secondary radiation generally increase with increasing kinetic
energy of the incident particle. The processes that are important in energy deposition iectticieth
(or nuclear) interaction, the electromagnetic interaction, and the weak interdCtith (979. The
electromagnetic interaction is comprised of the direct interactions that are long range and that occur
between particles that carry charge orénavnagnetic moment, and the interactions in which photons are
emitted or absorbed. The strong interaction occurs only between hadrons or between photons and
hadrons. It is the strongest of all the interactions but occurs over a short rangec)lLdtis

responsible for the binding of protons and neutrons in the atomic nucleus.

Hadrons comprise the majority of all known particles and interadtrong interactiondCRU,
1978. They consist of baryons and mesons. Baryons are particles with makswexugreater than that
of the proton and have a hatitegral spin. They include protons and neutrons. Mesons are particles that

have an integral or zero spin, and include pionsng@sons, ) a n d -nkesoonsnky. Pibris are
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produced in higkenergy eactions and charged pions play a dominant role in the propagation of the
hadronic cascade (described in section 2.1.2). They decay to muons in air or a vacuum, but have a hig
probability of stoppingn condensed matter. Positive pions will decay andthegpions will be

captured, forming pmesic atoms. In the latter case, the atoms will quickig>dgte and emit

characteristic x rays, while the pions will be captured by the nucleus. The interactions of pions with
nuclei lead to nuclear brealp and tle subsequent emission of l@mergy protons (p), alpha particles

( U) a #LHT nhcleay fiagments. Heavier mesons and baryons are also produced, but the probabilit
of their production is significantly lower than that of pions. Hadrons interact withotlaehvia strong
interactions when their distance of separation is less th&hch@ At distances larger than this, they can

interactvia electromagnetic interactions such as proton scattering and proton-érsdpy ionization.

The interactions ofharged patrticles include electromagnetic interactions with atomic electrons
and the nucleus, nuclear reactions and the production of secondary hadrons, nuclear reactions of

secondary hadrons, and the electromagnetic cascade. These are describedowihg $eictions.

2.1.1 Electromagneticl nteractions of Charged Particles

Interaction of charged particles with atomic electrons and the nucleus are briefly described in the

following sections.

2.1.1.1 Interaction of Charged Particles with Atomic Electons. A heavy charged particle
loses energy mainly through ionization and excitation of atoms as it traverses matter. Except at low
velocities, it loses a negligible amount of energy in nuclear collisions. Its encounters with atomic
electrons can be dividanto two categories: hard collisions, where the energy imparted is much greater

than the binding energy of the electron; and soft collisions, where the energy imparted to the electron i
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802 similar in magnitude to its binding energy (ICRU, 1978). In théevd&on of the formulae for energy

803 loss, itis assumed that the incident particle is moving at a sykatlis much greater than the mean
804 velocity of the electrons in their atomic orbits.

805

806 For hard collisions, the energy transferred is very large compartde electron binding energy.
807 Thus, the atomic electrons are considered initially at rest and free (unbound). The maximurit.epergy

808 that can be imparted by a charged particle to an electron in aoheaddlision is given by:

pZCZ
m?c? + M 2¢* + 2mc’E

809 T . =2mc? (3.1)

810 wheremis the electron rest massis the speed of light in vacuumjs the momentum of the incident

811 particle,M is the rest mass of the particle, d&hib the total energy of the particle.

812
813 WhenM is much greater than m, as in the case of mesopstons, and whepc << (M/m)Mc,
2

814 Thax® 2MC —— (3.2)
1- b

815 whereb = v/cis the relative velocity of the particle.

816

817 At very high energiesimaxapproachepcor E, and does not depend on the valu&lofThus,

818 there is a small probability that tkeock-on electron can carry off almost all the kinetic energy of the

819 incident particle.

820

821 Thelinear rate of energy loss to atomic electrons along the path of a heavy charged patrticle in a
822 medium (expressed as MeV/cm or MeV/m) is the basic physical qudrditdetermines the dose

823 delivered by the particle in the mediuifu¢ner, 1980. This quantity referred to adE/dxis called the

824  stopping power of the medium for the particle and is given by the Bethe formula:
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dE _ 4pz’e’n meczbz b

dx mcp’ & I1(1- b)Y 33)

wherezis the atomic number of the heavy partides the magnitude of electron chargas the number

of electrons per unit volume in the medium, amglthe mean excitation energy of the medium.

The stopping power depends only on the chaegnd the relativeelocity b of the heavy
particle, and on the relevant properties of the medium such as its mean excitatiorl endrthe

electronic density.

The range of a charged particle is the distance that it travels before coming to rest. The distance
traveled per uniénergy loss is given by the reciprocal of the stopping power. Thus, theR@ngs a
particle of kinetic energyT] is the integral of the reciprocal of the stopping power down to zero energy,
and can be written in the following formyrner, 1980:

R(T) = Mz f(b) (3.4)

It is important to note that the mean range of particles of a given speed is proportional to the ma
and varies as the inverse square of their charge. The dependence of the Bethe farhimplies that
particles with theame mass and energy but opposite charge (such as pions and muons) have the sam:
stopping power and range. However, departures from this prediction have been measured and
theoretically explained by the inclusion of higher powerzinfthe Bethe formulaStatistical
fluctuations in the energlpss process can also result in an r.m.s. (root mean square) spread in the actu

range of individual monoenergetic particles, i
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2.1.1.2 Interaction of Charged Particles with Nucleus A charged particle is also scattered
when it passes near a nucleus (ICRU, 1978). The scattering process is generally considered an elastic
one, because of the relatively small probability of a photon being emitted with an energy comparable tc
the kinetic emergy of the charged particle. When a charged particle penetrates an absorbing medium,
most of the scattering interactions lead to small deflections. Small net deflections occur because of a
large number of very small deflections and are referred to agplaiwdtattering. Large net deflections
are the result of a single largagle scatter plus many very small deflections and are referred to as single

scattering. The intermediate case is known as plural scattering.

2.1.2 Nuclear Interactions

Nuclear ineractions include nucleemucleus interactions and heavy{ouacleus interactions.

2.1.2.1 NucleorNucleus Interactions The incident nucleon enters the nucleus, is deflected by
the nuclear potential, and emerges again at a different angle but wsdmtleeenergy (Moritz, 2001).
This is known as direct elastic scattering. The nucleon can also directly collide with a target nucleon ar

excite it to form a compound state. There are two possibilities:

1 Either one or both nucleons have energy greater sithes their separation energy. In the
former case, the nucleon with energy greater than the separation energy leaves the nucleus
without further interaction, other than being deflected. If the change in mass is zero, the
reaction is either an inelasticattering or a chargexchange reaction. This is considered a
direct reaction. When the change in mass is not zero, the reactions are either transfer or
knock-out reactions. The angular distribution of the scattered particles is anisotropic and

forward peakd.
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872 1 The nucleons will undergo further collisions in the compound nucleus, thus spreading the
873 excitation energy over the entire nucleus. The nuclear state becomes complex during the pre
874 equilibrium phase but eventually attains statistical equilibrium.i@erfit energy is
875 concentrated on one nucleon, which may es
876 kinetic energy may be concentrated on a group of nucleons, and deuterons, tritons, and alpt
877 particles may be emitted. Heavy fragments may also beeginfthe emission of the particles
878 is described by an evaporation process similar to the evaporation of a molecule from the
879 surface of a liquid. For example, the spectrum of the emitted neutrons may be described by
880 Maxwellian distribution of the form:

dN
381 E = BEn exp- E,/T) (3.4)
882 whereE, is the energy of the neutroB,is a constant, an@lis the nuclear temperature. The
883 nuclear temperature is characteristic of the target residual nucleus and its excitation energy,
884 and has dimensions of energy. Itéuelies between 2 and 8 MeV. When the spectra are
885 plotted as InEn"x dN/dE) versusEn, the Maxwellian distribution appears on a semi
886 logarithmic scale as a straight line with a slopeldf. The evaporated particles are emitted
887 isotropically and the emgy distribution of the neutrons extends up to about 8 MeV.
888 Compound reactions may also occur during thegorglibrium phase, in which case the
889 angle of emission will be strongly correlated with the direction of the incident particle. After
890 statistical guilibrium has been attained, the emitted particles will have an isotropic
891 distribution.
892
893 All the scattered and emitted particles can interact again resulting in anuctesar cascade.

894  Above the pion production threshold (135 MeV), pions also contributee nuclear cascade. Neutral
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pions decay into a pair of gamma rays after traversing a short distance. Charged pions will decay into
muons and then electrons if they have a clear flight pathr{o further interactions), resulting in an

electromagnét cascade. Neutrons or protons can also induce fission iratoghicmass nuclei.

2.1.2.2 Heavy lonNucleus Interactions Nuclear interactions of heavy ions as they pass through
matter arise from grazing or head collisions (Raju, 1980). In grazinglitsions, fragmentation of
either the incident heavy ion or the target nucleus occurs. Fragmentation is the major nuclear interactic
Headon collisions are less frequent, but in such collisions, large amounts of energy are transferred
compared to grazingpllisions. In heawjon interactions, many secondary particles are created from
nucleusnucleus interactions. Nuclemsicleus interactions have features that are different from typical
hadronnucleus interactions at either the same total energy or epergwcleon (ICRU, 1978). The
cross section for nuclear collisions between two nuclei is larger than that between a single hadron and
either nucleus. When two higégmergy nuclei interact, only the segments that interpenetrate each other
undergo a signifiant interaction and mutual disintegration. The remainder of each nucleus is uninvolvec
even though each is likely to have become highly excited, as is evidenced by the fact that a substantia
fragment is usually observed traveling in the same directiomiadimilar speed to the incident primary
ion. Even though the part of the nucleus that escapes the severe interaction becomes highly excited, it
does not undergo evaporation to the extent that it breaks up into fragmerdsvdtiCRU, 1978). It is
only in a heaebn collision that the projectile breaks up into many small pieces, so that neehogity
fragment survives. The residual nucleus and the alpha particles that evaporate from the primary fragm

are concentrated about the incident direction

The process of fragmentation is frequently described as an abedation process and is
schematically illustrated in Fig. 2.GgnzertMarx, 2004). The first step is known as abrasion. In grazing

collisions a small fraction of the nuclear matertaderlaps and this overlapping zone is known as the
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920 fireball. The abraded projectile pfagment keeps most of its initial energy while the abraded pre
921 fragment target remains at rest. The fireball recoils with an intermediate velocity. During aldtation, t
922 second step of fragmentation, the-frgments and the highly excited fireball evaporate nucleons and
923 light clusters.

924
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925
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927 Abrasion Ablation

928 Figure 2.1. Schematic illustration of fragmentation in a target (Courtesy of GSI)
929
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The average number of mesons produced mcéensnucleus interaction is larger than that
produced in a proton collision. The number of mesons produced in a single collision between heavy
nuclei fluctuates significantly due to the varying degree of overlap between the two nuclei. At high
energies¥ ~ 200 MeV/nucleon), the probability and type of fragmentation does not depend on the
incident energy. At low energies, the cross sections for fragmentation decrease significantly. At still
lower energies, there is a higher probability that the nucleedomest without any interaction. At very
low energies (~ [1 to 2] MeV/nucleon) the colliding nuclei may interact as a whole, resulting in the

production of a compound nucleus.

At high energiesNloritz, 1994, heavy ion interactions may be treated asrattions between
individual nucleonsi.e., Z protons andA-Z) neutrons acting independently approximate a heavy ion
(Moritz, 1994. Most of the ion interactions occur at a finite impact parameter (the perpendicular distanc
between the velocity vectof a projectile and center of the target that it is approaching). Therefore, part
of the ion may shear off and continue forward as a nuclear fragiarg, less thaA nucleons are
available for further interactions. However, interaction cross sectiomargee Therefore the fragmented
ion may interact very close to the initial interaction point. Thus, it may appear that all nucleons interact

a single point.

Agosteocet al (2004a; 2004h point out that the approach of considering an ion of rAass
equvalent toA protons is not a good approximation in shielding calculations for ions in the therapeutic
range of interest, but is correct at Utedativistic energieg,e., hundreds of GeV/nucleon. At low
energies, the abovwaentioned approach leads to @nderestimate of shielding thicknesses, with the

underestimation increasing with larger shielding thicknesses especially in the forward direction. This ce
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be attributed to the fact that secondary neutrons generated from ion interactions have eaegyiesnth

to a maximum of about two times the specific energy of the ion.

Experimental data from heavy ion reactions for ions with specific energy greater than 100
MeV/nucleon have been tabulated in a handbddkémura and Heilbron, 2006I'his handbook
includes thicktarget secondary neutron yields, tit@nget secondary neutron production cross sections,
measurements of neutron penetration behind shielding, spallation product cross sections and yields, a

parameterizations of neutron yields.

2.1.3 Hadon Interactions

The hadronic cascade and proton interactions are discusses in the following sections.

2.1.3.1 Hadronic or Nuclear CascadeFigure 2.2 provides a schematic representation of the

hadronic or nuclear cascade (ICRU, 1978; NCRP, 2003).ypheat energy per particle in the figure

refers to the energy of the outgoing particle, and not the energy of the incoming particle.
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Six distinct and independent processes characterize the hadronic cascade. Tihekedra
cascade is the most important process and feeds all other procésses. i a d r o*reg) plogagate n ,
this cascade. When a baryon or a meson interacts with a nucleus as a whole, it will release fast forwar
directed baryons and mesons, which will propagate the shower by collisions with other nuclei. With eac

interaction the number of particles increases.

An intra-nuclear cascade may also occur when the particles in thenexdiear cascade interact
with individual nucleons inside the struck nucleus. This gives rise to similar reaction products, but of
lower energy, ad emitted at wider angles. These particles may also contribute to thaectear
cascade, but to a much lesser ext€he intranuclear cascade process occurs within 2250
Above the pion production threshold (135 MeV), pions also contributeetouclear cascade. The
neut r al% frpm theresraand intracascades decay into two photons, which in turn can initiate an
electromagnetic cascade. The energy transferred is deposited by ionization losses within a distance of
several radiation legths. The radiation lengiy is the mean path length required to reduce the energy of
a relativistic charged particle by a factoreofThe neutral pion decay occurs within <148.
Some of the char §KYwilgpecaymeforeaheydve Kissipated all (héir energy,
rel easi ng? stomeachmeson deCay. Muons are very penetrating particles and deposit their
energy mainly by ionization. Muon photonuclear reactions are also possible. The charged pion and kac

decays occur withir 108s.

After interaction with the incoming hadron, the prefragmeat,what remains of the original
nucleus, is left in an excited state. It@ecites by emitting particles, mainly neutrons and protons, that
do not contribute to the cascade oriamdlved with any of the other processes. Thesedoergy

neutrons travel long distances, continuously depositing energy. The proton energy is deposited locally.
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The evaporation of nucleons takes place within 130 The deexcited nucleus may be radiive,

thus leading to residual radiation.

Thus, the interaction of a higgnergy hadron with a nucleus results in the production of a large
number of particles, mainly nucleons, pions, and kaons. A large fraction of the incident energy may be
transferre to a single nucleon, that can be considered the propagator of the cascade. Energy transfer
mainly occurs by the interaction of higimergy nucleons with energies greater than ~ 150 MeV, and
these particles propagate the cascade. Nucleons with energregtn@0 MeV and 150 MeV also
transfer their energy by nuclear interactions, but the energy is transferred to a large number of nucleor
instead of to a single nucleon. Therefore, each nucleon receives on average only a fraction of the total
energy transfeed and therefore has a low kinetic energy of ~ 10 MeV. Charged patrticles at these
energies are quickly stopped by ionization. Thus, neutrons predominate at low energies. Charged pion
and kaons decay into muons and neutrinos. Because muons are natteubgstrong interaction, they
are primarily stopped in matter by ionization energy losses. Energetic gamma rays produced by the de
of neutral pions initiate electromagnetic cascades. However, the attenuation length (defined in Chapter
of these cacades is much shorter than the absorption length (distance traveled in which the intensity of
the particles is reduced by a factoreafue to absorption) of strongly interacting particles; therefore, they
do not contribute significantly to the energynisport. Thus, with increasing depth in the shield, neutrons
are the principal propagators of the cascade because protons and pions with energies less than ~ 450

MeV have a high rate of energy loss.

2.1.3.2 Proton Interactions The interactions of prot@with matter result in the degradation of
the energy of the protons, and the production of a spray or cascade of secondary particles known as tt
hadronic or nuclear cascade, as described in the previous section. Theuebdaat cascade occurs at

primary proton energies above a few GeV (Moritz, 1994), and is followed by aminttaar cascade.
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The intranuclear cascade takes place at proton energies between 50 MeV and 1000 MeV. Therefore, t
intra-nuclear cascade is of importance for shielding irptis¢on therapeutic energy range of interest (67

to 250 MeV), and the yield of lownergy neutrons increases as the primary proton energy increases
(ICRU, 1978). However, the greater yield is more than compensated for by greater attenuation in the
shield de to a higher cross section at low energy. Shielding studies indicate that the radiation field
reaches an equilibrium condition beyond a few ree@ paths within the shield. Neutrons with energies
greater than 150 MeV regenerate the cascade even thHeygare present in relatively small numbers.
They are accompanied by numerous-lewergy neutrons produced in the interactions. The shape of the
neutron spectrum observed at the shield surface is very similar to that which exists in the shield. The
presene of holes or penetrations in the shielding may perturb the shape of the neutron spectrum, with :
increased number of leenergy neutrons in the vicinity of the penetrations. Both experiments and
calculations confirm that for a welleveloped cascade thkape of the spectrum is rather independent of
the location within the shield, the incident energy, or even the shielding material, as long as the hydrog
content is essentially the same (ICRU, 1978). The typical neutron spectrum observed outside a thick

concrete shield consists of peaks at a few MeV and at ~ 100 MeV.

At proton energies below 10 MeV, the proton is absorbed into the target nucleus and creates a

new compound nucleus, as explained in section 2. 1REA(, 1988.

Photons are produced byelastic neutromscattering and neutron capture by hydrogen witnen
concrete walland the inelastic scattering @faporation neutrons in the target. Toatribution of dose
from photonsproduced in the shield immportantonly for primaryneutronswith energievelow 25 MeV
and for thick concrete shieldBhe total photon dose much lower than the neutron ddse proton

energis higher than 150 MeV and fosafficiently thick shield.
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The energy loss at the lowest proton energy is mainly duaizaimon of the material in which
the protons are stopped. The lowesergy proton produces the greatest specific ionization resulting in
the formation of the Bragg peak at the end of the proton range. This property has been exploited in
proton therapy. Btons can penetrate the Coulomb barrier when their kinetic energy is sufficiently high.
In this case, nuclear reactions are also possible in addition to Coulomb scattering. As the energy of the

protons increase, the nuclear reactions compete with theoaagnetic interactions.

2.1.4 Electromagnetic Cascade

Electromagnetic cascades are initiated by pion decay as shown in Fig. 2.2; however,-the intra
nuclear cascade dominates for protons in the therapeutic range of iMérestahigh-energy electron
interacts with mattegnly a small fraction of the energy is dissipated as a result of colpsomesses. A
large fraction is spent in the production of higiergy photons or bremsstrahlung. These photons
interactthrough pair production or Comptonliigions resulting in the production of electrons. These
electrons radiate more photons, which in turn interact to produce more electrons. At each new step, th
number of particles increases and the average energy decreases. This process continees until th
electrons fall into the energy range where radiation losses can no longeteaipeollision losses.
Eventwally, the energy of the primary electron is completely dissipated in excitation and ionization of the
atoms, resulting in he@roduction. Thientire procesgesulting in a cascade of photons, electrons, and
positrons is called an electromagnetscadeA very small fraction of the bremsstrahlung energihim

cascade is utilized ithe production of hadrorsich asieutrons, protons, and pmn

2.2 Secondary Radiation Environment

The secondary radiation environment for charged particle therapy accelerators is comprised of:
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1078

1079 1. Neutrons; charged particles like pions, kaons, ions; and nuclear fragments emitted in
1080 inelastic hadronic interactions;

1081 2. Prompt gamma radiation from the interaction of neutrons or ions with matter;

1082 3. Muons and other particles;

1083 4. Characteristic x rays due to transfer of energy from the charged particle to an electron in
1084 the bound state and the subsequent emission of a photothgaitacay of the excited

1085 state;

1086 5. Bremsstrahlung radiation produced by the transfer of energy from the accelerated charge
1087 particle to a photon in the electromagnetic field of an atom; and

1088 6. Residual radiation from radioactivation produced by nuclear reaabibtine particle with
1089 atomic nuclei.

1090

1091 Neutrons dominate the prompt radiation field for proton and ion accelerators outside the

1092 shielding. In general, the radiation dose outside the shielding depends upon the energy, type of incider
1093 particle, the bearmntime, the target material and dimensions, and the shielding itself.
1094

1095 2.2.1 Neutron Energy Classifications

1096

1097 For radiation protection purposes the neutrons can be classified as follows:

1098 Thermal: iin= 0.025 eV at 20° C, typicalihO 0. 5 eV (ramelmi um r e
1099 Intermediate: 0.5eVE,O 10 keV

1100 Fast: 10keV €, 0 20 MeV

1101 Relativistic or highenergy:E, > 20 MeV

1102 wherelinis the average energy of the neutrons Bais the energy of the neutrons.

40



1103

1104

1105

1106

1107

1108

1109

1110

1111

1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

2.2.2 Neutron Interactions

Because neutrons are uncharghdy can travel appreciable distances in matter without
undergoing interactions. When a neutron collides with an atom, it can undergo an elastic or an inelastic
reaction Turner, 1986). An elastic reaction is one in which the total kinetic energy ofrtb@nning
particle is conserved. In an inelastic reaction, the nucleus absorbs some energy and is left in an excite
state. The neutron can also be captured or absorbed by a nuclegstinireans such as (n

or (n, 2).

Thermal neutrons () are in approximate thermal equilibrium with their surroundings and gain
and lose only small amounts of energy through elastic scattering. They diffuse about until captured by
atomic nucti. Thermal neutrons undergo radiative captuee,neutron absorption followed by the
immediate emission of a gamma ray, such as ifHkm@n,2 2H reaction. The gamma ray has an energy
of 2.22 MeV. The capture crosssection is 3.382* cn?. This reation occurs in shielding materials
such as polyethylene and concrete. Borated polyethylene is used because the cross section for captur
boron is much higher (3480 x #tcn?) and the subsequent capture gamma ray fronPB{en, (L) is
much lower aergy (0.48 MeV). The capture cross sections forém&rgy neutrons (< 1 keV) decrease

as the reciprocal of the velocity or as the neutron energy increases.

Intermediate energy neutrons lose energy by scattering and are absorbed.

Fast neutrons includevaporation neutrons from charged particle accelerators. They interact with
matter mainly through a series of elastic and inelastic scattering, and are finally absorbed after giving L

their energyICRU, 1978. On the average, approximately 7 MeV is givg to gamma rays during the
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slowing down and capture process. Above 10 MeV, inelastic scattering is the dominant process in all
materials. At lower energies elastic scattering dominates. Below 1 MeV, elastic scattering is the princip
process by whicheutrons interact in hydrogenous materials such as concrete and polyethylene. When
high-Z material such as steel is used for shielding, it must always be followed by hydrogenous material
because the energy of the neutrons may be reduced by inelasticregttten energy where they may

be transparent to the ntnydrogenous material. For example, as stated in Chapter 1, steel is transparent

to neutrons of energy ~ 0.2 MeV to 0.3 MeV.

Relativistic neutrons arise from cascade processes in proton acce)enatonsiclear and
fragmentation processes at ion accelerators, and are important in propagating the radiation field. This
high-energy component with neutron energigs @bove 100 MeV propagates the neutrons through the
shielding; and continuously regeat¥s lowetenergy neutrons and charged particles at all depths in the
shieldvia inelastic reactions with the shielding materMbgitz, 2001). For neutrons with energies
between 50 and 100 MeV, reactions occur in three st&dfeRR, 1971). An intranuclear cascade
develops in the first stage. The incident hegtergy neutron interacts with an individual nucleon in the
nucleus. The scattered and recoiling nucleons from the interaction proceed through the nucleus. Each
these nucleons may in turn interagth other nucleons in the nucleus, leading to the development of a
cascade. Some of the cascade particles that have sufficiently high energy escape from the nucleus, wi
others do not. In the second stage, the energy of those particles that dopmwisasaumed to be
distributed among the remaining nucleons in the nucleus, leaving it in an excited state. The residual
nucleus evaporates particles such as alpha particles and other nucleons. In the third stage, after partic
emission is no longer ergatically possible, the remaining excitation energy is emitted in the form of

gamma rays.

42



1152

1153

1154

1155

1156

1157

1158

1159

1160

1161

1162

1163

1164

1165

1166

1167

1168

1169

1170

1171

1172

1173

1174

1175

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

2.2.3 Protons: Neutron Yield, Energy Spectraand Angular Distributions

As stated in Chapter 1, the prompt radiation field produced by protons of energies0pgve\2
encountered in proton therapy is quite complex, consisting of a mixture of charged and neutral particle:
as well as photons. Neutrons dominate the prompt radiation field. As the proton energy increases, the
threshold for nuclear reactions is excaedad more nuclear interactions can occur. At energies above
200 MeV, the nuclear cascade process oc8etwveen proton energies of 50 and 500 MeV the neutron
yields increase as approximat@y’ whereEpis the energy of the incident protAEA, 1988.

Calculations and measurements of neutron yields, energy spectra, and angular distributions for proton:
various energies incident on different types of materials can be found in the litefajoaséepet al,

1995 Agosteoet al, 1996 Agosteoet al, 2007 Kato et al, 2002 Nakashimeet al,, 1995 NCRP, 2003
Tayameet al, 2002 Tesch 1985. Comparisons between calculations and measurements can be found i

the papers biato et al (2000) Nakashimaet al.(1995),and Tayamat al. (2002.

Thick targets are targets in which the protons or ions are stoppethe thickness is greater
than or equal to the particle range. Thin targets are targets with thicknesses that are significantly less t
the particle range. Thus, for example, the protose khn insignificant amount of energy in the target,
and the kinetic energy available for neutron production in the target is the full incident proton energy

(IAEA, 1988.

The neutron yield of a target is defined as the number of neutrons emitted gentipcimary
particle. Table 2.1 shows the neutron yield (integrated over all angles) from 100 MeV to 250 MeV
protons impinging on a thick iron target, based on calculations with the Monte Carlo code, FLUKA

(Agosteocet al.,2007; Ferrari, 2005 FLUKA is described in Chapter 6. The total yielebffn and yields
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1176 for neutron energyH, ) less than, and greater than 19.6 MeV are shown. As expected, the neutron yield
1177 increases with increasing proton energy.

1178
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1179 Table 2.1. Neutron yields for 100 MeV to 250 MeWtans incident on a thick iron tardétgosteoet

1180 al., 2007

Proton Iron Target | Iron Target | Neutron Yield (neutrons per proton)
Range
Energy Radius Thickness
(mm) En<19.6 MeV| E;,>19.6 MeV | Nt
Er(MeV) (mm) (mm)
100 14.45 10 20 0.118 0.017 0.135
150 29.17 15 30 0.233 0.051 0.284
200 47.65 25 50 0.381 0.096 0.477
250 69.30 58 75 0.586 0.140 0.726
1181
1182
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The average neutron energiés)(for various emission angles are shown in Table 2.2 for the
targets described in Table 24s the proton energycreases, the spectra in the forward direction (0° to
10°) hardens as is evidenced by the increasing average neutron energy. However, at very large angles

(130° to 140°) the average energy does not change significantly with increasing proton energies.

46



PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

1188 Tale 2.2. Average neutron energies for various emission angles as a function of proton/Agestso(

1189 etal, 2007

Proton Energy 5
) Average Neutron Energy, (MeV)
(MeV)Z
Emission Angle¥ | 0° to 10° 40° to 50° 80° to 90° | 130° to 140°
100 22.58 12.06 4.96 3.56
150 40.41 17.26 6.29 3.93
200 57.73 22.03 7.38 3.98
250 67.72 22.90 8.09 3.62
1190
1191
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Table 2.3 shows the neutron yield as a funatibtarget dimensions for 250 MeV protons. As the
target radius increases, the total neutron yield increases, but the yieldfi.6 MeV decreases. Thus,
the average neutron energy also decreases, as seen in Table 2.4. The total neutron yieldnitisreases
increasing target thickness, but the yieldBEer19.6 MeV decreases. The data shows that the average
energy increases at the 0° to 10° and 40° to 50° emission angles, but decreases for emission angles |z
than 80° to 90°. As the target thickn@ssreases, the proton interactions increase and the secondary
neutron yield increases. Initially the yield is dominated by the-argdrgy neutrons. As the thickness is
further increased, the higgnergy neutrons interact, producing more-kewergy neutnos. Thus, the
high-energy neutron yield decreases and thedoergy neutron yield increases, while the overall
neutron yield increases. With further increasing thickness, theih@igy neutrons get attenuated in the
target. The net result of this compefiprocess is an increase in total neutron yield with increasing target
thickness until it reaches a maximum and then it is expected to decrease due to the attenuation of low

energy neutrons in the target material.
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1206

1207 Table 2.3. Neutron yield for 250 MeVqions as a function of iron target dimensioAgdsteoet al,

1208 2007

1209
Iron Target | Iron Target | Neutron Yield (neutrons per proton)
Radius Thickness

En<19.6 MeV| En>19.6 MeV | Nt

(mm) (mm)
37.5 75.0 0.567 0.148 0.715
58.0 75.0 0.586 0.140 0.726
75.0 75.0 0.596 0.136 0.732
75.0 150.0 0.671 0.111 0.782

1210

1211
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1212
1213 Table 2.4. Average neutron energies at 250 MeV for various emission angles as a function of iron targt

1214 dimensionsAgosteoet al, 2007

1215
Iron Target Radiug Iron Target 5
) Average Neutron Energyyn (MeV)
(mm)Z Thickness (mm)
Emission Angle&’ 0°to 10° | 40°to 50° | 80° to 90° | 130° to 140°
37.5 75.0 73.6 25.9 8.1 3.9
58.0 75.0 67.7 22.9 8.1 3.6
75.0 75.0 64.7 21.3 8.1 3.5
75.0 150.0 70.3 23.5 6.9 3.2
1216
1217
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Figures 2.3 and 2.4 show the double diffesnmteutron spectra as lethargy (logarithm of energy
decrement) plots calculated with FLUKA for neutrons at various emission angles, produced by 100 Me
and 250 MeV protons incident on thick iron targets (without any concrete shielding) described in Table
2.1 (Agosteoet d., 2007). The energy distributions in these figures are typically characterized by two
peaks: a higlenergy peak (produced by the scattered beam particle) and an evaporation peak at ~ 2
MeV. As the proton energy increases, the keglkrgypeaks shift to higher energies, which are
particularly evident in the forward direction (0° to 10°). The keglergy peak for the unshielded target is
not the usual 100 MeV peak that is observed outside thick concrete shielding as described in Section
2.13.2. Thus, it is important to use widaergy range instruments for neutron monitoring, as discussed

in Chapter 4.
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Figure 2.3. Double differential neutron spectra for 100 MeV protons incident on a thick iron target

(Courtesy of

S. Agosted\gosteoet d., 2007
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Figure 2.4.Double differential neutron spectra for 250 MeV protons incident on a thick iron target

(Courtesy of S. Agostedygosteoet al,, 2007
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2.2.4 lons: Neutron Yields, Energy Spectraand Angular Distribution

Neutrons dominate thadiation field of ion accelerators. The contributions from photons,
protons, and pions are small, as discussed in Chapter 3. Calculations and measurements of neutron
yields, energy spectra, and angular distribution for ions of various energies incidife@mt types of
materials can be found in the literatu@ugzertMarx, 2004 Kato et al, 2002 Kurosaweet al, 1999
Nakamura, 2000Nakamuraet al, 2002 Nakamureet al, 2006 NCRP, 2003Portaet al, 2008 Shinet

al., 1997.

Figure 2.5 showthe total secondary neutron yield produced in tissue as a function of kinetic
energy of the projectile (kinetic energy per nucl@arumber of nucleons) for various ions; protons (200
MeV), helium (202 MeV/nucleon), lithium (234 MeV/nucleon), boron (329/Mecleon), carbon (400
MeV/nucleon), nitrogen (430 MeV/nucleon), and oxygen (468 MeV/nucldtn}det al, 2009. The
results are based on calculations with FLUKA for ions incident on an International Commission on
Radiation Units and Measurements (ICRIdsue phantom (composition: 76.2 % O, 10.1 % H, 11.1 % C
and 2.6 % N). The phantowas40 cm in height and0 cm in diameterand the beam diameter was 10

mm. The energy of each ion was chosen so that the range in water was 26.2 cm.
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1259 Figure 2.5.Total neutron yield expressed as neutrons per unit of solid angle and per incident particle in
1260 the O to 10" angular bin(Courtesy of A. PortePortaet al, 2009.
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Only carbon ions will be discussed in this section. Figure2Z/6and 2.8 show the measured
neutron spectra from 180 MeV/nucleon and 400 MeV/nucleon carbon ions incident on copper and
carbon targetKurosaweet al, 1999. The dimensions of the carbon target were 1G c&i cm3® 2 cm
for 180 MeV/nucleon and 10 ¢10 cm3 20 cm for 400 MeV/nucleon carbon ions, respectively. The
dimension of the copper target was 10%dD cm3 1.5 cm. The spectra in the forward direction have a
peak at the higlenergy end that broadens with angle of emission. The peak ener§9 B+to 70 % of
the specific energy (140 MeV for 180 MeV/nucleord 230 MeV for 400 MeV/nucleon). This data
together with other data in the paper by Kurosawal. indicate that the higlkenergy neutron component
produced in the forward direction by a &keup process and the momentum transfer from projectile to
target nuclei are higher for both lighter target nuclei and higher projectile energy than for heavier targe

nuclei and lower projectile energy.
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Figure 2.6.Neutron spectra from 18@eV/nucleon C ions incident on a C targ@urosaweet al.,

1999
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Figure 2.7.Neutron spectra from 18@eV/nucleonC ions incident on a @target(Kurosawaet

al.,1999)
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Figure 2.8.Neutron spectra from 40@eV/nucleon C ions incident on a C targktifosawaet al,

1999)
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2.3 Beam Losses and Sources of Radiation

During the operation of particle therapy facilities, the interaction of the pamdledeamline
components and the patient results in the production of radiation with neutrons being ithentdom
componentTypically the shielding thicknesses for various parts of the facility may range from about 60
cm to about 7 m of concrete. Effective shielding can only be designed if the beam losses and sources
radiation for the charged particle theydpcilities are well understood. This requires knowledge of how
the accelerators operate and deliver beam to the treatment rooms. Specific details of beam losses,
duration, frequency, targets, and locations should be provided by the equipment vendbalso th
sources of radiation are considered in the shielding design. It is important to note that higher beam los:
will occur during starup and commissioning as the beam is tuned and delivered to the final destination

and should be planned for. Bothctigtrons and synchrotrelmased systems are discussed below.

2.3.1 Cyclotrons

Cyclotrons are used for both proton and ion acceleration and produce essentially continuous
beams. Fixegtnergy machines are used for therapy and are designed to operatgiase@aquired to
reach deeseated tumors (Coutrakron, 2007). The principle of operation for a proton cyclotron is as
follows: protons are extracted from the ion source located at the center of the and are injected into the
cyclotron. The cyclotron is comised of a large magnet (or several sector magnets) with an internal
vacuum region located between the poles of the magnet(s). The maximum radius of a commercial rool
temperature therapy cyclotron is about 1 m. There are laigfeaped electrodes commoméferred to as
fdees. 0 Aaltesnatinguveltage dith b frequency equal to the revolution frequency of the

protons (or a multiple thereof) is applied across the dees as the protons travel in their orbit. Thus, as th
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protons cross a gap between ¢hectrodes, they are further accelerated and begin to spiral outwards. The
orbit radius is determined by the magnetic field. Figure 2.8 shows the inside view eR8teIBA

cyclotron, which has four spirghaped electrodes. The protons are injected free ion source below

into the center of the cyclotron. The magnetic field of the cyclotron increases as the orbit radius increas
to compensate for the relativistic mass increase, and théydurn separation decreases at higher
energies. All the pécles travel at the same revolution frequency, regardless of their energy or orbit,
because the cyclotron is isochronous. The protons exit the cyclotron through a hole in the return yoke

after passing through the electrostatic extraction plates.

During acceleration, continuous beam losses occur in the cyclotron. Depending upon the beam
optics, about 20 % to 50 % of the accelerated beam particles can be lost in the cyclotron. The magnet
yoke is made of steel and provides significantskiélding, excepi regions where there are holes
through the yoke. These holes need to be considered in the shielding design. Losses at very low proto
energies are not of concern for prompt radiation shielding, but can contribute to activation of the
cyclotron. The bearfosses of concern in the shielding design are those that occur at higher energies, ar
those due to protons that are close to their extraction energy (230 MeV to 250 MeV depending upon th
cyclotron type) striking the dees and the extraction septum alnechhade of copper. These beam losses

also result in activation of the cyclotron.
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Figure 2.9. Inside view of @30 IBA cyclotron (Courtesy of IBA)
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2.3.1.1 Energy Selection System (ESSfor the treatment of tumors at shallow depths, the
proton enggy extracted from the cyclotron has to be lowered. This is typically achieved by using an
energy selection system (ESS) after extraction. Figure 2.10 shows an ESS that is comprised of an ene
degrader, a tantalum collimator, nickel energy slits andneatbr, and a nickel beam stop. The energy
degrader consists of a variaitlkeckness material, typically graphite, arranged in a wheel that is rotated
into position, thus reducing the proton energy down to the energy of interest. In principle, the proton
beam energy can be reduced to 75 MeV in the equipment described here. However, sometimes range
shifters are used inside the nozzles in treatment rooms to achieve these lower energies. The intensity
from the cyclotron has to be increased as the degraded/eseigcreased in order to maintain the same
dose rate at the patient. Thus, large amounts of neutrons are produced in the degrader, especially at ti
lower energies, resulting in thicker local shielding requirements in this area. The degrader scatters the
protons and increases the energy spread. Most of the scattered beam from the degrader is collimated
tantalum collimator, in order to reduce the beam emittance. A magnetic spectrometer and energy slits
used to reduce the energy spread. Beam st@pssed to tune the beam. Neutrons are also produced in

the collimator and slits. Losses in the ESS are large, and they also result in activation.
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Figure 2.10. Energy Selection System (Courtesy of IBA)
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2.3.2 Synchrotrons

Synchrotrons are designealaccelerate protons and ions to the exact energy needed for therapy,
thus eliminating the need for energy degraders. This in turn results in less local shielding and activatiot
of beamline components. Synchrotrons however, are pulsed machines. Foratgaores the orbit radius
is held constant and the magnetic field is increased as the particle energy increases. Maximum proton
energy for therapy is ~ 250 MeV with aboutifrotons/spill, while maximum carbon energies range
from (320 to 430) MeV/nucleowith (0.4 to 1.0F 10°ions/spill. A spill typically lasts from 1 s to 10 s.

Thus, proton intensities can be up to 250 times higher than carbon intensities.

Figure 2.11 shows a typical injector system for a synchrotron. There are two ion sources
(ECRIS) one for protons and one for carbon. Proton facilities, of course, have only one ion source. A
switching magnet allows the selection of either carbon ions or protons. The particles are then accelera
from 8 keV/nucleomy the RFQ (radiofrequency quadolg) and by the IH (inter digital 4t/pe
structure) drift tube linear accelerator (linac) combination to 7 MeV/nucldanstripper foil produces
fully stripped ions, thus eliminating all contamination, and the beam is delivered to the synchrotron.
Source of radiation include x rays from the ion source, x rays produced bysbaekning electrons
striking the linac structure; and neutrons produced by the interaction of the ions with the linac structure
at the end of the linad.he target material is typatly copper or iron. The production of x rays from
backstreaming electrons will depend upon the vacuum conditions and the design of the accelerator
(NCRP, 1977. The use of a Faraday cup to intercept the beam downstream of the linac must also be

considerd in the shielding design.
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Figure 2.12 shows the synchrotron , high energy beam transport (HEBT), and transport to
treatment rooms for a typical Siemeyeaticle therapy facility. The synchrotron is capable of
accelerating carbon ions to 430 MeV/nucleon and protons to 250 MeV. The synchrotron is filled using
multi-turn injection scheme. The beam is accelerated to the desired energy in less tharettsgamMor
200 beam energies can be requested from cycle to cycle. A slow extraction technique is used to extrac

the beam and the extraction time varies from 1 s to 10 s.
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1399 Figure 2.12. Synchrotron, HEBT, and transport to treatment ro0mstesy of S¥mens Medical

1400 Systems)

1401

67



1402

1403

1404

1405

1406

1407

1408

1409

1410

1411

1412

1413

1414

1415
1416

1417

1418

1419

1420

1421

1422

1423

1424

1425

1426

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

For synchrotrons in general, beam losses can occur during the injection process, RF capture ar
acceleration, and during extraction. Some of these losses may occur locally while others may be
distributed around the synchrotron. Ttaeget material is typically copper or iron. Losses will be
machinespecific and therefore the equipment vendor should provide this information. Particles that are
not used in a spill may be deflected on to a beam dump or stopper and will need to B¥ensithe
shielding design and activation analysis. In some cases these particles are decelerated before being

dumped and therefore are not of concern in the shielding design or activation analysis.

X rays are produced at the injection and extractigasgue to the voltage applied across
electrostatic deflectors, and may need to be considered in the exposure to personnel working in the

vicinity of the synchrotron components during commissioning.

2.3.3 Beam Transport Line

For both cyclotronand synbrotronbased systems losses occur in the beam transport line. These
losses are usually very low (~ 1 %) and distributed along the beam line, but need to be considered for
shielding design. The target material is typically copper or iron. During opertdtéoheam is steered
onto Faraday cups, beam stoppers, and beam dumps, all of which need to be considered in the shieldi

design.

2.3.4Treatment Rooms

The radiation produced from the beam impinging on the patient (or phantom) is a dominant
sourcefor the treatment rooms. Thus, a thitésue target should be assumed in computer simulations

for shielding calculations. In addition, lossedhe nozzle, bearahapingand rangeshifting devices
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must also be considered in the shielding dedige. contribtions from adjacent areagsuch as the

HEBT and other treatment roonshould also be considered

Typically, the treatment rooms do not have shielded doors, and therefore the effectiveness of th
maze design is criticah full computer simulation for thenaze is recommended. Mazes are discussed in

more detail in Chapter Jreatment roomeither havdixed beans rooms or gantes

2.3.4.1 Fixed Beam Roomsln fixed beam rooms, either a single horizontal fixed beam or dual
(horizontal and vertical or dique) beams are used. For a facility with both protons and carbon ions, both
particles have to be considered for shielding design. Although the proton intensity is much higher than
the carbon intensity for synchrotrtvased facilities, the neutron doséera the forward direction is
higher for the carbon ions. Shielding walls in the forward direction are much thicker than the lateral
walls and the walls in the backward direction. At large angles and at the maze entrance, the neutron d
from protons isigher than that from carbon ions. Figure 2.13 shows a fixed beam room with a
horizontal and a 45° vertical beam. The Use Factor (U) is defined as the fraction of time that the primal
proton or carbon ion beam is directed towards the barrier. For rodmduwél beams the Use Factor for
the wall in the forward (0°) direction for each beam should be considered. This may be either 1/2 for
both beams or 2/3 for one beam and 1/3 for the other. For a single beam, the Use Factor is one for the

wall in the forwad direction.
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2.3.4.2 Gantry Rooms.In gantry rooms, the beam is rotated about the patient. On average, it cal
be assumed that the Use Factor for each of the fodetsaftwo walls, floor and ceiling) is 0.25. In some
designs, the gantry counterweight (made of large thicknesses of steel) acts as a stopper in the forward
direction, but it covers a small angle and is asymmetric. The ceiling, lateral walls, anddlegpased
to the forwaredirected radiation. However, because of the lower Use Factor, walls in the forward

direction can be thinner than for fixed beam rooms.

2.3.5Beam Shaping and Delivery

Various methods are used to shape and delivdyehm to thgatient. They can be divided

primarily into two categories: passive scattering and pencil beam scanning.

In passive scattering, a range modulation wheel or a ridge filter located in the nozzle is used to
produce a spreadut Bragg peak (SOBPH(ith, 2009). Scatterers located downstream spread the beam
out laterally. A single scatterer is usually used for small fields and a double scatterer is used for large
fields. Between the nozzle exit and the patient, a collimator (specific to the treatment fiskel) i®
shape the field laterally, while a range compensator is used to correct for the shape of the patient surfe
inhomogeneities in the tissues traversed by the beam, and the shape of the distal target volume. Since
there are losses due to the incide of the primary beam on the various delivery and shaping devices, a
much higher beam current is required at the nozzle entrance when compared to the other delivery
techniques. The efficiency of a passive scattering system is typically about 45 %of)eneire
shielding is required for passive scattering as compared to pencil beam scanning. This technique also

results in higher secondary dose to the patient as discussed in Chapter 7.
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In pencil beam scanning, horizontal and vertical magnets are useantthe beam in a plane
perpendicular to the beam axis. The range of the beam in the patient is adjusted by changing the bean
energy. In synchrotrons, this is achieved by changing the accelerator energy. In cyclotrons, the ESS is
used to change the engrd\dditionally, energy absorbers can also be used in the nozzle for range
shifting and/or range modulation. However, and unlike in passive scattering, there are fewer scatterers

and therefore fewer beam losses; thus, the resulting production of sec@utiatipn is minimized.

2.4 New Technologies

There have been several advances in accelerator technology and some of these are summarize
a paper by Smiti2009. They include singleoom systems: cyclotrerr synchrotrorbased; Dielectric
Wall Accekrator (DWA);Fixed-Field AlternatingGradient Accelerators (FFAG); and Laser Accelerated

Protons.

2.4.1 SingleRoom Systems

Figure 2.14 shows a schematic of the proton gantry of a siagte synchrocyclotroivased
system that is now commercially akadile. The maximum proton energy at the exit of the cyclotron is
250 MeV. The 250 MeV beam is scattered or spread in the treatment room by the field shaping systern
comprised of théirstandsecondscatterers, energy degradand range modulatowhich aelocated in
the gantrySince the cyclotron is sup@onducting, it is small and incorporated into the gantry head. The
gantry is capable of rotating £ 90 degrees about the patient plane. Therefore only the ceiling, one later:
wall, and the floor intempt the forwarebtirected radiation, and each of these barriers can be assumed to

have a Use Factor of 1/3.
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Figure 2.15 shows aB rendition of a singleoom cyclotron based facility. The room has two
levels with entrances: a patient treatment level,aasdblevel. Thus, there are two entrance mazes, one
at each level. Both mazes will require shielded doors due to-stariered neutrons and neuti@apture
gamma rays. The beam losses to be considered include the primary beam stopped in the patient or
phantom, and leakage from the cyclotron and field shaping systems located in the gantry head. The

thicknesses of the barriers range from about 1.5 m to 4.0 m of concrete .

Figure 2.16 shows a synchrotrbased single room facility.
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Figure 2.14 Proton therapy gantry including a synchrocyclotron (Courtesy of Still River Systems,

Littleton, MA)

74



PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

1523

1524
1525

1526 Fi gur e 2. 15D renditioc df & dyrelrdey@istreb@sed singleoom facility (Courtesy of The
1527 Benham Companies, An SAIC Company, Oklahd@itg, Oklahoma)

1528

75



1529

1530

1531

1532

1533

1534

1535

1536

1537

1538

1539

1540

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

—]
SYNCHROTRON
1
TREATMENT iy
ROOM
- (&
- 54

Figure 2.16. Schematic layout of singeom synchrotrofbased proton therapy system (Courtesy of

ProTominternational, Flower Mound, Texas
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Conventional acceleratoavities have an accelerating field only in tlgaps, whicloccupy only
a small fraction of the cavitggngth, and have an accelerating gradient of approximatelgV/mto 2
MeV/m. In contrast, dielectric wall acceleratg®3WA) have the potential of producing gradients of
approximatelyl00 MeV/m(Caporasa, 20Q9In a DWA, the beartine is replacedy an insulating wall
so that protons can be acceleratadormly over the entire length of the acceleratgure 2.17 shows
the schematic of a compact proton DWA. Protons can be accelerated to 200 MeV in 2 madlse li
modular and hence the energy of the protons can be changed easily. The energy, intensity, and spot w
can be varied from pulse to pulse with pulse widths of the order of nanoseconds at a repetition rate of !
Hz. Losses along the linac are miniraence the linac aperture is much larger than the beam size. The
primary source of secondary radiation is from the proton beam incident on the patient or the phantom.
Since it is a traveling wave linac, bremsstahlung from {sikaming electrons is alsot an issue. The

linac has the capability of being rotated through at least 200°.
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2.4.2 FFAG

FFAG accelerators have fixed magnetic fields (as in cyclotrons) and pulsedattmel@s in
synchrotrons). For these accelerators, beam losses discussed in previous sections for synchrotrons ar

cyclotrons will apply.

2.4.3 Laser Acceleration

A laser pulse interacting with higiensity hydrogemich material ionizes it, and sulzgpeently
interacts with the created plasniRaotons are accelerated by focusing a{pigwer laser (~183 W cm?)
on a very thin target (~ 0&m to 1em thick) with electron densitigs = 5 x 162 cm' 2 (Fan, 2007;
Smith, 2009) The resulting high peak power intensity produced by the extremely short pulse width (~ 5(
fs) creates a huge burst of ionization in the target, thus expelling a lardgenof relativistic electrons.
The sudden loss of electrons results in a high positive charge on the target. The transient positive field
accelerates protons to high energies, resulting in a broad energy spectrum and a large angular
distribution.Protonswith energies of 200 MeV or higher can be produ&mkcial particle selection and
collimation devices are needed to generate the desired proton beams for treatment. Thus, a large num
of unwanted protons and electrons are produced during laser atiopldfara lasefproton therapy
unit, the target foil assembly and the beam selection device are placed inside the rotating gantry. The
laser is transported to the gantry directly and to the target foil through a series of mirrors. The electron
and protoremission from the target foil are forwapgaked along the axis of the laser beam and have a
wide angular spread. Most of the primary charged particles are stopped in the primary collimator. A sm
fraction passes into the particle selection systeminteeaction of these higanergy protons with the
selection and collimation devices results in the production of neutrons. The neutrons can further intera

with the shielding to produce neutron capture gamma rays. Bremsstrahlung radiation from elagtons m
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also be considered in the shielding design since nearly half of the incident laser energy transfers to
electrons, which have a maximum energy that is almost the same as protons. Thus, the leakage radiat
consists of neutrons and photons. In additmleakage, the deposition of the proton beam in the patient,

phantom or beam stop must also be considered for room shielding.
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3. Shielding Design Considerations

Georg Fehrenbacheand Nisy Elizabeth Ipe

3.1 Regulatory Requirements

The use of chargedhpicle beams for therapy purposes is associated with the generation of
ionizing radiation which might expose the facilggrsonnel or the public. Patients can also be exposed
to unintended radiation. As stated in previous chapters, neutrons are theoraaof secondary
radiation to be considered in the shielding design of such facilifies.protection of the following

different groups of individuals exposed to secondary radiation has to be considered:

1 Occupationally exposed workers
1 Members of theublic (visitors to the clinic and the public in the vicinity of the facility)

i Patients

Most of thenational radiation protectiomgulations are based orternational guidelines or
standards. For example, standards are formulated by the Internationiadi€sion on Radiological
Protection ICRP (CRP, 19912007), which are adapted into international rules such as the EURATOM
regulations (EURATOM, 1996) and then incorporated into the European national regulations. The
international regulations set a minim level of standards that can be surpassed by the corresponding
national laws. Thus, the national radiation protection regulations are comparable for the countries of the

European dion.

In some countries, such as Germany, occupationally exposed war&dwsther classified into

categories depending upon the annual effective dose that they receive: Category A (6 mSyv per year)
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and Category B (20 mSv per year). In this chapter, only the radiation protection for occupational
workers and the galic areconsidered. Chapter 7 covers patients. Dose limits are defined for the

exposure by external ration and for the intake of radionuclides leading to an internal exposure.

In the U.S., medical facilities are subject to state regulations. These regukadoased on

standards of tection issued by the U.S. Nuclear Regulatory Commission (USNRC, 2009).

The dose limits enforced by national radiation protection regulations are specified inritiy,qua
effective dose (defined in Chapter 1). Furtheiiténare applied for the exposure of single organs or
tissues like the lens of the eye or the sk€RP, 199). Because regulations vary from country to
country, it is not possible to list all of therilowever, it is up to each facility to comply withitHecal,

state or national regulationsA few examples are given in the sectiop®w.

3.1.1 Radiological Areas

In the U.S., radiological areas are defined as shaawt(USNRC, 2009:

Radiation Aeameans any area accessible to individuals, irchvhadiation levels could
result in an individual receiving a dose equivalent in excess of 0.05 mSv in 1 hour at 30

centimeters from the source of radiation or from any surface that the radiation penetrates.

High Radiation Aeameans an area accessildertdviduals, in which radiation levels from
radiation sources external to the body could result in an individuaViegei dose equivalent
in excess of 1 mSv in 1 hour at 30 centimeters from any source of radiation or 30 centimeter

from any surface #it the ratation penetrates.
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1639

1640 Very High Radiation feameans an areaccessible to individuals, in which radiation levels
1641 from radiation sources external to the body could result in an indivietelyiimg an absorbed
1642 dose in excess of 5 Gy in 1 hour ahéter from a source of radiation or 1 meter from any
1643 surface that the radiation petrates

1644

1645 In addition, radiological areas in the U.S. are classifiedasdrolled Aeaswhen the access,

1646 occupancyand working conditions are controlled for radiation pationpurposegNCRP, 2005. The

1647 personnel working in the areas are those who have been specifically trained in the use of ionizing
1648 radiation andvho are individually monitoredJnrestricted Aea (or Uncontrolled Areameans an area,

1649 access to which is rtker limitednor controlled by the licensege areas that have no restriction of

1650 access, oapancy or working conditionshese areas are often referred t®aklic Areas Individuals

1651 who occupyUncontrolled Aeasinclude patients, visitors, service pennel, and employees who do not
1652 work routinely with or aroundadiation sourcesTherefore these individuals do not require individual

1653 monitoring Restricted Aeameans an area, access to which is limited for the purpose of protecting
1654 individuals againsundue risks from exposure to radiation aatioactive materials.

1655

1656 In Germany, Italy, and Switzerland, the classification of radiological areas is based on the

1657 concepts formulated in the IAEA Safety Series No. 115 (IAEA, 199@)oAtrolled Areais any aea in

1658 which specific protection measures and safety provisions are or could be required for controlling norms
1659 exposures or preventing the spread of contamination during normal working conditions, and preventing
1660 or limiting the extent of potential exposs: ASupervised\reais any area not designated asoatrolled

1661 areabut for which occupational exposure conditions are kept under review even though specific

1662 protective measures and safety provisions are not normally needed (IAEA, 1996; 2006)ertnsted

1663 Areaor Restricted Areds defined as a part of the controlled area where an increased dose rate level or
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contamination must be considered. Only in some countries is there an explicit definition of these areas
the radiation protection legislatiomterdicted areas are usually determined by the locati@uisafety
management. In some countries the concepitefmittent Areas used for the situations where the

same area changes the status; for example, the treatment hot@mmBdtedduringuse of the beam, and

Controlled or Supervisedhe rest of the time).

The radidogical areas for a particle therapy facility (in Germany, Italy, and Switzerland) are
shown in Figure 3.1All partsof the acelerator where the partideam is transporteste inaccessible
areas ghown indark blue)while there is beam in the are@geassurrounding the acceleratare
controlled areasghown in light blue) osupervised aregshown inyellow). Thedoselimits for the

public may beappliedoutside the buding (shown ingreen)which isusually accessible to the public.
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1676
Beam Shaping System Beam Shaping System Beam Shaping System
Treatment Room Treatment Room Treatment Room
1677
1678

1679 Figure 3.1 Radiological areas for a particle therapy facility (Courtesg.dfehrenbacher, J. Goetze, T.
1680 Knoll, GSI (2009)).

1681

1682

85



1683

1684

1685

1686

1687

1688

1689

1690

1691

1692

1693

1694

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

3.1.2 Dose Limits for Various Countries

Table 3.1 shas the radiological areas and the dose limits for a few countries as an example. Th
dose limits for the countries in the European Union (ltaly and Germany) are simdanfoolled,
supervised and public areaky Germany, areas with dose rates > ¥fn@re defined asestricted areas.
France further classifies thmestricted areas ahown in the tabldn the U.S.controlled areas have dose
limits which are much lower than the dose limits for other coumnifteus,for examplewhile in the U.S.
the control room adjacent to the treatment room has a design dose limit of 5 mSv/yr, dose limits for
controlled aeas in other countriege much higherTherefore, a cookieutter design originating iane
countrycould potentially underestimate overesiatethe shielding in some areas for a charged patrticle

therapy facility inanother countrassumingsimilar patient workloadusageand beam grameters.
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1695 Table 3.1. Examples of lassification of radiological areas some countries. Data sources atedifor

1696 each country.
Area USA Japan South Korea | Italy Switzerland | Germany France
(USNRC (JRPL, (Lee, 2008) | (IRPL, 2000) (BfG, 2004) | (GRPO, 2005) | (JORF, 2006)
2009) 2004)

Restricted | - - - No general - Forbidden:
reguktion (RSC >100mSvh
judgement)

Orange:

<2 10100 mSv/H
Yellow:

< 25uSvto

2 mSv/h

Controlled | O5 mSvly <1 - <20 mSvly | <3 mSv/h Green:

mSv/week 7.5 to 25uSv/h

Supervised <1.3mSv/3 | <0.4 <6 mSvly <5 mSvly <6 mSvly < 7.5 uSvih

(area near months at mSv/week

controlled boundary of | (based on 20

area) controlled mSvl/y for

area radiation
workers)
Public O1 mSvly, <250 uSv/3 | <1 mSvly <1mSvly <1lmSvly <1 mSvly < 80pSv/month
20 pSvin 1 h | months Recommended
with T=1 (outside of operational limit
site boundary =0.25 mSVly
1697
1698 Y(RSO=Radiation Safety Officer)
1699
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3.2 Primary and Secondary Shielthg Barriers

In photon therapythe radiation consists ofimary and secondary radiatiNCRP, 2009. The
primary radiation (also referred to as the useful beam) is the radiation emitted directly from the
equipment that is used for patient therapy. phenary barrier is a wall, ceiling, flopor other structure
that will intercept the primary radiatie@mitted directly from the equipment. The secondary barrier
intercepts the leakage radiation from the protective housing of the source, as well asagioyn ra

scattered by the patient or other objects.

For the purposes of this report, for charged particle therapy facilities, we will refer to the protons
orcabon i ons as thRdefnpisiemamy alb ¢ a ma théradiatioropnodcedvi | |
by the interaction of the primary beam with any target including the patient, leakage radiation from th
machine, as well as any scattered radiation. Henpamarybarrier is defined as a shielding wall,
ceiling, floor, or other structuréowardwhich the primary proton or carbon beam is directed. The
primary barrier intercepts the 0° secondary radiation produced by the interaction of the primary beam
with any target, including the patient. If the primary beam is directed toward the cornealbfthen
the corner bcomes the primary barrier. The secondary barrier is defined as any wallpfloeiling

which is not the primary barriere., it does not intercept the 0° secondary radiation.

3.3 Use Factors

For photon therapyhefiuse fa&toro as a function of gantry angle [U(G)] gives the fraction of the
weekly workload for which the gantry or beam is oriented in an angular interval centered about angle G
(NCRP, 2005)The IAEA defines the use factor for photon therapthadraction otthe time during

which the radiation under consideration is directed at a particular b@#isk, 2006).For charged
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paticle therapy facilies, the use factor (U) may defined as the fraction of beam operation time during
which the primary proton oracbon ion beam is directed toward a primary barrier. For a gantry room
where the beamnotates 360° about an isocentidre distribution of gantry treatment angles will be
symmetricaland therefore one can assumesa factor of 1/4 for each of the primdariers,i.e., two

walls, ceiling and floor which directly intercept the primary beam. For a gantry that rot@@sabout

the icenter, a use factor of 1/3 can be assumed for each of the primary bieetjense wall, ceiling

and floor. For a hazontal fixed beam room, the primary beam direction is fixed, and the use factor is 1
for the barrier toward which the primary beam is directed. Thus, the shielding thickness of each of the
four primary barriers for a gantry room will be less than thetigss required for a fixed beam

primary barrierpecausehe use factor is only/4.

3.4 Occupancy Factor

The occupancy factor (T) for an area is the average fraction of the time that the maximally
exposed individual is present in the area whilelieam is onNJCRP, 2005. If the use of the machine is
spread out uniformly during the week, the occupancy factor is the fraction of the working hours in the
week during which the individual occupies the afea.instance, corridors, stairways, bathrooans,
outside areas have lower occupancy factors than offices, nurse's stations, wards, staff, or control room
The occupanciactor for controlled areas fgpically assumed to b and is based on the premise that a
radiation worker works 10% of the tme in onecontrolled are@ar another. However, there can be
exceptions where access te@ntrolled areas restricted for a radiation worker when radiation is being
produced. In such a caselower occupancy factor may be deemed appropriate by theiepiabipert
(defined in Section 3.11)The NCRP and IAEA list occupancy factors for various areas (IAEA 2006,

NCRP 2005).
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3.5 Workload

The concept of workload (W) for photon radiotherapy is defined as the time integral of the

absorbed dose rate deterndrag the depth of the maximum absorbed dodbke patientat a distance of

1 m from the source (NCRRO0O05). It is usually specified as the absorbed dose from photons delivered tc

the isocenter in a week, is based on the projected use, and is estnoatéuef average number of

patients(or fields) treated in a week and the absorbed dose delivered per (mtiezid). It also

includes the average weekly absorbed dose delivered during calibrations, quality camdrplsgics

measurements. This comtef workload cannot be directly applied to charged particle therapytitescili

for the following reasons:

1.

In photon therapythe workload is defined in terms of the primary beam photon dose rate
at the isocenter in a treatment rodPhotoneutrons are @duced only when the incident
photon energy is higher than about 6 MV. The average energies of the photoneutrons ar
1 MeV to 2 MeV. (NCRP, 2005). Photoneutrons are produced mainly irc¢b&eator

head and any external hightarget such as lead shigld, etc The photoneutron dose
equivalent rate (from neutronsgpluced in the accelerator head) is less than 0.1 % of the
primary beam photon dose at the isocenter. The photon leakage dose rate from the
accelerator head is also less than 0.1 % of thegpyipioton beam dose rate at the
isocenter. The tenth value layer of the primary photons and leakage photons is
significantly greater than tenth value layer of the photonneutrons. Therefore, if the
facility is shielded for photonaith concrete, it willbe more than adequately shielded for
phoneutrons. For charged particle theragyy target that intercepts the primdygam

becomes aource of secondatjigh-energyradiation which must be shieldeebr
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1774 exampleduring treatment the proton or ion begmary beam)s completelystopped
1775 in the patient tissyend that then becomes a sourceesfondary radiation. Further,

1776 secandary radiation production can also occur in beam shaping devices and the beam
1777 nozzle The secondary radiation dominated byhhémergy neutrons determines the

1778 shielding of the treatment room.

1779

1780 2. An important distinction needs be made when comparippoton therapy and charged
1781 paricle therapy. For example, in a gantopm, even though the dose is delivered to the
1782 patient (locéed at the isocenter of a gantry rogthe secondary radiation dose is defined
1783 at 1 m from the isocer and not at the isocenter, as in photon therapsthermore, in
1784 charged particle therapy thesaibution of secondary radiation dose is forwaehkel

1785 and has an angular profied spectraunlike inphoton therapy, where the photoneutrons
1786 have an almost isotropic distribution.

1787

1788 3. Depending upon the chosen irradiation techniche ghergy of theon beam changs

1789 (e.g, the emergy selection system (ESf®y protons from cyclotrons or the use of

1790 synchrotrons for protons and heavy ions).

1791

1792 4. For photon therapy there is only one shielded treatment room. For charged particle
1793 therapy, in addition to shielded treatment rooms, the cyclotron or synchrotronathe be
1794 transport lines, and the research rooms are also shieldexte areas may have beam
1795 when there is no beam in the tr@ant room.

1796
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1797 5. For charged patrticle therapy facilities, the distinction of the type of primary particle type
1798 is important, because tlgfferent energyangular distributions of the secondary neutrons
1799 influence the shieldingedign.

1800

1801 6. The time structure of the charged particle therapy beam can be rather complicated in
1802 comparison to a photon therapy linear accelerator. Therefore, onethks toto account
1803 the fact that the produced radiation may have a highly discontinuous tircieirgtru

1804

1805 7. In charged particle therapy, the patient dose is expressed in the unit Gy equivalent, with
1806 RBEs which have values higher than 1 for heavier ions (&klean). The shielding

1807 design is essentially based on the (averaged) spectral neutron energy fluence weighted
1808 with dose conversion coégfents (spectral dose distribution). The same dose value for the
1809 irradiated tissue can be associated with significdferthg spectral dose dishutions.

1810

1811 Thus, the workload must be used in a generic sense to irfolueach treatment room, each

1812 paticle type,each energy, the beam shaping method, the number of fractions per week and the time
1813 fraction, the dose pdraction and the proton or carbon ion current required to deliver a specific dose
1814 rate. Once the workload for the treatment room has been estaptiskedust work backwards to

1815 detemine the energies and currents from the cyclotrahe@synchrotronThe workload for the

1816 cyclotron or synchrotron can then be determin€de workload for each facility will be sigpecific.

1817 Further the beam losses, targets #&dr locatiors, and assciated currents are equipmespecific and

1818 will vary from one equipma vendor to the other.

1819

1820 3.5.1 Example for Workload Calculations and Usage Assumptions

1821
92



PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

1822 An example for workload calculatiomsd usage assumptiorssuming 1006 uniform scanning
1823 for a proton cyclotron facility with a maximum proton emeof 230 MeV, isshown belowThe reader

1824 s cautioned against blindlysing the example below becausenay not be applicable to his or her

1825 facility.

1826

1827 In the following examplewe assume protoncyclotron facility with one gantry room, one

1828 inclined beam roomand one fked beam room. In each of ttleeeroons, we asume a total of 25

1829 treatments or fractionser 8hourday. Treatments are performedidterent energies, and 100 %

1830 uniform scanning is assumed. For each energy, the proton current (in nA) requiredspinair2dose

1831 rate in the patient is provided by the equipment vendor. We assume that each treatment delivers a dos
1832 2 Gy, which coresponds to a 1 minute irradiation time. A stopping tissue target is assumed in each
1833 treatment room. Based on the treatrsente determine the ftaon of time the cyclotron operates at each
1834 energy. The beam losses and targets in the cyclotron, energy selection system and target, and beam

1835 transport line are provided by the gouient vendor.
1836

1837 1. Gantry room and inclined beam roem

1838 a) Beamon time for 2 Gy = 25 fractions#8x 40 h/week x Iin/fraction = 125 min/week
1839 b) Treatments and beam parameters

1840 i. 20% of treatments at 180 MeV, 3.3 nA at 2 Gy/min

1841 ii. 60% of treatments at 130 MeV, 2.3 nA at 2 Gy/min

1842 iii. 20% of treatments at 885 MeV,3.09 nA at 2 Gy/min

1843

1844 2. Horizontal beam room:

1845 a) Beamon time for 2 Gy = 25 fractions/8% 40 h/week x Inin/fraction = 125 min/week
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1846 b) Treatments and beam parameters

1847 i. 80% of treatments at 216 MeV, 4 nA at 2 Gy/min
1848 ii. 20% of treatments at 180 MeV, 3.3 nA2aGy/min
1849

1850 3. Cyclotron

1851 a) Beamon time = 20 h/week

1852 b) Beam energies

1853 i. 20 % at 216 MeV

1854 ii. 20% at 180 MeV

1855 iii. 45 % at 130 MeV

1856 iv. 15% at 130 MeV (88.75 MeV at patient)

1857 c) Beam losses in cyclotron

1858 i. Transmission efficiency = 35 %

1859 ii. Losses at 10 MeV (2%), ignored because obW energy (10 MeV)
1860 iii. 4 counter dees (20 % loss), 10 % at 230 MéA4lat 150 MeV
1861 iv. Septum (3% loss) all at 230 MeV

1862 V. 5% loss between cyclotron and degrader

1863

1864 4. ESS (Energy settion system)

1865 a) Energies

1866 i. Carbon degrader: 230 MeV

1867 ii. Tantalum collimatar216 MeV,180 MeV, 130 MeV

1868 b) Beam loss varies depending upon energies requested. Maximum beam loss occurs at ESS.
1869

1870 5. BTL (Beam transport line)
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a) Beamon time =20 h/week
b) Beam Loss 5%
c) Beam Energies
I. 20 % operation at 230 MeV
ii. 20 % operation at 180 MeV
lii. 45 % operation &30 MeV

iv. 159% operation at 130 MeY88.75 MeV at patient)

3.5.2 Beam Parameters Used for Shielding Calculations

Table 3.2shows for the above example, the beam parameters as provided by the equipment
vendor and the calculated parmtars using the vendod s thdtare equired for shielding calculations.
Column 1 shows the energy of the proton beam at the degrader. Column 2 shows the thickness of the
carbon @grader in the ESS. Column 3 shows the degrader energy. Column 4 shows the thickness of tr
cabon range shifter in the nozzle. The range shifter is used only to degrade 130 MeV to 88.75 MeV in
the nozzle. Column 5 shows the proton beam energy at the nozzle exit. Column 6 shows the range in
patient. Column 7 shows the beam size. Column 8 show®#m burrent at the cyclotron exit. Column
9 shows the ESS transmission obtained by interpolating data from the equipment vendor for uniform
scanning. Column 10 shows the beam currents at the nozzle en@ahoan 11 shows the beam
current in the BTL calalated backwards.e. dividing the currents in Column 10 by 0.95 to account for 5

% loss in the BTLThe columns in italics show information provided by the vendor.

For shielding calculationshe currents shown in Columra8eused for the cyclotron

calculationswhile the currents shown in Column &éeused for treatment rooms and therents
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shown in Column 1areused for BTL.All the losses in the carbon degrader occur at 230 MeV but with
varying ticknesses as shown in Table.3F8r the septum ahthe counter dega copper stopping target
is assumed. For losses in the counter dee%; 60thelosses occuat 230 MeV, while the remaining 50

% occurat 150 MeV.

The contribution of multiple sources to dose at any given location must be consandired
shielding designF-or example, a room in the vicinity of one treatment room may also see dose from the

adjacent treatment room.
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1903 Table 3.2An exampleof beam parameterssed for shielding calculations.

1904
Beam ESS Beam Cabon Beam Range | Beam Beam ESS Beam Beam
Energy at | Carbon Energy Range Energy | in Size (cm | Current at | Transmission | Currentat | Currentin
Cyclotron | Degrader | at Tandlum| Shifter at Patient | x cm) Cyclotron Nozzle BTL
Exit and Thickness | Cdlimator | Thicknes | Nozzle | (g/cn?) Exit Entrance Cdculated
Degrader | (mm) and Nozzle | sin Exit (nA) (nA) Backwards
(MeV) Entrance Nozzle (MeV) Assuming 5
(MeV) (glcn?) % Loss in
Iron Taget
230 130 4.1 88.75 6.24 30x 30 90.35 0.0068 3.09 3.25
230 130 130 130 21.3 30 x 30 51.0 0.0068 2.3 2.42
230 74.4 180 180 30 x 30 15.83 0.0455 3.3 3.47
230 26.51 216 216 22 30x 30 7.5 0.1916 4 4.21
230 0.0 230 230 31.8 30 x 30 4.72 0.446 3.77 3.97
1905
1906
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1907 Table 3.3shows asummary of a survey of beam losses at various synchrotron anttaegyclo
1908 particle therapy facilities.

1909
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1910
1911 Table 3.3 Survey of beam losses at various synchrotron and cyclotron particle therapy facilities. Dat

1912 sources are given for each survey.

1913
Accelerator Type  Synchrotron Cyclotron
Particle Type Carbon Proton
Injection LINAC- 60 % (Noda, 2004) -
Synchrotron
Loss in the accel. 36 % (Noda, 2004) 50 % (Avery, 2008)
5 % (Agosteo, 2001) 55 % (Geisler, 2007)
65 % (Newhauser, 2002)
Extraction 10 % (Noda, 2004) 50 % (Avery, 2008)
5 % (Agosteo, 2001) 20 % (Geisler, 2007) or giner
HEBT (High ~ 5% (Noda, 2004) ~5%
Energy Beam ~41t0 7 % (Agosteo, 2001) 1% (Newhauser, 2002)
Transport)
Beam Shaping Active Passive Passive
ESS (Energy - 70 % (Noda, > 55 % (99 %)
Selection System) 2004) (Geisler, 2007)(Rinecker, 2005)
63 % (Newhauser, 2002)
1914
1915
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3.6 Self-Shielding of Beam Line Components

The beam lineare comprised ahassivebeam optics elements suchdiygoles, quadrupoles,
sextupolesetc. As expected, beam loss@sy occur in these magnets whba particles deviate from
thar predetermined patfihe elements arypically made of materialsuchas steel and coppahich
provide a large amount of sedhielding.The exacamount of beam loss@sthesemagnetss usually
unknown and the details of these magnets are soally provided by the equipment vendor. Self
shielding of accelerator components can be taken into account by using known beam losses and a
(simplified) model of the magnets in Monte Carlo calculations. Whepst@dding is neglected in
shielding calcudtions, the measured radiation doses are significantly lower than calculated doses. The
cyclotron and the gantry also have a large amount ofséé#iding. The sel§hielding of the cyclotron is
usually considered in the shieldingsign, except at the dation where there are openings in the magnet

yoke.

3.7 Calculational Methods

3.7.1 Analytical Methods

Most analytical models can be described asdifisight (also called point kernel) models which

incorporate the following parameters and assumptions:

1. Pointloss;
2. Distance of the point source to reference point (r);

3. Angle of the incident beam (line) andthe®e ct i on t o the referen
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1940 4. Angular specific source termotE,, d) whi ch depends on t he
1941 well as k, the parttle energy;

1942 5. Exponential attenuation in shielding material of thicknessvtdere d (d/s i n (sdhg )
1943 slant thickness, and &a(d) is the attenu:
1944 neutron energy distritd i on changes with the angl e d.
1945

1946 Figure 3.2 shows the geometry for the tmoesightmodel.

1947

101



1948

1949
1950

1951

1952

1953

RC22 on loRBeam Therapy
25 September 2009

»* g Particle Beam

Beam Loss Point I

Figure 32. Application of the lineof-sight models to simple bulk shielding gesirres (Courtesy o6.

Fehrenbacher, J. Goetze, T. Knoll, GSI (2009))
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The dose (rate) at the reference panderived from the source termy &hd geometrical

quantities. The dose H{le,d ) a t rench gointrcanfthen be estimated as follows:

H(E,.d,q) = H,(E,.q) & @xd- ;%) (3.1)

In 1961, Burton Moyer developed a seempirical method for the shield design of the 6 GeV
proton BevatronNCRP, 2003).Design studies of the proton synchrotrof-armi National Accelerator
Labortory (FNAL, Batavia, lllinois) and the Super Proton Synchrotron (SPS, CERN, Geneva) led to the
improvement of the Moyer model. This model is only applicable to angles close to 90° and the transver
shielding for a higkenergy proton accelerator is determined using the following simple form of the

Moyer model Thomas 1993:

I
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whereH = maximum dose equivalent rate at a given radial distahém the targetd = shield

thickness Ep = proton energyko = 1 GeV, Ho = 2.6 x 10 Sv n¥, andU is about 0.8.

This model is effective in the GeV regibecausé¢he neutron dose attenuation lengig
nearly constant regardless of energye(Beg. 1.3). However, the model is restricted to the determination
of neutron dose equivalent produced at an angle between 60° to 120°. At proton energies in the
therapeutic range ofterest, the neutron attenuation length increases considerably witjy @seshown
in Fig. 1.3. Clearlysuch empirical models are limited in their lmeeausehey are limited to transverse

shielding,anddo not account for changes in energy, angle of ptomiy target material and dimensions,
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andconcrete material compadisin and densityin the past, the Moyer model has been used in the

shielding design of some proton thpy facilities; however, it is not appropriate for such use.

Kato and Nakamura have developed a modified version of the Moyer model which snclude
charges in attenuation length with shield #ness, and also includes a correction for oblique penetration
through the shield (Kat@001).Tesch has also developed a model for proton energies from 50 MeV to 1
GeV (Tesch, 1985). In the pakigh-energy accerators were shielded using analytical methods.
However, with the advent of powerful computers and sophisticated Monte Carlo codes, computational
methods have superseded analytical methdaalytical methods may be used for the planning of the
bulk shieldng, but do not provide a very precise prediction of the dose rate levels outside the shielding.
The advantages of adgtical methods are their ease of use and the comparatively high efficiency in
obtaining results. Their drawbacks are the very simplsstmptions, limited applicability to simple

planar @ometries, and limitations of target materials and geometry.

3.7.2 Monte Carlo Calculations

Monte Carlo codes are described in detail in Chapter 6, and are used extensively for shielding
calcuktions. These codes can be used to do a full simulatradeling the accelerator or beam line and
theroom geometryin its entirety. They can aldme used to derive computational models asudised in
the next section. Monte Carlo codes have hessdfor shidding design of rooms or mazes at several
facilities (Agosteoet al, 1996k Avery et al, 2008 Dittrich and Hansmann, 2006; Hhoam and
Dittrich, 2005 Kim et al, 2003 Portaet al, 2005;Stichelbaut2009) Monte Carlo codes can be used
to generatésodose curves (dose contours), which provide a visualization of the secondatrgnrdidid

that helps facilitate the shielding desigdofmam and Dittrich, 200% It is important to note that when
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comparing Monte Carlo calculations to experimentahdidie actual experimental configuration should

be modeled, including the instrument response and the concrete composition. Further, the experiment
should have been performed using the appropriate instrumentation. If there are any deviations from the
abowe conditions, there will be large discrepancies between measurements and simulations.
Unfortunately, there is hardly any published data for charged particle therapy facilities that meets all

these conidions.

3.7.3 Monte Carlo Computational Models

Monte Carlo omputational models that are independent of geometry typically consist of a source
termand an exponential term that describes the attenuation of the radsatibrihe source term and the
attenwtion length are a dependent on particle type aaddunction of energy and anghgosteoet al.
(1996b) firstderived such modelssing experimental double differential neutron spectra, but the data is
now obsolete (Agosteo, 200Tpe and Fass(@006)have published source terms and attenuation length
for composite barriers with 430 MeV carbon iansident ona30 cm ICRU sphereAs discussed in
Chapter 1computational models are useful especially during the schematic phase of the facility design
whenthe design undergoes several changesletemine the bulk shielding. In this case, the entire room
geometry is not modeled but usually spherical shells of shielding material are placed around the target
and dose is scored at given angular intervals and in each shell of shielding material. Etedose
angle can be plotted as a function of shielding thickness and the data can be fitted spabtaiterms
and attenuation lengths as a function of argelat the energies of interest, with the appratertarget
using Monte Carlo methodd hesource terms and attenuation lengths will depend upon the composition
and density of the shielding material. A stopping target can be usetttmohe dose rates from the

beam incident on the patient. However, the use of a stopping target is not nigaesssenative in all
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cases, because for a thin target, the hadron cascade may propdige downstream shieldingay

traces can be performed at various angles and the source terms arai@ttéangths can be used for

dose calculations. These méglare also useful in identifying thin shielding and facilitates improved
shield designThe qualified expert should not rely on published models but should derive computational

models for energigsargetsand concrete compi®n that are site specific

3.7.3.1 Carbon lons.lpe and Fasso (2006) describe Monte Carlo calculations performed using
FLUKA to derive computational models for 430 MeV/u carbon ions incident on ti§hesimuétions
were performed so that source terms and attenuation seimgtioncrete and composite barriers (concrete
plus iron) could be determined for 430 MeV/u carbon ions incident on an ICRU tissue sphere (15 cm
radius, 76.2 % O, 10.1 % H, 11.1 % C, and 2.6 % N). The concrete was assumed to be Bordand c

with a dengty of 2.35 g cn.

Figure 3.3shows theotal ambient dose equivalent from all partiglepicosieverts per carbon
ion normalized to a distance of 1 m from the target {p&v as a function of shielding thickne3he
dose at any distanckfrom the tissue target is obtained by dividing the dose at 1 rd?bglso shown is
the doseequivalent in vacuum. It is important toote that there is a dose builg in the first few layers
of the shielding before attenuation takes place. Therefore edps@lentrates in vacuum should nbe
used to determine shielding thicknesses. The errors are not shown but are typically vithimzo
attenuation lengttey changes with shielding depth and reaches equilibrium after about 1.35 m of
shidding thicknes. The data in Figure 3W8ere fitted with the classical two parameter formula as shown
in Equation 1.1 The equilibrium attenuation lengtés, is given by the reciprocal of the expon€rie
results are shown in Table 3ahether with the parameters fiovo other polar angles (165 30° and

40°to 50°). The source terms and attenuation lengths are valid for shielding thicknesses greater than 1
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m. The attenuation lengths shown are the dose equivalentatitt@riengths for all particles and not just
for neutrons The attenuation length in ti®°to 30° range is higher than in the forward direction. A
similar observation was made by Atgoet al.(1996b) for 400 MeV/u carbon ion daféhis may be
attributed to the fact that head collisions for erbon ions are less frequent than grazing collisions

(Rajy, 1980.

In general, it can be observed that the addition of 30 cm of iron provides a reduction in the
source term by a factor of about 2. In the forward direcdmo(30°), there is a softeng of the
spectrumwith the aldition of iron, as can be observed by the change in attenuation |&ndginge
angles (40°to 60°), the iron does not appear to provide any significant softening of the spectrum. It is
important to note that the source texrand attenuation lengths will depend upon the particle energy, the
material and dimensions of the target, the angle of production, the fluence to dose equivalent conversic
factors,andthe composition and density of the shielding material. Additiona#lysburce terms and
attenwtion lengths will also depend on how good the fitThere is no other published data on source

terms and attenuation lengths (computationakpeamental) for 430 MeV/u carbon ions.
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Table 3.4Computational models for concrete and composiidiiconcrete and iron) for 430éM/u

carbon ions incident ofCRU tissue sphere (15 cm radius) valid for shielding thickness > 1.35 m (Ipe

andFasso, 2006.

Iron 0°to 10° 10°to 30° 40°to 60°

[Thickness

(cm)
Ho 2 (g/cny) Ho 2 (g/en?)  |Ho 2 (g/cny)
(Sv-m?/ion) (Sv-m?fion) (Sv-m?fion)

0 (3.02 £ 0.04)]123.81 +0.48 | (4.81 £0.06)| 133.09+ (4.71£0.21) 117.64+ 1.32
x 10712 X 10%3 0.74 X 101

30 (1.25 £ 0.02)]123.12 +0.38 | (2.44 +£0.03)| 129.64 + (1.91+£0.08) 119.38+ 0.48
x 1012 X 10%3 0.36 X 101

60 (6.05 + 0.03)]120.32 +0.46 | (1.11 + 0.04) 128.66+ (8.29 £ 0.66) x|118.5+ 0.80
x 10%3 X 10%3 0.70 101

90 (2.77 £ 0.09)]119.58 +1.25 | (5.27 £ 0.29) 126.09+ (3.29 £ 0.69) x|119.14+ 1.34
x 1013 X 1014 0.80 101

120 (1.33+£0.05)]117.68 +0.91 | (2.48 £ 0.24) 124.29+ (1.34 £ 0.68) x|118.83+ 2.89
X 10%3 X 10 0.94 101
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Figures 3.4and 3.5show the dose per carbon ion in @ewerts per particle normalized to 1 m
(pSwm?) as a function of concrete thickssefor both iron (Fe) target and tissue targets in the D0°
and 80%o 100° directions. In the forward direction, the doses in vacuum and concrete are higher for the
tissue target when compared to the iron tasgbereas at the large anglése doss are lower for the
tissue target when ogpared to the iron target. This is because the-biggrgy neutron components
produced in the forward direction by a bragkprocess and the momentum transfer from projectile to
target nuclei are higher fowoth lighter nuclé targetsand higher projectile energy than for heavier
nucle targetsand lower projectile energy (Gunzéfarx et al, 2004). Thus, more forwadirected
neutrons will be pduced in a stopping tissue target than in a stopping iron t&geboth targets, there
is a build up in dose in the first few layers of the concrete shield. The attenuation lengths reach

equilibrium only after about a meter or more oho®te in the forward direction.
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Figure 3.6shows the relative dosguivalentcontributions of the various particles fortd°10° at
1 m from the teget.Neutrons are the largest contributor to the total dose. At a défihcm in
concrete, about 6% of the dose is from neutrons, about®d2rom protons, less than%a from photons
and less than 0% from charged pions. The neutron contribution increases to abétt®greater
depths. At large angles (not shownhe figure), the neutron contribution remains fairly constant at all
depths96 %), while the proton contribution increases from less th#nta about 26 with increasing

depths. Thus, neutrons domate the dose outside the shielding at all angles
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Figure 3.7shows the neutron spectra from 430 MeV/u carbon ions incident on tissue at the
concrete stiace, for 0%010° andfor 80°to 90°. The errors are not shown but are typically withirg20
The fluence is in lethargy unitse., E x di/dE, where E is the neutron energy addié is the
differential fluence. The neutron fluenaethe forward direction (0fo 10°) is much greater than the
neutron fluence at the large angles (80200°) at the concrete surface. The neutron spectrdhein
forward direstion extends up to about 1 GeV in energy, while the spectrum at the large angle extends tc
about 0.4 GeV. In both spectthe oxygen resonance peaks (from concrete) at 500 keV and the
evaporation ngron peaks at about 2.3 MeV are obsel. A highenergy neutron peak is observed at
about 340 MeV in the fovard direction, while a broad peak is observed between about 20 and 50 MeV

at the large angles.
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2123 ICRU tissue sphere (IlpndFasso, 2006)

2124

115



2125

2126

2127

2128

2129

2130

2131

2132

2133

2134

2135

2136

2137

2138

2139

2140

2141

2142

2143

2144

2145

RC22 on lorBeam Therapy
25 September 2009

3.7.3.2 ProtonsAgosteoet al.(2007) have derived computational models for concrete for 100,
150, 200, and 250 MeV @ions incident on a thick iron target using the Monte Carlo code FLUKA,
using the TSF 5.5 concrete with a density of 2.31 § and a water content of 5.5 %. A single
exponetial fit was used for the data in the forward direction, and a double exponential fit was used at
large angles (> 40°). The results are shown in Tallle They have also made an extensive comparison
of their Monte Carlo computational data with published experimental and computational data and
conclude that Athere is wide range of variabi
geometrical configutions (experimental or computational), material composition and techniques used.
The concrete compidsi on may have a substanti al i mpact o
(Agosteoet al.,2007). Teichmann (2006) has publistoednputational models for 72 MeV and 250 MeV
protons incident on a thick iron target, using the Monte Carlo code MCNPX (Pelowitz, 2005) for the
TSF 5.5 concrete. Attenuation lengths calculated with FLUKA and MCNPX agree to within 10 %,
whereas the sourcertaes are significantly different. Foxkample, MCNPX source term is 1.5 times
lower than the FLUKA source term at 250 MeV in the 0° to 10° interval. Ipe (2008) has published the
equilibrium attenuation lengths for 250 MeV protons incident on a tissue farggomposite (iron plus
concrete) barriers.dyamaet al.(2002) have published source terms and attenuation lengths based on
MCNPX for concrete, for 52 MeV, 113 MeV and 256 MeV protons incident on a thick iron target.
Tayamaeet al.(2002) also comparexperimental source terms and att@imn lengths measured by
Siebers (1993) for 230 MeV with MCNPX calculations. The uated source term and attenuation

length are within a factor of 2 and 35 %, respectively, of the measureskya
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2146 Table 3.5. Sourceerm parameter and attenuation length for proton beams stopped in a thick iron target.
2147 The attenuation is computed for normal concrete (5Sf (Agasteo, 2007).
2148
Energy (MeV) Angular Bin H1(10) per = H2(10) per &
proton (Svm?) (g cm?) Proton (Sun?) (gcn?)
100 0°to 10° (8.9+0.4) x 106  59.7+0.2
40°to 50° (5.9+1.3) x 106 475+2.7 (1.5+0.1)x 10 57.2+0.3
80°to 90° (5.3+0.8) x 10'® 33.7+1.2 (1.1+0.3)x10Y 52.6+0.7
130°to 140° (4.7+0.4) x 10'¢ 30.7£0.5 (8.0+5.1)x10® 46.1+2.8
150 0°to 10° (3.0£0.2) x 10" 80.4+0.5
40°to 50° (1.2+0.2) x 10*° 57.8+3.4 (3.3+0.8)x10% 743+1.4
80°to0 90° (10.0+2.2) x 10  37.4+2.7 (1.2+0.3)x 10 70.8+1.3
130°to 140° (7.8+£2.0) x 1016 32.1+15 (2.1+0.6)x10"® 61.8+1.1
200 0°to 10° (5.6+£0.4) x 10 96.6+0.8
40°to 50° (1.9+£0.3) x 10*° 68.3+5.9 (6.8+0.5)x10'® 86.4+0.5
80°to 90° (1.3+0.4) x 10' 43.8+4.4 (3.7+0.8)x 10" 78.3+1.3
130°to 140° (1.3+0.3) x 10*° 32.8+1.6 (2.8+2.4)x10® 70.0+4.1
250 0°to 10° (9.8+1.0)x 10  105.4+ 1.4
40°to 50° (2.3+0.5) x 10*° 77.0£79 (1.2+0.1)x10® 93.5+05
80°to 90° (1.4+0.4) x 10' 49.7+#57 (9.0£25)x 10" 837+2.0
130°to 140° (1.9+£0.6) x 10" 344+ 3.4 (6.5+2.6)x10® 79.1+3.4
2149
2150
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3.7.4 Other codes

The ANISN code (Engle, 1967) was used for the design of the Hyogo (HIBMC) and Gunma

University facilities.

The BULK:-I code is a Microsoft kcel application and developed at the accelerator laboratory
KEK in Japan (&yama, 2004). The tool is applicable for proton beams in the energy range from 50 Me\
to 500 MeV. The shielding can be computed not only for concrete but also for iron or atbonisiof

both.

The BULK G12 code, developed at the University of Applied Science in Zittau, Germany, in
cooperation with AREVA, Erlangen, Germany (Norosinski, 2006), is capable of estimating neutron and
photon effective dose rates from medium energyom®{50 MeV to 500 MeV) or carbon ions (155
MeV/u to 430 MeV/u). Shielding materials considered in the code are concrete walls or aatiombin

iron and concrete. The code is available from the Nuclear Energy Agency (NEA) (Norosinski, 2006).

3.8 Shigding Materials and Transmission

3.8.1 Shielding Materials

Earth, concrete, and steel are typically used for particle accelerator shielding (NCRP, 2003).
Other materials such as polyethylene and lead are used to a limited extent. As previously steded, ne
are the dominant secondary radiation, and when using steel a layer of hydrogenous material, must be

used in cojunction with the steel.
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3.8.1.1 Earth. Earth is often used as shielding material at underground accelerator facilities and
must be compacted to minimize cracks and voids. Earth is primarily composed of silicon dioxidg, (SiO
which makes it suitable for shielding of both gamma radiation and neutrons (NCRP, 2003). It contains
water which improves the shielding of neutrons. Because ther w@tent (0% to 30%) of the earth and
its density (1.7 g/crito 2.2 g/cm) can vary quite a bit, the soil characteristics of the site must be
determined to ensure effective shielding design. The activation of the ground water must also be
considered founderground facilities. Partial earth shielding is used at some particle therapy facilities
(HIT facility in Heidelberg, CNAO in Pavia, Italy, and Gunma University in Japan). The only cost

associated with earth is its tgportation offsite.

3.8.1.2 Cancrete and Heavy Concretes.Concrete is a mixture of cement, coarse and fine
aggregates, water, and sometimes supplementary cementing materials and/or chemical admixtures (st
http://www.cement.org/tech/faqg_unit_weights.asp). The density of concrets gapending on the
amount and density of the aggregate, the amount of air that is entrapped or purposely entrained, and t
water and cement atents (which in turn are influenced by the maximum size of the aggregate).

Ordinary concrete has a density thaties between 2.2 and 2gicni®.

Concrete has many advantages compared to other shielding mal@RIR @005. It can be
poured in almost any configuration and provides shielding for both photons and neutrons. It is relativel
inexpensive. Becaef its structural strength, pouredplace concrete can be used to support the
building and any additional shielding. Concrete blocks are also available. Water exists in concrete in th
free and bound form. The water content of concrete plays a sagificle in the shielding of neutrons.

With time, the free water evaporates, but the concrete also hydrates (absorbs moisture from the

119



RC22 on lorBeam Therapy

25 September 2009
2199 surrourding environment) until it reaches some equilibrium. About 3 % of the water may evaporate in
2200 the first 30 days os0. For neutron shielding, a water content of about 5 Yedsmamended.
2201
2202 In the U.S., ordinary concrete is usually considered to have a density of 2.35(f4dhib feet
2203 3). Concrete used for floor slabs in buildings are typically lightweight with dtgiehat varies btween
2204 1.6and 1.7 g ch
2205
2206 The pouredn-place concrete is usually reinforced with steel rebar, which makes it martveffe
2207 for neutrons. Because the steel rebar is not included in the concrete composition, measured radiation
2208 doses wih heavily reinforced concrete will be lower than calculated doses. The disadvantage of concre
2209 is that takes months to podihe typical compasions of various types of concrete are shown in Table
2210 3.6.
2211
2212 High-Z aggregates or small pieces of scrap stegbarare sometimes added to concrete to
2213 increase its density and effectigeThese concretes are known as heavy concretes. Densities of up to
2214 about 4.8 g cmcan be achieveddowever the pouring of such high enhanced concrete is a special
2215 skill andshould not be undertaken by an ordinary concrete contractor because of setitiigghand
2216 structural issues (NCRP, 2005). Ordinary concrete pumps are not capable of handling such dense
2217 concrete. The highd aggregates could sink to the bottom resglima noruniform composition and
2218 density. Concrete trucks with greater capacity will be required for transportation. Heavgtes made
2219 locally at the castruction site may not be subject to industrial standards and will need to be checked.
2220 Prefabricatd heavy concretes are subject to rigorous standards and are available as blocks or
2221 interloking blocks. The higlZ aggregate enhanced concrete is also sold in the form of either

2222 interlocking or nornterlocking modular blocks. It is preferable to useititerlocking blocks to avoid
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the streaming ofadiation. Concrete enhanced with iron ore is particularly effective for the shielding of

relativistic neitrons. .

Ledite® is manufactured by Atomic International, Frederigqri®ylvaniaand is a modular pf
engineered interlocking high density blogkich has a high iron conterit.is currently used ithe
shidding of photon therapy linear accelerators. It can be placed in existing structures and can be
relocated and reused. Its use results in considetiaé savings. Pouring of concrete takes mgnths
whereas Ledite can be stacked in weeks. In order to study the space savings that could result from the
of Ledite, the transmission dhree different compositions were investigated: Proshield Lediid}39
4.77 g cn?) which iswasmarketed by the manufacturer for particle theyamg two previous
compositons eferred to as Ledite 293 F 4.77 g crf) and Ledite 24¥%( g 3.95 g criv). The results

are discussed in Section 3.8.2.

An importantconsideration in the choice of shielding materials is their susceptibility to
radioactivatiorby neutrons, which can last for decades. Activation of concrete is discussegiar@ha
It has been observed that for sHored radioactivity 2Na (Ti2= 15 h) is dominant, and for longéved
radioactivity,??Na (Ti2= 2.6 a) and®?Eu (Ti2= 12 a) are dominant. The steel rebars can also get
activated. Higher activation may occur with some heavy concrete like barites (which are barium
containing). Radiactive isotopes such &&®Ba (Ti2= 10.7 a)*'Cs (Tu2= 30.0 a),"*'Ba (Tw2= 12 d),
and®Cs (T2= 2.1 a) can contribute significantly to the external dose rates (Sullivan, 839ajes by

Ipe (2009b) indicate that activation in Ledite is sighificantly greater than agation in concrete.

2 Marketed as XN288

3 Marketed as XN240
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Table 3.6 Typical composition®f various types of concrete after curing (Chiladral, 1984; NCRP,

2003). The sum of partial densities is not exact the entire density of concrete due to missing elemen

proportions.

Concrete Type Ordinary Barytes® Magnetite-Steel
Density (g/cn) 2.35 3.35 4.64
Element Partial Density (g/cn¥)
Hydrogen 0.013 0.012 0.011
Oxygen 1.165 1.043 0.638
Silicon 0.737 0.035 0.073
Calcium 0.194 0.168 0.258
Carbon - - -
Sodum 0.04 - -
Magnesium 0.006 0.004 0.017
Aluminum 0.107 0.014 0.048
Sulfur 0.003 0.361 -
Potassium 0.045 0.159 -

Iron 0.029 - 3.512
Titanium - - 0.074
Chromium - - -
Manganese - - -
Vanadium - - 0.003
Barium - 1.551 -

®Barytes with BaS@ore as ggregate
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3.8.1.3 Steel.Steel is an iron alloy and is useful for shielding photons anddmnghgy neutrons.
The high density of steel (~ 7.4 g/&ntogether with its physical properties leads to teratlue thickness
for high-energy neutrons of about 4fn (Sullivan, 1992). Therefore, steel is often used when space is at
a pemium. Steel or iron are usually available in the form of blocks (NCRP, 2003). Natural iron is
comprised of 91.7 %Fe, 2.2 % of’Fe, and 0.3 % ofFe. The lowest inelastic enerlgvel of *°Fe is
847 keV. Netrons above 847 keV will lose their energy by inelastic scattering, while neutrons below
847 keV can lose their energy only by elastic scattering which is a very inefficient process for iron.
Therefore, there is a build up ofeutrons below this energy. This is also the energy region where the
neutrons have the highest weligly factor. Natural iron also has two energy regions where the minimum
cross section is very lownebause of the resonance®ffre. They are at 27.7 keV.Bbarn) and at 73.9
keV (0.6 barn). Thus, the attenuation length in this region is about 50 % higher than tbedrgh
attenuation length. Therefore, large fluxes of neutrons can be found outside steel shielding. For lower
energy neutrons, only the stec scattering process causes neutron energy degradation. As stated in
Chapter 1, if steel is used for the shielding of keglergy neutrons, it must be followed by a

hydrogenous material for shielding the l@mwergy neutrons which are generated.

Due to the large variety of nuclear processes, including neutron capture reactions of thermalize
neutrons, steel can be highly activated. It is reported that theviiotjoadionuclides are produced in
steel or iron by protons and neutrorfe*5Mn, 44465¢,56.57.58.6¢ g 48y 4951Cr 22.29\a, andPFe
(Freytag, 1972; Numajiri, 2007). Thermal neutrons cdtRe and®®Co activation. It is obvious that steel

with less cobalt can reduce theguction of cobalt isotopes.

3.8.1.4 Polyethylene andParaffin. Polyethylene (Ch)» and paraffin have the same percentage

of hydrogen. Paraffin is less expensive but has a lower density and is flammable (NCRP, 2005).
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Therefore, polyethylene is preferred for neutron shielding even though it is more egpétgauation
curves in polyethylene of neutrons from 72 MeV protons incident on a thick iron target are reported by
Teichmann (2006). The thermal neutron capture in polyethylene yields a 2.2 MeV gamma ray which is
quite penetrating. Thereforepion-loaded polyethylene can be used. Thermal neutron capture in boron
yields a 0.475 MeV gamma ray. Borated polyethylene can be used for shielding of doors and ducts an

other penettions.

3.8.1.5 Lead.Lead has a very high density (11.35 g3mand is usednainly for the shielding of
photons. Lead is available in bricks, sheets, and plates. Lead is malleable (NCRP, 2005) and therefore
cannot be stacked to large heights because it will not support its own weight. Therefore, it will require &
secondary supposlystem. Lead is transparent to fast neutrons and it should not be used for door sills or
thresholds for paicle therapy facilities where secondary neutrons dominate the radiation field. However
it does decrease the energy of higher energy neutrongllagtic scattering down to about 5 MeV.
Below this, the iglastic cross section for neutrons drops sharply. Lead is toxic and should be encased il

steel or other @terials, or protected by paint.

3.8.2 Transmission

The transmission of a given thicknegsshielding material is defined as the ratio of the dose at a
given angle with shielding to the dose at the same angle without shielding. Transmission curves can a

be used to determine shielding thicknesses.

Figures 3.8 through 3.1€how the totaparticle dose equivalehtansmssion(based on FLUKA

calcuktions) of three different compositions of Ledite®, composite shielddjron and concrete as a
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function of shielding thickness for wvaus angles when for 430 MeV/u carbon iamgdent on a @ cm

ICU tissue sphere (Ipe, 200¥)igures 3.11 through 3.13 show similar data for 250 MeV profdrese
transmission curves can be usedatermine the composite shielding thickness that can be used to
replacdarge concrete thimesses in the forwaulrection in the treatment rooand thus save spadeor
examplefrom Fig.3.8it can be observed that 4.65 m of concrete provides about the same attenuation &
about 2.6 m of kdite 293 or 3.3 m of Proshield Ledite or 120 cm of iron plus 165 cm of denft@tal
shielding thickness = 2.85 m). Thasspace sangs of 2.05 m is obtained with Ledite 29365 m is
obtained with Proshield Ledite 30&nd 1.85 m is obtained with composite shielding of 120 cm of iron
plus concretel-rom the figures it caalsobe dserved that Ledite 293 is more effective then Ledite 247
and Proshield Ledite 306 the forward direction, even though Proshieddlite has a higher density than

Ledite 293.Thus both composition and density of shielding material impacstnégson.
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3.8.3 Verification of Density and Composition

The transmission of the shielding material depends upon both density and composition.

Therefore, it is important to determine density and composition.

3.8.3.1 Density. The density of concrete is a function of mixture proportiairszontent, water
demand, and the specific density and moisture content of the aggregate (ASTM, 2003). Decrease in
density is due to moisture loss that, in turn, is a function of aggregate moisture conlbét a
conditions, and the ratio of the surfaarea to the volume of the concrete member. For mostets,
equilibrium density is approached at about 90 to 180 days. Extensive tests demonstreggiteat d
variations in the initial moisture content of lightweight aggregate, the equilibrium derisibe
approximately 0.05 g c(3.0 Ib ft3) greater than the ovedry density. Therefore, determination of
ovendry density will be the most conservative appro&gtause the water in concrete does evaporate

with time, the uscensavativaiWstd density estisgisioyld be gerfonned.

3.8.3.2 Composition.The composition of concrete is usually determined usirayx
fluorescence (XRF). Fourteen elements can be analgiedl( Fe, Ca, Mg, S, Na, K, Ti, P, Mn, Sr, Zn,
and Cr) However, this method does not identify elements below sodium, which require combustion
tests. The hydrogen content is ofarenportance in neutroshielding; therefore, additional tests need to
be performed. Other tests include tetermination of adon, hydrogen, and nitrogen with the Perkin
Elmer 2400 CHN Elemental Alyzer (ASTM, 2003). Oxygen can be determined with the Carlo Erba
1108 or LECO 932 analyzer. Elements which interfere with oxygen analysis are silicon, boron, and
fluorine (high contat). Oxygen can also be analyzed with the ICP (inductive coupled plasma) method.

Carbon and sulfur can be analyzed using a LECO analyzer. In the XRF test results, the elements are
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usually reported as oxides. Therefore, a special request must be mads updrder to get the fraction

by weight of the raw elements.

3.8.4 Joints, Cracks, and Voids

Joints between the same shielding materials should be staggered to ensure integrity of the
shielding. If shielding blocks are used, they should be interlaghkfrgrout is used, it should have the

same density as the shielding material.

For concretgours, vibration of concrete should be used to ensure that there are no voids in the
concrete. Continuous pours are preferred for the concrete walls and ¢alimgprrcontinuous
concrete, appropriate measures (such as sandblasting of poured surface before pouring the next port
use of keyways, staggered joirg$;) should be in place to ensure that there are no thin spots at the cold

joint. For noncontinuous pours, the ceiling should be notched interd walls.

3.8.5 Rebar and Form Ties

Rebar ignade of steel and while its use varies, typically it occupies less than 5 % of the barrier
area. The density of steel (7.8 g&nis much higher than cerete (2.35 g ci) and its mass
attenuation coeitient for photons below ~ 800 keV and above ~ 3 MeV is greater than that of concrete.
But because of its higher density, in all cases it is a better photon shield. As stated before, steel follow

by corcrete is also féective for the shielding of neutrons.
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Form ties completely penetrate the shielding, and typically they are heavy double wires or steel
rods with a diameter of about 2.5 cm. Thus, the form tie acts as a very long duct, but mosgatirtmes n
will scatter out of the steel. Sometimes cones are used at the end of the form ties. The holes left by the

cones should be filled with grout of the same density as the concrete.

3.9 Special Topics

3.9.1 Mazes

Mazes are used to reduce the radratiose at the entrance to the shielded room so that a massive

shielded door is not required. Depending upon the effectiveness of the maze, either no door may be

required, or a thin shielded door may be required. The typical approach is to avoid thprdpagation

of radition to the entrance of the maze as shown in Figure 3.14.
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HC ot Ho
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Fe Ho2 [A Ho3
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Figure 3.18. Example forthe mazeof a treatment room with fixed beam geometry (left) and for a gantry
geometry with a rotating radiation cone (right). The shieldingsaare made of normal concrete, heavy
concrete (HC), and concrete reinforced with steel layers (Fe). The maze for the attenuation of seconda
radiation has four legsThe legs are most effective when the bends are 90 degrees as shown (Courtesy

G. Felrenbacher, J. Goetze, T. Knoll, GSI (2009))
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Two basic rules must be considered in the design of a maze: the falinetdd radiation from
the target should never be directed toward the maze; and the sum of the thicknesses of each maze we
should beequal to the thickness of the dirattielded wall. The effectiveness of a maepehds upon

the following characteristics:

1 As the number of legs increases, the attenuation increases. The legs are normally
perpendicular to each other. The effect of tltriotion of the radiation levels in the first
leg is less pronounced than in the consecutive legs.

1 Because the forwardirected radiation does not enter the maze, only the attenuation of
scattered radiation, with an energy distribution shifted towardrlewergies in
comparison to the favard-directed spectrum coming directly from the target, should be
considered for the planning of the single maze walls.

1 During the propagation of neutron radiation along the maze and the continuous productic
of thermal utrons, a permanent source of gamma radiation is present because it is
caused by (n,92) reactions. Therefore, tI

into account.

Radiation levels inside a maze can be estimated with analytical methods, Mdate Car
calcuktions, or experimental data. Tesch (1982) provides an approximation that is easy to use and bas
on experimental data from an ABe neutron source and a concrited labyrinth. The equations are
defined for the first leg (Equation 3.3) and aegtely for the second leg and alither legs (Equation

34):

H(r,) =2QH,(r,) C@)2 for the first leg (3.3)
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-

o) + 0.0220%° - /i)
1+0.02200" .

H,  forthelMleg (i>1)  (3.4)

OO

H(r) =

e

where :
Ho = dose at thdirst mouth of the maze;
ro= distancefrom the source tthe first mouth in the maze (unit in m);
r1 = center line tstanceof first leg (m);
ri = center line tstanceof i leg (m);
Ai = cross sectional area of tHernouth of the'f' leg (n?);

Hoi = dose equivalent at the entrance to thieg.

The measrted dose rates and the corresponding calculated values with Equations 3.3 and 3.4
agree reasonably well. Increasing the length of the maze and decreasing-$ectiossl area increases
the attenuation. Other methods can be found in the literaturee(D1993; Gobett al, 1975; Sullivan,

1992).

3.9.2 Penetrations and Ducts

Ducts and penetrations in the shielding wall are required for the routing of air conditioning,
codi ng water, el ect r i c aletcOivent gametratisnf thepshiglded walis sidstd s
be avoided. Oblique penetrations as shown in Figure 3.15a increase the radiation path length, and her
the attenuation. However the forweddected radiation should not point in the direction of the

penetration. Aother effetive method is the introduction of bends and arcs, as shown in Figures 3.15b,
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2456 3.15c, and 3.15d. The reduction of the radiation along the duct is accomplished at the bends where the
2457 radiation is sciéered. In some cases when an oblique penetration ofittiesdhot feasible, shadow mask
2458 shielding such as shown in Figure 3.15d can be used. Usually the cables filling the penetrations provid
2459 some minimal shielding.

2460
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2461

/=

c d

—

2463 Figure 3.5. Various types of ducts and penetrations with different methods for theicedotctadiation

2462

2464 propagation along the duct: a) Enseon of the duct length, b) and c) use of a bend, d) use of two bends,
2465 and e) covering of the penetration with a shield (Courte§y. #fehrenbacher, J. Goetze, T. Knoll, GSI
2466 (2009))
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The DUCT lll (Tayanaet al, 2001) code, based upon a semipirical method, is suitable for
duct calculations (cylindrical, rectangular, annular, and slit) for gamma radiation and neutrons with

energies up to 10 MeV and 3 GeV, regpely. The DUCT Il code is availdb through the NEA.

3.9.3 Skyshine and Groundshine

Some facilities may be designed with little shielding in the ceiling above the accelerator or
treament room when the area above the ceiling is not occupied. Secondary radiation may then be
scattereddwn by the atmosphere to the ground | evel
Figure 3.16. A treatment room is shown with substantial beam depositions in agaygtte tssue of
the patient. Si mil ar | ipnescaping tbheuloodstah, reacking the eafthe and 1

scattering pwards.
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2482

2483 Figure 3.5. Exampleof skyshine and groundshine . Secondary radiation produced iriradnéaioom
2484 can partially escape through the roof (or the floor slab) and cause glarbie dose rates at the
2485 observation point (Courtesy &. Fehrenbacher, J. Goetze, T. Knoll, GSI (2009))
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Skyshine results from the scattering of loveaergy neutrons (NCRP, 2003). Highergy
neutrons that penetrate the ceiling shielding underdastie collisions with the air to generate more
low-energy neutrons. Therefore, it is necessary to know the intensities as well as the energy and angul
distributions of neutrons entering the sky above the ceiling of the shielded room. Stevenson argl Thom:
(Stevenson, 1984) developed a method for the calculation of skyshine that are valid at distances of ~

100 m to 100 m from the source. The following assumptions and simgliios were made:

1 A differential neutron energy spectrum of the forma Mhere E is the energy)
extending up to a maximum neutron energy (called upper energy of the neutron
spectrum) is used. The highly penetrating neutron componentrisstiveated in this
assumption.

1 The neutrons are emitted into a cone with a sesrtical agle of about 75°. This
assumption leads to an overestimation of the dose at large distances for neutron

emissions with small serviertical angles.

The neutron dose equivalent per source neutron escaping the roof shielding is given by:
H(r) = riz @xp(— %), (3.5)

whereri s t he distance from the source to the ob
between 1.5E15 Sv-nfand 3E15Sv-nf,and & is the effective absor
maximum neutron energy. Theluae s @ fiverin Rigure 3.17 for the energy range from 1 MeV to

10 GeV.
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Figure 3.T. Absorption length of neutrons escaping from the ceiling and causing skyshine. Calculated

by G. Fehrenbacher based on formula cited in NCRP 144 (NCRP, 2003).
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Equation 3.5vas further modified by Staplet@n al.(1994) with the introduction of more
realistic netron spectra, the angular dependency of the neutron emission, and weighting ofthe high

energy neutrons. The modified expression is given by:

H(r) = 745 @x- §) (3.6)

wherea 6= 2 x 10 Sv n? per neutron and h = 40 m. Equation 3.5 is an empirical summary of

expermental and theoretical data, and may used with some constraints.
3.10 Examples for Existing Facilities
This section provides examples of tiimetding design of various facilities.
3.10.1 Facilities for Proton Therapy

3.10.1.1 Loma Linda, CA, USA.The Loma Linda University Medical Center (LLUMC) is the
first hospitatbased proton treatment facility built in the world. Figure 3.18 showsoata@y the facility
which is comprised of a-ih diameter synchrotron (with a 2 MeV RFQ forjaeceleration), three gantry
rooms, and one fixed beam room. Tinergy range of the synchrotron is 70 MeV to 250 MeV. The
design intensity is 1 protons/sec. fie beam xraction efficiency is higher than 95 % (Coutrakon,
1990; Scharf, 2001; Slater, 1991). The besdraping passive systems include ridge filters, scattering
foils, and a wobbler. A total of 1000 to 2000 patients can be treated per year, with aimanficb0

treatments per day.
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Awschalom (1987) collected shielding data for 250 MeV proton beams in preparation for
construction planning. The facility was built below ground level, which allowed relatively thin outer
walls. The main radiation safety calations were performed by Hageaial.(1988). Secondary
radiation production by protons with energies from 150 MeV to 250 MeV was computed with the Monte
Carlo code HETC (Cloth, 1981) for iron and water targets. The subsequent tratispofithe
produced neutron radiation was performed with the ANISN code (Engle, 1967) for a spherical geometn
Attenuation curves were derived for concrete thicknesses in the range up to 650 cm. An experimental
assembly of the synchrotron was set up at the Fermi Na#\aealerator Labratory. Holes were drilled
in the concrete shielding and TEPC detectors (described in Chapter 4) were positisitedtioa holes.
Experimental attenuation curves were derived for the angular range from 0° to 90° and served as a

bentmark for the theoretical attenuation curves (Siebers, 1990; 1993).
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2551

2552

2553 Figure 3.B. Proton therapy facility at the Loma Linda University Medical Center. The installation has a
2554  synchrotron, three rooms for treatments with a gantry, and a fixed beam brahdiwavibteam lines (1)
2555 and a fixed beam line for calibration measurements (2) (Court&syfghrenbacher, J. Goetze, T.

2556  Knoll, GSI (2009))
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3.10.1.2 Massachusetts General Hospital (MGH), Boston, MA, USAigure 3.19 shows a
layout of Massachusetts GeakHospital (MGH). The accelerator is an IBA 230 MeV cyclotron. There
are two gantry rooms, a horizontal beam line for ocular treatments, and an experimental beam line. Th
beamshaping system consists of a passive scattering system arlervdhe acderator and the

treatment floor are underground. About 500 patients are treated per year.

The basic layout was designed using analytical models from Tesch for both the bulk shielding
(Tesch, 1985) and the mazes (Tesch, 1982)-shaiding of the bea conducting elements was
neglected except for the cyclotron. The facility was built below ground, which allowed relatively thin
outer walls. The final design was veei after constructionsing MCNPX (Newhauser, 2005; Titt,

2005).
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Figure 319. Northeast Proton Therapy Center (NPTC) at the Massachusetts General Hospital (MGH) in
Boston. The facility is comprised of two gantry rooms, one with a horizontal geometry, and an

expermental room (Courtesy @&. Fehrenbacher, J. Goetze, T. Knoll, GSI (2009))
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3.10.1.3 National Cancer Center (NCC)Republic of Korea. Figure 3.20 shows the National
Cancer Center (NCC) in Korea. The accelerator is an IBA 230 MeV cyclotron. The facility is comprised
of three treatment rooms: two gantry rooms and one fixeah beam. An area is planned for
experiments. Initially, the scattering method was used and the wobbling method was expected to be us

in the later stages. The raster scan technique will be used utuhe f

Shielding calculation were performedtially usi ng Teschoés anal yti ce
later using MCNPX. The facility is shielded with concrete of density 2.3%/Ehe assumptions used
for shielding calculations are a maximum beamtime of 30 min per hour, 2 Gyl/fraction, and 50 h
treament time per week for 50 weeks per year. The legal dose limits are shown in Table 3.1. Itis
interesting to note that the maze walls for this facility are 2.9 m thick, compared to the NPTC maze wal
which are only 1.9 m thick. As stated previously wogkls, usage assumptions, and regulatory

requirements vary from facility to facility; therefore, shield designs differ.
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Figure 3.2. Layout of the proton therapy facility in Kyong@outhKorea The facility comprises three
treatment rooms and an afea experiments (1). The accelerator is a cyclotron from IBA in Belgium.

(Courtesy ofG. Fehrenbacher, J. Goetze, T. Knoll, GSI (2009)).
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3.10.1.4 Rinecker Proton Therapy Center, Munich, GermanyFigure 3.21 shows the
Rinecker Proton Therapy Center in Mch. The facility consists of a 250 MeV superconducting
cyclotron with a maximum proton current of 500 nA. There are four gantry rooms and one fixed beam

room.

Shielding calculations were based on a 250 MeV proton beam incident on a graphite degrader
thick enough to reduce the energy to 70 MéMffmann and Dittrich, 2005 Annual dose limits of 5
mSv and 1 mSv were used for occupatityn@kposedvorkers and the public, respectively. Ordinary
concrete and heavy concrete (mainly for the degrader asra)used for shielding the facility. Shielding
calculations were performed with MCNPX. The introduction of variance reduction techniques was
necessary to obtain results with comparable statistical errors for all considered regions. Optimization
studies fothe degrader shielding were performed. Figure 3.21 (right side) shows the isodose curves

and the spatial development of the radiation propagation in and around tdmghigllls and rooms.
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Figure 3.24. Left: Building of the Rinecker Proton €hapy Center in Munich. Right: The dose
distribution of the area near the cyclotron and the energy selection system is shown here. The highest

dose ratesazur in this area (Hofmann and Dittrich, 2005).
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3.10.1.5 Paul Scherrer Institute (PSI), Switzerland Figure 3.22 shows the proton treatment
facility at the Paul Scherrer Institute (PSI). The facility impdsed of a 250 MeV gxO 500 n A)
superconducting cyclotron, two gantry rooms, a fixed beam room, and a research room. The shielding
design is esentially based on computational models (Teichmann, 2006). Concrete, heavy concrete, anc
steel were used for shielding. The design goals were a) dose rates less than 1 uSv/h for lateral walls,
dose rates less than 10 uSv/h on top of the roof shggldimd ¢) dose rates less than 1to 10 uSv/h in
accessible areas adjacent to the areas with beam. Because existietedolocks were used, and due to
structural issues, walls are in some cases are thicker than necessary from a shielding point loé view. T
thickness of the roof of the degrader area is about 3.5 m; oft¢hsron area it is about 2.5 m; and the

gantry rooms have a roof of about 1 m.

153



2626

2627
2628

2629

2630

RC22 on loRBeam Therapy
25 September 2009

Figure 3.2. Treatment facility at PSI, Switzerland, with two gantry rooms and a fixed beam room

(Coutesy ofG. Fehrenbacher, J. Goetze, T. Knoll, GSI (2009))
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3.10.1.6 Proton Medical Research Geer, Tsukuba, Japan. Figure 3.23 shows the proton
medical research center in Tsukuba. The facility is comprised of a 23 m circumference synchrotron, tw
gartry rooms, and a research room. The injector consists of a Buawdtan ion source (30 keV beam
energy), a radiofrequency quadrupole RFQ (3.5 MeV), andaaréz unit (7 MeV). The synchrotron
accelerates protons to energies that range from 70 MeV thi@90The proton beam intensity is 6.1x
10'9 particles per second (pps), and the total accelerated charge per week is 258 uC. dihg dbign
was developed on the basis of experimental data measured at the Los Alamos Meson Physics Facility
(Meier, 199). Double differential distributions for the produced neutron radiation in thick target
approximation (carbon, iron, and others) were measured by means of td-fligkt technique. Proton
beams with energy of 256 MeV were used. The angular ranges nfdasured neutrons were 30°, 60°,
120° and 150°. The transport of the source neutrons was performed by using the ANISN code (Engle,

1967) in combination with DLE19B/HILO86R/J3 group constants of the cross sections.
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2644

2645

2646 Figure 3.3. Layout of the Proto Medical Research Center at the University of Tsukuba (Court&Sy of
2647 Fehrenbacher, J. Goetze, T. Knoll, GSI (2009))

2648

2649
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3.10.2 Facilities for Proton Therapy and Heavy lon Therapy

3.10.2.1 Heavy lon Medical Accelerator in Chiba (HIMAC), Japan.At HIMA C (Hiraoet
al., 1992) a large variety of ions can be accelerated, such as p, He, C, Ne, Si and Ar ions. However,
carbon ions are mainly used for patient treatment. The facility is shown in Figure 3.24 and is comprisec
of two synchrotrons, one horizontdd)( treatment room, one vertical (V) ttegnt room, one horizontal
and vertical combination treatment room (H&V), a physics and geparpbse irradition room, a
medium energy beam irradiation room, and a room for biological irradiations. The etioibineatment
room can be operated with two different beams from both synchrotrons (see the red beam lines in Fig.

3.24).
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2661

2662

2663

2664 Figure 3.2. Schematic of the HIMAGacility (Courtesy ofG. Fehrenbacher, J. Goetze, T. Knoll, GSI
2665 (2009))
2666

2667
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Theextracted bem intensityfor carbon iongrom the synchrotron is 2 x $@ns per second
(Uwamino, 2007)Beam loss distributions are reported 50 MeV/u He ions €nergy higher than
neededor therapy) (Uwamino, 2007)About 5 % beam losses occur durggraction,10 % beam
lossesoccurduring the accelration along the ring,5% beam losses occat the ring scraperand 10
% beam losses at the vertical beam transfer lifl@s.beam loss data and the estimaiete period of
weeklyopemtion per week (synchrain, 108 h/weektreatment roomslito 18 h/week) served as a basis
for the shielding caldations.The results ofHETC-KFA calculations (Cloth, 1981yere usedo
develop an approximatermula for the calulation of secondamyeutron fluenceproducedoy He ions
and other ion typewith the capabilityto compute the neutron fluence as a functibtihe ion energy
(Ban, 1982)The attenuation of the neutron radiation in the bulk shield is calculated and the
corresponding dose values are derigidn, 1982. The results for the shielding calculations are given in
Table 37 for some essential areas ihlNHAC. The shielding walls are partialgugmented by irarin
Table 37 (3rd column)the values for the thicknesses of the combined contmishields are
converted into fective values for concrete layers. The thickness of the shielding around the synchrotro
is 1.5 m.At the extraction area there is an atidnal 2.5 m of shieldingFigure 324 left). The effective
shield thicknesses for thieeatment roms in the forward and lateral direction are 3.2 maban,
respectivelyShielding thicknessdsr the highenergy beam trafer line, the roof shieldingandthe

floor shield are also given in Table 3.7.

159



RC22 on lorBeam Therapy
25 September 2009

2687 Table 3.7:Shielding measures of the HIMAC fhites for some areasynchrotron, lierapy A, B, C,

2688 roof, floor, HEBT and Lina¢Fehrenbacher, 2007).

Area Shield Thickness (m) Effective Concrete Thickness (m’
Forward Direction /Lateral Forward Direction /Lateral
Direction Direction

Synchrotron 1.5 (Additional 2.5 m local -

shielding inside )

A. Horizontal treatment 2.5 (0.5 Fe) /2.5 3.22/25
room (H)

B. Combination 25(0.5Fe)/1.6,Maze 1.6 (0.8 3.22/1.6
treament room (H&V)  Fe) Maze 2.75

C Vertical treatment 25/1.6, Moze 1.2 -

roomV
Roof 15 -
Floor 2.4 -
HEBT 1.57 2.0 -
Linac 1.5 -
2689
2690
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3.10.2.2 Gunma University, Japan.Figure 3.25 shows a layout of the Gunma facility, which is
comprised of a synchrotron and three treatment rooms (one horizontal beam line, one vertical beam li
and one H&V beam line). A fourth room with a vertical beam line is provided for the development of
new irradiation métods (Nodeet al, 2006a). The maximum carbon ion energy is 400 MeV/u. About

600 patients are expected to be treated per year.

The desied beam intensity at the irradiatiport is 1.2 x18pps,which yields3.6 x 1& ions per
second fopaient treatmen{Nodaet al, 2006a) An overview on beam interiges and beartoss
distributions is given in dble 38 at different stages of the ademtion procesd-or theshielding design
it was assumed that unused beams are decelerated in the accelebafore being dumpe@odaet
al., 2006a)and conseguently, theneutronproductionradiation is reduced.he dose ratearecalculated

as fdlows:

1 The source distributions of the produced neutron radiation are taken from the Kurosawa
meaurement{Kurosawg 1999; Uwamino, 2007)

1 The beam loss distributions were determined by M@ (2006a)and are listed in
Table 3.8.

1 The dose rates outk the shielding wereomputed using the ANISN code (Engle, 1967)
and the cross sections from the JAERbti@gawaet al, 1993).

1 Itis also reported thatertainareas of the facility are designesingthe PHITScode

(lwase, 2002; Wramino, 200Y describedn Chapter 6.

The shielding thicknesses are shown in Figure.A2Somelocationsthe concrete shielding is

augmentedby iron shielding The synchrotron walls are 3 m to 5 m thi¢ke horizontal treatment
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rooms are shielded withr8 thick walls inthe forward direction (1.9 m concrete and 1.1 m iron, which
results in an effective thickness of 4n6concretgandl.5m to 2.5 min the lateral diretion.. The linac
walls are 1.0 m to 2.5 m thickhefloor slabhas a thickness of 2.5 m. The roof shietthickness
varies froml.1m to 2.2 m thickness. The wall thicknesses of the fourth irradiation roonaifge from
1.1 mto 1.7 m, and ambviously reduced in comgaon to the other treatment roowhse to shorter
estimated irradiation time periods. Ala 3.8 summarizes beam loss distributions and absolute beam

intensities..
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2723 Table 38. Beam loss distributions and absolute beam intensities for the Gunma facility, calculated by
2724 Nodaet al.(2006a). Efficiencyd gives the ion beam transfer efficiency dfetent stages of the
2725 acceleration and transfer proceBlse beam intensity is given in the quantity particles per pulse (ppp) or

2726 in the quantity partles per sec (pps).

2727
Section Efficiency Beam Intensity
Injection 0.4 2E10 ppp
Synchrotron 0.64 5E9 pp

Extraction 0.9 1.3E9 pps

HEBT 0.95 1.2E9 pps

Treatment Room 0.3 3.6E8 pps
2728
2729
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Figure 3.5. Layout of the Gunma ion irradiation facility with the LINAC, the synchrotron (ring

accéerator) and thereatment rooms (Courtesy Gt Fehrenbacher, J.08tze, T. Knoll, GSI (2009))
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3.10.2.3CNAO, Pavia, Italy. Figure 3.26 shows the first stage of the CNAO facility which is
comprised of a synchrotron, two mwntal beam treatment rooms, and one horizergeical
combination treatment room. Two danrooms will be added in the second stage. The facility is capable
of accelerating protons to 250 MeV andbzn ions to 400 MeV. Preliminary shielding studies were
performed by Agosteo (1996b). The ma=stant shielding design was carried by Pettal (2005) and
Ferrarini (2007). The synchrotron is shielded by a 2 m thick concrete wall (for the most part) which is
augmented by earth layers (5 m to 7 m for the public area). Inside the synchrotron there are additional
local concrete shields. The treamt rooms are shielded such that the adjoining rooms are kept at dose
rate levels lower than 0.5 uSv/h (annual dose less tima8\2 including the radiation sources from the
synchrotron). The lateral shield thicknesses range from 2 m ta arid the forwal shield walls have
thicknesses of 4.2 m to 4.8 m with an effective thickness of up to 8 m because of the oblique incidence
the neutrons retive to the shielding walls. The floor shielding is &land the roof shielding ranges

from 1.1 mto 2 m.
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2749

2750
2751 Figure 3.B. Overview of the CNAO facilityfCourtesy ofG. Fehrenbacher, J. Goetze, T. Knoll, GSI

2752 (2009))

2753
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3.10.2.4 HIT, Heidelberg, Germany.Figure 3.27 shows part of the HIT facility which is
comprised of a synchrotron, two horizontal treatmeoin® (H), a carbon ion gantry room, and a
research room. The facility is capable of accéileggprotons as well as carbon, oxygen, and helium ions.
The energies of the ions are so adapted that the maximum range in water is about 40atonfoapd
helium ions, 30 cm for carbon ions, and 23 cm for oxygen ions. The beam parameters for HIT are 4 x

10'° ppp for protons (22®eV) or 1x 16 ppp for carbon ions (430 MeV/u).
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2761

shielding wall

.
N shielding\}

=

~ “~—— shielding

2762 Figure 3.7. Left: Part of the HIT facility in Heidelberdright: The dose digbution in the horizontal

2763 beam treatment rooms are also shown for carbon ion beams (Fehrenbacher, 2007). The isodose value
2764 (yellow) are given in the units of pSv/h. The values range frotu$9/h (red) over 1DuSv/h to 16

2765 uSv/h (blue) with incrementof a factor of 10 (Courtesy &. Fehrenbacher, J. Goetze, T. Knoll, GSI

2766  (2009))

2767
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The shielding design was developed on the basis of the Kurosawa neutron spectra of the 400
MeV/u of catbon ions (Kurosawat al, 1999) A line-of-sight model was used tietermine dose rates of
the neutron radiation outside the shield (Fehrenbaathredr, 2001).The model considers the angular
dependence of the neutron production {®90°), the angular dependent neutron energy distributipn (E
> 5 MeV), the neutron engy dependent absorption (removal cross sectang the buileup effect of
the neutron radiation in matter. For angles greater than 90° relative to the incoming ion beam, the
neutron source distribution at 90° was usedrieCarlo calculations with FLUKAFasscet al, 1997)
were also performed for the horizontal treatment rooms using the 2000 version of FLUKAeand
Kurosawa newon spectrgFehrenbachest al, 2002a Kurosawa, 1998as well as for the gairy room
(Fehraebacheret al, 2002b) The resllts of thetreatment roontalculations are showon the right in
Figure 3.27 for adoon ion beams with 400 MeV/u and 3»x¢16ns/sec deposited in a graphite target
(Fehrenbacher, 200Hurther specific studies were pamined with FLUKA to study the imp#aof
recesses ithe floor shiefling for the horizontal treatment roorfae the installation of robotdVhen the
heavy ion version of FLUKA(Fasscet al, 2005) was released, a full simulation was performed with
FLUKA and the results were compared witle simulation usinghe Kurosawa neutron source spectra

as theinput for FLUKA. Reasonable agreemefwithin 26 %) wasbtained for thesimulations.

The shieléhg designis based ortheannual dose limits given in tHeable 3.1 of Setion 3.1.2
An addtional dose rate guideline 8fuSv/hwas usedutsidethe interlocked arefor 10-min irradiation
perods. Theshielding desigims based om 10 %beam losses at local (specific) areasch agzhe beam
extraction pointanda 10 % beam losses in thigpole magnetsAdditional localconcreteshieldingwas
added in the synchrotron and beam transfer lines because the exact beamilossahstr these areas

was mknown.
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For thehorizontal beamtreatmentooms, the shielding of tharee walls in thentrance maze,
perpendicular to the beam direction that intercept the 0° beam, is comprised of 1.5 m steefnand 5.5
concretgtotal effective concrete thickness of 718§. The lateraconcretethickness is 2 mThe gantry
room has a wall thickness 2 m. For the gantryoomcdculations, the iron counterweight of 1 m
thickness was taken into accounécause thiattenuates the main neutron cone sutbistily in the
angular range +25° relative to the ion beam lin&pplication of the use factor fahe gantry room
reduces the thicknes3he roof shieldind2 m) of thehorizantal treatment rooms gartially augmented
with 0.5 m of steel (totakffective concrete thickness of 2.72 m). Thecéyotron is shielded by a 1.5 m
thick concrete wall and paally by earthon the exteriarEarth(and other bulk materials) covers the
concrete roobf the synchrtvon and treatment roomshefloor slab is 1.5m to 1.8m thick and reduces

the activation of soil and groundchter.

3.11 Qualified Expert

In thecase of charged particle therapy facilities, a qualified expert is a physicist who has
expertise angrovenexperience in the shielding design and radiological aspects eEhigyigy particle
accelerators, ptcularly in the shielding of relativistic nawains. The individual must also be capable of
performing Monte Carlo calculations. Various countries may have different requirements for qualified
experts. In the U.S., most of the states require that the qualified expert is eitsieradgir licensed in

the state

The qualified expert should be involved in the following phases of the facility design and
construction, so that costly mistakes can be prevented and an optimum and cost effective shielding

design can be implemented.
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3.11.1 Schematic Design

During this phase, the architect organizes the rooms, the layout of the facility is determined, anc
preliminary design is generated. The qualified physicist should be invited to attend meetings with the
owner and architect. Occupancy factors should tabkshed. Adjacent buildings and medtoried
structures should be identified. The use of space must be evaluated. The hightest tadels occur
near the treatment rooms and the accelerator.
offices, and examation rooms should be located as far away as possible, while low occupancy rooms
such as storage areas maydmated closer. Typically, control rooms, patient preparation roetasare

in the immediate vicinity of the treatment roams

Workloads should be established. The owner should provide information on the types of particle
to be used, the energies of the particles, the number of treatments per hour, tshd@agmethods
that are to be usedtc If an equipment vendor hasen selected, the vendor should provide the
information egarding beam losses, locations and targets, and currents for varioushsgany
methods, as well as other informati@ywested by the expert. The concrete composition and density
should be preided at this phase so that the gligt can perform Monte Carlo calculations. The
architect should provide the expert with scaled drawings including both plans and sections. All
dimensions andetlails must be called out on the drawings. The drawingslglstw the equipment in
place and the location of the isocenter. The qualified expert should work with the owner and architect,
suggesting the most cesffective and spaeeptimizing design, shielding configurations and materials,
and preliminary thickrneses. The preliminary thicknesses will be based ossgéeific wokload, local

regulations, and other assumptions. The architect should incorporate the shielding thicknesses into th
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drawings, and the revised drawings should be sent to the expentiéw.ré few iterations may take
place. The qualified expert should carefully

write a preliminary shielding report that includes all the assumptions and specifieguined shielding.

3.11.2 Cesign Development

In this phase, rooms, sizes, and locations will be determined to a greate™NtleRiH 005,
and the design will be finalized. The mechanical, electrical, and plumbing details will be worked out, an
sizes of penetration, conduits,atis, etc. will be determined. The architect should incorporate all the new
information into the drawings so that the expert can determine the required shielding for all the
penetetions. Once the shielding has been finalized, the expert should writeahsHielding report
which can be submitted to the pertinent regulatory agency. The report should show dosesatibiadl loc

and verify regulatory dose compliance. Contents of the report are discussed in Section 3.12.

3.11.3 Construction Documentation

During this phase, all the construction drawings are prepared. Details of the project are finalizec
in preparation for construction. The shielding in the construction drawings should be identical to that
which is shown in the shielding report. The quatifexpert should review all drawings and all
submittals (drawings and information submitted by subcontractors) related to concrete density and
compostion, door shielding, penetration shielding, and other special shielding materials. The qualified
expertwill also respond to request for information (RFI) from the contractor. Prior to construction, the

qualified expert should participate in a meeting with the owner, architect, contractor, and all other trade
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to finalize the shielding items. During this gleathere may be changes in shielding configuration due to

constructability issues. The gifedd expert should review all such changes.

3.11.4 Construction Inspection

During constructionthe qualified expert should perform site visits and inspectioeagare that
the shielding is implemented as specified in the shielding report. The qualified expert should carefully
review the shielding to ensure that there are no cracks or thin spots. The dimensions, materials, and
configuration of the room shieldings well as door and penetration shielding, should be verified.
Inspection reports should be provided by the expert. Any instances of noncompliance should be report

and caorected by the contractor or subcontractor.

3.12 Shielding Report

A copy of the shielding report should be maintained by the facilitye shielding repoghould
include but is not limited to:
1. Names and contact information for qualified physicist, architect, and responsible person :
the facility
2. Name and address of facility
3. A brief description of accelerator, beam transport lines, treatment rooms
4. Beam parameters, loss scenarios, targets, and location
5. Workload and usage assumptions
6. Occupancy factors

7. Regulatory and design limits
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8. Concrete composition and density
9. Drawings, includingplans and sections of all shielded rooms with dimensions called out,
doors, penetrationgtc and locations at which doses are calculated
10.Dose and dose rate compliance with regulatory limits after application of occupancy and
use fators
11. Additional ingructions for architects and contractors on shielding, such as concrete pours

the use of keyways, interlocking blocks, site density tesing,

3.13 Shielding Integrity Radiation Survey

Radiation surveys are performed to verify the integrity of tielding and dose compliance with
design and regulatory limits. Preliminary neutron and photon radiation surveys should be performed as
the acelerator is made operational, and when beam is transported to the treatment rooms. A final
radiation survey shad be performed once the facility is completely operational. Regulatory agencies
also typcally require shielding integrity radiation surveys during start up. Instruments that can be used
for radition surveys are described in Chapter 4. The survey resultsd then be used to verify that the
doses obtained with the workload assumptions are in compliance with design and regulatory limits. A
repettion of the shielding integrity radiation survey must be repeated when there are changes in the
shielding (seh as dismantling and reassembling) or when there are changes in beam operating
parameters. A copy of the survey report should be maintained by the facility. The reportstiodkl i
but is not limited to:

1. Names of individuals performing the survey
2. Name d facility

3. Dates of survey
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2911 4. Machine conditions and beam operating parameters
2912 5. Details of phantoms used in treatment room

2913 6. Instruments used, including type, model, serial number, and calibration certificate
2914 (calibration must be current)

2915 7. Beam parameters, lossemarios, targets, and location
2916 8. Workload and usage assumptions

2917 9. Occupancy factors

2918 10.Doses in occupied areas

2919 11.Compliance with design and regulatory limits.

2920

2921
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4. Radiation Monitoring

YoshitomoUwaminoand Georg Fehrenbacher

4.1 Introduction

The different ypes of adiation whichare of concern for individual exposuwata particle therapy
facility areprompt radiation during beam operation and residual radiation after the beam is turned off.
The prompt radiation is comprisedrmgutrons and photons behirck shields of treatment rooms or
accelerator vaultsyhile the residual radiation consistsgiotons and beta rays franduced
radioactivity.Neutron and photoaxposure of theatient in the treatment rooanealsoof interest (see

Chapter 7).

Many valuable referenseonthe bags and principles of radiation detectiare available in the
literature(Ahmed, 2007Knoll, 1999 Leroy and Rancoita, 200%soulfanidis, 1995)ICRU Report 47
(ICRU, 1992) providesdetaik on the measurements mifioton ad electrondose equivalentsyhile
ICRU Report 66 (ICRU, 2001foversneutronmeasurements. This chapter provides an overview of
radiation monitoring and commercially available instrumentation for particle therapy facilities. Since
radiation protection ragations vary from country to country, and in some countries from state to state,
each facility must ensure that radiation surveys are performed in compliance with the regulations

applicable to their specific facility.

4.11 Operational Quantities
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2945 The quantities to be measured are ambient dose equival@é®tmm depthH*(10), for area
2946 monitoring, and personal dose equivalegint0 mm depthHy(10), for individual monitoring. The
2947  shallow dose$lp(0.07) andHp(3), at a depths of 07 mm,and 3 mm, respéwely, are usually noas
2948 important at particle therapy facilitieghen compared to the strongignetrating radiation which
2949 dominates the dose outside the shieldifigure 4.1 showthe fluenceto-doseequivalent conversion
2950 coefficients(seeSection 1.22 for detailslas a function oparticleenergy(ICRP, 1996)Also shown are
2951 the fluenceto-effectivedose conversion coefficients for Anteii@osterior irradiation geometrig(AP),
2952 includingtherecommended data 8{AP) by the Atomic Energy Society dapan (AESJ, 2004) for
2953 high-energy particlesThe neutron data provided bye ICRP are limitedo energies 020 MeV and
2954  belowfor Hp(10) and 180 Me\and belowfor H*(10), respectively. Tie photon dates limited to
2955 energies ol0 MeVand belowBecausehe conversion coefficierfior H*(10) for neutrons becomes
2956 smaller than thabr E(AP) above 50 MeV, measurementEfAP) may beconsideredippropriate for
2957 high-energy neutrongd*(10) is not always a conservative estimate for the effective dose, espémially
2958 E(AP). Thisargument also applider photonsThe results of@veralstudiesperformed for higkenergy
2959 neutrons and photomse reported in the literatu(Eerrariet al, 1996 1997 Mareset al, 1997
2960 Sakamoteet al, 2003 Satoet al, 1999 Sutbnet al, 200). The conversioroefficientfor E(AP)
2961 becomes smaller than thfat PosteriorAnterior irradiation geometng(PA), at neutron energies above
2962 50 MeV. However, the integrated dose from thernmaltrongo high-energyneutronss highest forAP
2963 geometry, andherefore onlyE(AP) is considered here.

2964
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Figure 4.1. Dose conversion coefficients from particle fluence to ambient dose equivg(EDY,

personal dose equivalefitp(10), and effective doseith AP geometryE(AP).
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4.2 Prompt Radiation Monitoring

4.2.1 Characteristics of Prompt Radiation Field

4.2.1.1 Mixed Field. High-energyprotons and ionproducehigh-energyneutrons and photons
through nuclear interactions withe components of the accelerator and the enelggisn system
beam delivery nozzJeandthe patienttissue.Several kinds of light ions are produced by the
fragmentation process of the primary heavy ions, and these light ions also produce neutrons and photc
High-energy neutrons are slowed dobynuclear scattering aratefinally absorbed by matter. Photon

emissions accompany these nuclear reactions.

Photons produced by primary charged particles are easily absorbeetiigk roomshieldng;
however high-energy neutronsanpenetrate the shiihg. These rutrons produce secondary photons
during transmissigresulting in neutrons arghotons outsidef the shielded are&eutrons having
energies lower than several tens of MeV are easily absdpbakis at about 100 MeV and several MeV
appearn theneutronenergy spectrum at the outer surface of the shigléFigure 4.2 showtheangular
and energy distributions of neutrons produiced water phantom of 1€m diameteand25cm
thickness irradiated by 40@eV/nucleon'?C ions, andheneutronand photon spectia the beam

direction behind a g thick ordinary concrete shiei).

Figure 4.3 shows the ratio of themulative dosas a function of energyp the total dose
calculated with the spectra shown in Fig. 4.2. fluostons almost 100% of thedosecan bemeasured
with a detectarwhich is sensitive up to 10 MeV, and most conventional detectees this criterionFor

neutrons, howevetypical dosimeterswhich are sensitivap toabout 15 MeV, may give only one third
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2994 of the true valu@ose in the forwarbeamdirection outside a thick concrete shield. In the lateral
2995 directiors, their readings are more reliable.

2996
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2998 Figure 4.2. Angular and energy distributions of TTY (Thick Target Yield) neufronrsa 10cm
2999 diameter by 2&m thickness water phantom irradiated by 4802V/nucleont?C ions are showan the
3000 upper right with the right ordinate. Neutron and photon spectra behind thigk ordinary concrete
3001 shieldin the beam directioare also shown with the left ordinate. These spectra ee¢calatedusing
3002 the heavy iotMonte Carlo codeRHITS (Iwaseet al, 2002).
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3006 dose conversion coefficients from particle fluence to effective ilogeP geoméy (AESJ, 2004), and
3007 £ (E) is the particle energy fluence shown in Hg.
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Since a neutron detector, such as amegter has veryjow sensitivity to photons, it is considered
photoninsensitivefor charged particle therapy facilitieBhoton detector@re also somewhat sensitive to
neutrons, but the estimation of the neutron contribution is difficult. Becsgdectingthis contribution
results in conservative measuremettie neutron sensitivity is usually ignored for the purpose of

radiation protetion.

Primary charged particlesestopedin the patientHeavy ions, however, produce lighter
particles such as protons and deutetbnsugh fragmentation reactions before stopping. These lighter
particleshave longer ranges, and some of them peretinat patient. When detect@ne placed in the
vicinity of aphantom to estimate the neutron and photon expdsareatient, veto counters operated in

anticoincidence mode may be necessary to eliminate these |igintietesfrom being recorded.

4.21.2 Pulsed Field A detectorthatcouns pulsed signals has an insensitive period after
counting and this period is called dead time or resolving time, which usligdlpetweerabout 1 s

and 10%s.

A cyclotron accelerates particles evéff s orso, and this acceleration interval is near or shorter

than the dead time, and, therefore, the cyclotron beam is considerecoiatinaous

The acceleration interval ofsynchrotronon the other hand, is betwe®®? s and 10 sandthus
its beam hathe characteristis of pulsed radiationDuring a pulseavery largeamountof radiationis
deliveredin avery shorttime period. Even iseverabparticles of radiation hit a detector within its dead
time, the detector produces only one pdisignal. Ths counting loss is a serious problem in a pulsed

radiationfield.
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The effect of pulsed field is serious near a radiation sdagcausehere is hardly any time delay
between the irradiation of primary particles and the detection of secondary neuttq@ietoms. The
time structure of the neutrons outside the shielding, on the other hand, spreads owing to the different
time-of-flight, e.g, the timeof-flight for 1 m distance is 8 ns for 100eV neutrons and 0.5 ms for

thermal neutrons.

If oneobservesthe characteristicef pulsal signals from a detector placed in a pulsed fiefdan
oscilloscopeit can be determinedthether the reading is correct or not. That is, if the pulse repetition
rateis coincident with the beaextractionrate the reading fothe detector is not correct. A detector
measuring an electric current such as an ionization chamber is not usually affected by the pulsed field.
However, saturation effectkie to theecombinatiorof the dense electrons and i@ishighpeakeddose

ratemay become important.

In a particle therapy synchrotron, however, the accelerated particles are extracted slowly becaus
the irradiation dose must be precisely controlled. The extracted beam, therefore, usuhély has
characteristicef continuougadiaion. For example, ethe HIMAC (Heavy lon Medical Accelerator in
Chibg of the National Institute of Radiological Sciences, the acceleration period is 3.3 s and the duratic

of extraction is about 2 s.

4.21.3 Noise An accelerator uses higtower, high-frequencyvoltagefor accelerationwhichis
a very strong souraaf background noise, thus affectingeasurementsith active detectors. The signal
cables of the detectors should be separated from the accelerator power cables. \&/grognded

metalpipe is effectivdor noise reductionUse of optical fibesis costly but very reliabléor
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discriminationagainst noise. Optical fibgrhoweverare susceptible to mechanisalock and bending,

and lose transpareneyhigh radiation exposuse

4.214 Magnetic Field. Acceleratorand beam transport systemse high magnetic fields for
bending and focusing the beam. Magnetic fields strongly affect photomultiplier tobgsusual
scintillation survey meter cannot be used around the magnetic afgpdraen if the electric current is
switched off, the residual magnetic field due to hysteresis may dffemttors located nearagnes.
However, a scintillator coupled to a photo diode is hardly affected by a magnetic field. An analog
indicator using a ammeter does no¢spond correctlin a magnetic fieldA liquid crystal indicator is

muchmorereliable.

4.215 Radiations Unrelated to Beam Acceleration Devicesoperating under high
radidrequency powersuch as an acceleration cavity and a ktystemit intensex rays even if the beam
is not accelerated. Leakagkradiation occurat glass windows and bellows, which are made of low
atomic number materials or thin metatray leakage from aBlectron Cyclotron ResonandéR) ion

source is alssignificant.

4.22 Survey Meters

Handheld survey metesse typically used to measure instantaneous dose ratés r@ag the

dose rate distribution outside the shieldiBmce the radiation field around a particle therapy facility is

comprised of nemonsand photonsthe simultaneous ugeo types of survey meters required

4.22.1 Neutron Survey Meters
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4.22.1.1 Rem Meter. A remmeter(or a remcounter)is the most popular neutron dese
equivalent survey meter. It consists of a thermal neutetectosuch asa BF; (boron trifluoride)or *He
(helium)proportional counter or &.i (lithium) glass scintillation countehatis surrounded by a
specially designed polyethylene neutron moderdtioe. moderator slows down fast and intermediate
enegy neutrons, which are then detected by the thermal neutron detector. Bataudmary renmeter
is practically insensitive to neutrons of energies above 15 MeMdirestimates the result by as much
as a factor of 3 when usedtside a shield of a picle therapy facility as shown in Fig.4.3. Improved
remmetersare also availablerhese consist dfigh-atomic number insersuch as lead or tungstanthe
polyethylene moderatdBirattari et al, 199Q Olsheret al, 2000).The interaction of higlenergy
neutrons withhis inserted material causes neutron multiplicationearetgydegrading reactions such as
(n, 2n),thus improving the sensitivity to higgnergy neutrond hese improved remmetersaretoo heavy
to be handheldbut give reliable restd. An example of such a commercially available rem meter, FHT
762Wendi2, is shown in Fig. 4.4This instrument hwan excellent energy response from thermal to 5

GeV, and the response function is shown in Fig. 4.5.
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Figure4.4. FHT 762 Wendi2 rem meter has an improved energy response to-bigdrgy neutrons.

(Courtesy of Thermo Scientific

4 Thermo Scientific, 27 Forge Parkway, FranklMassachusett32038 U.S.A.
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4.22.1.2 Proton Recoil Scintillation Counter. A complex detector consisting of two types of
sensors for fast neutrons and thermal neutrons is available as Presciatean(Olsheet al, 2004).
The fastneutron sensaronsists of a mixture of ZnS(Ag) scintillation powder and epoxy glue and a
Lucite-sheet light guide. The thermagutron sensor is®i+ZnS(Ag) scintillator. By using filters of
cadmium and lead, this counter has a response funetioseshape is similato the conversion
coefficientfor neutron fluencgo-dose equivalent, and is sensitive to neutrons above 20 MeV. Its
sensitivity is about 10 times higher than the conventional moddrasad renmetet andits weight is

about2 kg.

4.22.2 Photon Survey Meters

4.22.2.1 lonization Chamber. The ionization chamber is the most useful photon survey meter
becausét almost energyndependent (usually withith 10 % of unity) between 30 keV and a few MeV.
The lower detection limit is aboutrSv/h thus, mecannot measure the dose rates close to the
background level. Some types of ionization chambers have remmadsd¢hatnable the measurements
of very softx rays. Since the ionizatiachamber survey meter measuasgry weak current ahe oder
of femtoamperedA) whenplaced ina field of severalrBv/h, it takes several minutes until the detector

becomes stable after being switched on.

4.22.2.2 Nal(Tl) Scintillator . Scintillators of high atomic number, suchsaslium iodide lal )
andcesium iodideCsl), havepoorenergyresponsdor the meastement of dose equivalertiowever
some scintillation survey metetisat havecompensation circuits show good energgponseimilar to

ionization chambers. Scintillation survey metersraostly insensitive to photons of energies below 50
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keV and not apropriatefor low-energyx-ray fields. However an instrumentof NHC5,° whichis

sensitivedownto about 8 keVis currently available

4.2.3 Spectrometers

4.23.1 PhotonSpectrometer High purity germanium (Ge) detectdraveanexcellentenergy
resdution andarecommonly used for photon spectrometry in research work. Since the Ge detector mus
be cooled down to liquithitrogentemperature, it is not suitable for routine measurements. Handheld
scintillation survey meterdesignedor photon specél measurements are commercially availablech
asInSpectoE 1000 andidentiFINDERE .” Handheld survey meters witertum-dopedlianthanum
bromide [aBrs(Ce)) scintillatorsare also available. The latter Haestter energy resolution than the
conventionathallium-doped sodium iodideNal(Tl)) scintillator. An unfolding processs required for

the conversion from the ligldutput distribution obtained by the detector to the photon energy spectrum.

4.23.2 NeutronSpectrometer. Measurements of lighautput ortime-of-flight distributions are
commontechniquesfor obtaininghigh-energy neutron spectvath good energy resolution. For a simple
measuremeng set of neutron detectors with moderators of different thickneébeassrcalled Bonner
spheres, can be used (Awschalom and Sanna; Y¥88§el and Aleva, 2002). Wiegel and Alevra used
copper and lead in the moderators, and their spectror&®tJS,8 can beused to measutdgh-energy

neutrons up to 10 GeV. Figures 4.6 and 4.7 show the responses of the NEMUS spheres as a function

5 Fuji Electric Systems Co. Ltd.;11-2, Osaki, Shinagawa, Tokyo 140D32 Japan
8 Canberra Industries, Inc., 800 Research Parkway, Meriden, Connecticut 06450 U.S.A.
71Cx Radiation In¢, 100 Midland Road, Oak Ridge, Tennessee 37830 U.S.A.

8 Centronic Limited, King Henry's Drive, Croydon, Surrey CR9 0BG, UK

190



3152

3153

3154

3155

3156

RC22 on lorBeam Therapy

25 September 2009

neutron energy. Thefterence of the important neutron energies of each sphere gives the spectrum
information. The set of the results of these detectors is converted to the neutron energy spectrum with
unfolding computer program. An initial assumed spectrum that is pyopetdined by calculations or

theories is necessary to initiate the unfolding process.
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Figure4.6. Responss of the NEMUS Bonner spheres. The lengths inesshow the diameters of

polyethylene moderators (Wiegel aAtkvra, 2002).
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Figure4.7. Response of the extended NEMUS Bonner sphefd®5 70, for example, means that the
3He counter is placed in aiich polyethylenesphere covered by@G5-inch-thick Pb shellthe diameter
therebre is 5 i) and all are imbedded in aifich polyethylene spherdhe photo shows the opened
configuration.C5_® means that the inserted shell is of-léh-thick Cu.Six response functions of

the pure polyethylene moderators are also shown (WiedeAkvra, 2002).
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4.23.3 LET Spectrometer. The issueequivalentproportionalcounter(TEPC)measures an LET
(linear energy transfegpectrum of secondary charged particles produced by neutrons and photons, anc
the spectrum is converted into dose egl&nt or effective doster bothtypes ofradiation. The TEPC is
applicable to any type of radiation because of its measurement principtbganthldosein a mixed
field is obtained. Several systems have been developadsad(Alberts, 1989Mazalet al., 1997).The
TEPC, however, hate disadvantage afusceptibilityto mechanical shoskthusprevening its

widespreadise for routine measuremea@tsa survey meter

4.2.4 Area Monitor s

An area monitoring system consists of pairs of neutron hatbp dosimeters and a central control
unit. For neutron deteion, remmetersare usually usedonization chambers, scintillation detectars
semiconductor detectoase selectetbr photon deteabn dependingupon theradiation intensities.

Stations lving local radiation level indicators are also available. The central control unit shows trend
graphs of radiation levels of each station, and records data in a server. The system is of high performa

and expensivésee Fig. 4.8).
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(a) (b)
Figure 4.8. An example of a monitoring station (a) and a central conitoMSR-3000, (b). The

station has a neutron remeter and a photon detect{@ourtesy ofALOKA °)

9ALOKA Co., Ltd., 6:22-1, Mure, Mitaka, Tokyo 18B622 Japan
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3192 Beforedeterminingthe monibring locations the dose distribution in and around the facifityst
3193 be thoroughly studiedonitoring stationsare locatedvhere high radiatiodose rateare expected or
3194 whereradiation levels are importafur safety reasas However, high doseateradiationinside the
3195 irradiation room, for examplspometimegauses a breakdown of an intelligent monitoring station.
3196
3197 At accelerator facilitiefor physics researglarea monitorsare typically included in safety systems
3198 and are interlocked so that theyrt the beam off when measured radiation levels outside shielded areas
3199 exceed a preset valueither considering instantaneous or integrated vall@sever, aparticle therapy
3200 facilities, interruption ofthebeam is not desirable because the beam istodeeht the patients
3201 Therefore the systems must be designed robustly enough that no false alarms are given. It depends ol
3202 local regulations what type of action needs to be performed when an alarm is given.
3203
3204 As the above monitoring system is expemsivis difficult to distribute many stations. Because the
3205 neutron dose is usually dominant around a particle therapy fattilgypossible to placmany neutron
3206 remmetersdescribedn Section4.2.2.1.1whoseanalog outputs are read by a programmadsdjic
3207 controller (PLC) of a safety system (Uwamigtoal, 2005). When the analog outputagarithmig the
3208 PLC readthe dose rateith awide dynamic range of more than 5 decades. If the analog ougput is
3209 voltagesignal it can be converted intocurrent signal for a reliable transmission.
3210
3211 4.25 Passive Monitoring
3212
3213 Passive detectors that were originally developed for individual monitoring, descriBection
3214 4.4.3, can be also used for environmental radiation monitoring. Thieagiime resultscannotbe

3215 obtainedwith passive detectors, they are very useful becauseiofdiecost. They directly give
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integrated dosesver anappropriatdime period. Furthermorgassive monitors are hardly influenced by

the time structure of a pulsed radiati@id, electric noise from lightningand mechanical shosk

Since individual monitors are calibrated on a phantom, they chensied directlyfor

environmental measuremsnt he monitors must be calibrated in free air as describ8ddion 4.5.2.

Hranitzkyet al.(2002)developed am*(10) photon dosimeter with a Lithermoluminesagce
dosimeter(TLD) and filters It showed good energy dependenwithless than %6 deviation between

30 keV and 2.5 MeV.

Forx-ray dose measurements near linacs & in sourceanH*(10) dosimeter was
developed using LiF TLD chips (Fehrenbackeal., 2008). Each dosimeter has four TLD chips, and
two chips are covered with copper filter. The weighted average of readings of these tips gives good
responses over tremergy range from 10 keV to about 4 Meé¥., the deviations of the relative

sensitivity from theH*(10) response are lower than 2&

By using a pair ofhermoluminescaredosimeters ofLiF and’LiF and a specially designed
moderator, Fehrenbachetral. (2007; 2007%) developed ai*(10) dosimeter fomawide spectrunof

neutrongangingup to several hundreds of MeV.

In highrintensity neutron fielg activation foils are also applicable. Capture reactions of Mn, Co,
Ag, In, Dy, and Au are useful fahermal neutron measuremehar fast neutrons, threshold reactions of
2C(n, 2n¥'C, Z7Al(n, a)*Na, 2’Al(n, 2na)?’Na,>*Co(n,a)**Mn, **’Au(n, 2n}*CAu, 2°Bi(n, xn)>1>Bi

(x=4 to 12)etc are usefulA combination of these reactions can give a neusgectrumn theMeV
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region. Indium activation detectors inserted at the center of spherical polyethylene moderators can be
used for neutron spectrometry for the energy range between thermal and 20 MeV (Uwamino and

Nakamura, 1985).

4.3 Measurement ofResidualRadioactivity

4.31 Introduction

Residual radioactivity is sometimes significant at locations where the beam losses are high, such
the beam extraction devideeam dumpenergy selection system, components in a passive scattering
treatmenport, and delivery nozzle that intercept the bedteasurement of the radiation intensity at
locationswhere maintenance work may be done is impoitantder toavoidany excesgpersonnel

exposure.

Collimators, ridge filtersand range modulators, whickedixed at the treatment port of a passive
irradiation facility, are significantly activated. Howevtte bolus andhe patient collimator foeach
patient are irradiated for a short time, and the residual actilasesnly fora relatively short peod
after irradiatiorbecause of the short hdilfes (T1/2) of the induced radioactive isotopest &xamplel'C
(T12=20.4 min) in bolus antf™Co (T12=13.9 min) in collimator (Tujiet al, 2009 Yashimaet al,
2003).Thus the exposure of the aement staff who handle thegatientspecificdevicess low (Tujii et
al., 2009). However,tanost facilities that use passive scattering techniquesedie®ices arestored for
up to 2 to 3 months before thayeshipped out of the facilityAt a scanimg irradiation facility with a

synchrotron, activation problems are harobservedt thetreatment port.
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Compared to the activation at accelerdatoratories for physics research, the activation situation
in particle therapy facilities can logiite diferent. In patient treatment rooms, the level is usually not

very high In facilities with a cyclotronhowever the strongest activity is in the degrasi@ndthe

following emittance defining collimatorghat is, the energy selection systéssually ths system is

located in the beam line directly from the cyclotron and here more than 90 % of the beam intensity is Ic
in the degrader and on collimators. This system needs to be accessed for maintenance or repairs only
can be shielded properly. In thgclotron itself several hot spots are present due to beam losses. These

can be taken care of by local shielding or removal of the hot components.

Measurement of residual radioactivity is important when the accele@tggonents, beam
deliverynozzle, ad patientspecific irradiatiordevicesare classified sradidactive or finot

radioactive for waste management.

4.32 lonization Chamber

lonization chamber survey mes@rethe most suitable and reliable detestor the measurement
of ambient doseate due to residual radioactivity. Some detectors have removadglews onthe

chambers, and they can measure the-tagtalose¢hatmay be importanfor the estimation of skin dose

4.33 Nal(Tl) Scintillators

Nal(Tl) scintillation survey meters ' correction circuits for energy dependency give accurate
results of ambient dose rag@milar toan ionization chamber. The lower detection limits aredowugh

for background measuremsigindtheycanalso be used for the measurememnagioactive wate.
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Handheld photon spectrometers describegeirtion4.2.3.1 which function also as dosimeters,
may be used for nuclide analysis e$idual activity Because of their limited energy resolution,
complicated spectra cannot be resolved. For a prangdgsis,high purity germaniumGe) detectors are

recommended.

4.34 Geiger-Miller Tube

A GeigerMdller survey meter with a thin window has almost 100 % sensitivity to the incoming

beta rays, and it is very useful in classifying mateasladioactiveor not.

A survey meter having an extgiblerod with a smallGeigerMiiller counterinstalled at its tips

useful for the measurement of high dose rate from a repogigon

4.35 Other Survey Meters for Contamination Measurement

Detecbrs such aproportional countes; plastic scintillators, andsemiconductodetectos are used

in survey meters for contamination measuremertiese survey meters are also useful in classifying

materialsasfiradioactiv® or finotr a d i o aJolika the @eigerMduller tube theproperties of these

detectordhardly deteriorate with time.

A handfoot-clothes monitor isisefulequipment for contamination testf a body.GeigerMuller

tubes, proportional counterandplasticscintillators are often used as sensors. Mesissrs are sensitive
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to beta and gamma rays. Some sensors simultaneously deteetmijptea contamination. The monitors

are usually placed #te entrances of controlled areas.

4.4 Individual Monitoring

4.4.1 Introduction

Individual personnekxpostuie is classifiedsexternal and internal exposures. Internal exposure is
usually importanfor unsealeeradioisotope handling, arshould be considereghen highly activated
accelerator devicesuch as targets and chamgechange stripper foils, are hdedl If acyclotronbased
particle therapy facility using passive irradiation systems has many treatment ports and is operated wit
high duty factors, this kind of internal exposure may be impordiftoughinternal exposure is usually
not important at article therapy facilitiespne should be cautious with removal of dust from some hot
spots €.g, degrader region in a cyclotron facility), cooling water which may have been contanbgated
neutron or proton exposur@dactivatedair in the cyclotron/dgrader vault, shortly after switching off

the beam.

Dose equivalent$dp(10) andHp(0.07) are measured for the estimation of the individual external
exposure. The former is importdot the effectivedose estimation and the latter is used for the
equivdentdoseestimationfor skin and eye lensesypically, a singlgpersonal dosimeter is used, and it
is normallyworn on the chest for males or on the abdomen for femHlasstrongnon-uniform exposure

is expected, supplementary dosimeters are woth@extremities such as thieger or head
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If acceleratoor energy selectiodevices havindpigh residual activityrequire handsn
maintenancea ring badgevornon a finger is recommendeakthe exposure of hands is normally much
higher than that ahe torso Because the exposure of the palm is usually higher than that of thefback

the hangdwearing a ring badgeith thesensitive part fang inside is recommended.

4.4.2 Active Dosimeter

Many types of active personal dosimeters using semicomddetectors or small Geig&tuller
tubes are availabl@hese detectonssually measure and display the accumulated exposurédaiey

switchedon.

Several different types of dosimeters are available. Alarm matev&le amnalarm when the
accumulateexposure exceedspaeset value Small survey meteiiadicate the dose rat®thersmake
audible clickingsound with afrequencythatcorresponds to the dose raBmerecord the trend of the

exposureand thedata are transmitted to computers for analysi

Many products are commercially availatier example DOSICARD,*®° PDM,** and Thermo

EPD.'? The last one has all the functions described above. A novel exanRNELBO8M* which is a

10 Canberra Industries, Inc., 800 Research Parkway, Meriden, Conh@®&420 U.S.A.
11 ALOKA Co., Ltd., 6:22-1, Mure, Mitaka,Tokyo 18B622 Japan
2Thermo Fisher Scientific IncBath Road, Beenham, Reading, Berkshire RG7 5PR, UK

13 Polimaster Ltd.51, Skoriny str.Minsk 220141 Republic of Belarus
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wristwatchthatincludesa gammaray dosimeterNRF30 can be connected the personal access

control system, which records the timeeotryandexit and the corresponding exposure.

Though snall batteries power these dosimetensiny dosimeters workontinuouslyfor a week or

several months. Radio wassef a cellular phonenay affectthe responses of sometbesedosimeters

4.4.3 Passive Dosimeter

Passive dosimeters measure the integrated dose and therefore do not provide any information ot
thereattime exposureHowever, these dosimetaarge small, noiséree, andhat susceptible to
mechanical shock. Tiremeasurements anedependenof the time structure of a radiation field in

contrast to the active dosimeters, which may give an underestimatednvakteongpulsedfield.

4.4.3.1 Thermoluminescerce Dosimeter (TLD). An exposed TLD element, such@acium
sulfate doped witthulium (CaSQ:Tm), emits light when it is heate@heintensity of the light emission
is a measure of the exposufde TLD reader can be placed on a desk, nedeforein-house dosimetry
is common. A TLDdosimetefor measuring botiphotons and beta rays is availabléis consists of
several elements having different filters, dodhHp(10) andHp(0.07)can be measuresith one

dosimeter

Since the size of TLD is small,ecanalsobeused in a ring badge that measures the expdsuhe

hands.

14 Fuji Electric Systems @ Ltd., 211-2, Osaki, Shinagawa, Tokyo 1-4D32 Japan
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4.4.3.2 Optically Stimulated Luminescerce (OSL)Dosimeter. An exposed OSL element, such
ascarbondoped aluminum oxidéAl 20s:C) emits blue light when it is irradiated by a green laser light
dosimeter badge consisting of an OSL element and filters, which is used for photons and beta rays, is
commercially available.UXCEL OSL.'® A company® provides dosimetry servigthat is, the company
distributes dosimeter badges consisting of @imentsand, afteuse,it reads and evaluates the
exposure. A OSLreader that can be placed on a desk is also availabl&hasid-house dosimetry is
alsopossible The dosimeter is applicabier energies between 5 keV and 10 MeV for photons and

between 15&eV and 10 MeV for beta rays. The readable dose ranges betwe&v &0d 10 Sv for

photons and 1006v and 10 Sv for beta rays.

4.4.3.3 Glass Dosimeter An exposed chip of silvedoped phosphate glass emits orange light
when it is irradiated with ultraviolet laser light. Several glass elements and fikssmbleds a photon
and betaray dosimeter badgés commercially availablé? In-house dosimetry and an extersaimpany
servicé® are both available. Reading of the glass element does not reset the dosiméter@mgterm
accunulated dose can be obtaindidectly. The dosimeter is reset by annealing at high temperatures.

Performance of the glass dosimetealisiostthesame as the OSL dosimeter.

4.4.3.4 Direct lon Storage (DIS) Dosimeter. In a DIS dosimeter, eharge stored in a

semiconductor is dischargég the current of an ionization chamber. The discharge is read as the chang

15 Landauer Inc.2 Science Roadslenwood, 1linois604251586U.S.A.
16 | andauer Inc.2 Science Roadzlenwood, Illinois604251586U.S.A.
17 Chiyoda Technol Corp.,-I-12, Yushima, Bunkyo, Tokyo B18681 Japan

18 Chiyoda Technol Corp.,-I-12, Yushima, Bunkyo, Tokyo 113681 Japan
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3393 in conductivity. The RADOS DI4 dosimetef® has a good energy response to photons. The applicable
3394 energy range is between 15 keV and 9 MeV for photons, and 60 keV and 0.8 MeNafoays. Photon
3395 dosesbetween InBv and 40 Sv, and betay dose between 10vSv and 40 Sv can be readth this
3396 dosimeterin-house dosimetry is commolt.can also be used as an active dosimeter by attaarsntall
3397 reader to the detector
3398
3399 4.43.5 Solid State Nuclear Track Detector Recoil protons, which are producica
3400 polyethylene radiator by fast neutronsgatesmalldamage tracksn a plastic chip of Allyl Diglycol
3401 Carbonat€dADC or PADC, [Poly), which is commercially available as €3R2° The damage tracks can
3402 be revealed bg suitable etching process (chemical or electrochemidad) tracks can be counted and
3403 the track density can be related to the neutron dose equivalkeaton convertecan be usethstead of
3404 the radiatorto detect thermal neutrons through tA&(n, a) reactionsCommercially available
3405 dosimeters include the Landauer Neutrak®4hich comprisethe fast and thermal options with €R
3406 39.The lower detection limit of the detector is relatively high, which is about 0.1fan$vermal
3407 neutrons and 0.2 mSur fast neutrons. The energy range for fast neutrons is 40 keV to 35W4e\af
3408 externalcompany? dosimetry services is usual.
3409
3410 4.436 Film Dosimeter. A film badge dosimeter consists of photographic film and filters. The
3411 film is developed after irradtion, and the photographic density is compared with that of the control film,

3412 which is kept far from radiation sourcésrough estimate of the photon or be#y energy can be

9 RADOS Technology OyPO Box 506FIN-20101 Turky Finland

20PPG Industriesdne PPG Placeittsburgh, Pennsylvania 15272 USA

21 Landauer Inc.2 Science Roadslenwood, lllinois 604251586U.S.A.

22 Landauer Inc.2 Science Roadslenwood, Illinois604251586U.S.A.
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obtained by using a combination of filtef$iermal neutron exposure is meaglwith a cadmium filter.
Observation of recoil nuclear tracks with a microscope gives the exposure of fast né&xremst
company dosimetry services are usually used. In spite of these features, the film badge dosimeter is
disappearing quickly becagi®fthe following disadvantagekigher detection limit of about 10@v for
photons and beta rays and of several hundred&wfor neutronsandfading phenomenon that makes
the measurement impossible if the dosimeter is left for several months without development after

irradiation.

4.5 Calibration

4 .51 Introduction

Calibrationinvolves thecomparson betweertthe reading of a dosimeter with the dose nat
standard radiation field that is traceablatmtional standard field, areddescription ofhe relationship
between thermDetailsof the calibration proceda are precisely explained in the ICRU reports for

photon dosimeters (ICRU, 1982and for neutron dosimeters (ICRU, 2001).

The calibration facton, is given by:
N=H/M (4.2)
whereH is the dose rate of the standard field, &hd thereading of the detector after necessary

corrections are applied, for example, with atmospheric pressure and with temperature.

There are two kinds of calibratioane is to obtain the detector characteristics of energy, angular

and doseaate dependencieand the other is to determine the changdbke detector performaneath
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time, such as absolute sensitivity. The manufacturer usually does the former calivititiadherence

to national industrial standardssék do the latter once or twice a ye@he latter calibration done by the

user is describelelow.

4 .52 Calibration of Ambient Dose Monitor

4.52.1 Calibration of Photon Monitor. A standard fieldcan be achieved by usingtandard
gammaray source 0f%Co or**’Cs. The standard dose rgtt is obtained with the following formula
H=X& (4.2)
whereX is the given exposure rateaat m distance from the standard source, fisdhe conversion
factor of exposure to ambient dose equivalei10) , for the gammaay enegy of the source. If the
detector is not placed atm distancdrom the sourcegthenX should becorrectedaccording to the

inversesquareaw of the distanceassuming a point source of radiation.

If a standard exposure dosimetghich iscalibratedn a field having traceability to the national

standard fieldis used, thethe standard dose ratd,is given by:
H=N,O OV (4.3)

whereMs is the reading of the standard dosimetféer necessary corrections are applidgis its

calibraton factor,andf is the conversion factor of exposure to ambient dose equivalEif)).

The photons reaching the calibration pafterscatteringrom thewalls, floor, and roof are
ignored inEquation 4.21n Equation 4.3the change of photon enertiyough the scattering is also
ignored.Thus the detectomust not be placef@r from the sourceOn the other handf the detectors
placedtoo close to the sourcepnuniform irradiation of the detector is caused and a further
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consequence is a lamgelative uncertaintyn the distanceThereforein order to assume a point source
of radiation, he distancehould be greatedhan 5 times the detector diameter, anthllerthan 2 m if the
source is not collimated.he detector and the sourgleould & located at leadt2 maway from the

floor, and2 m awayfrom the wall and the roof

4.52.2 Calibration of Neutron Monitor. 2°2Cf (average energy = 2.2 Me¥hd?*!Am-Be
(average energy = 4.5 Me$purces are used for calibration. Since scattesigigficantly affects the
dose ratdor neutronsjt cannot be reduced to negligible levélie calibration facto\, for a standard

sourcewith a givenneutron emission rate, can be obtained with the following formula

H

N=——
M- M,

(4.4)

whereH is the dose rate calculated with gh@duct of the sourcemission rate and the conversion factor
of neutron fluence to dose equivalawit is the reading of the detector irradiated by direct and scattered
neutrons, anig is the background reading tbfe detector irradiated only by scattered neutrions,

which caselte direct neutrons are shielded by a shadow cone placed between the source and the dete

Shielding of the direct neutrons needsassive and costly shadow cone. Instead of using
Equaton 4.4 the following procedure is also applicable. Since the angular depeaieéhe neutron
detector sensitivity is usually small, the dose rdtancluding the scattered neutrons at the calibration
point, can be determined with a standeeterencedosimeter. A detector to be calibrated is also
irradiated with the direct and scattered neutrons, and the calibration fa®simply obtained with
Equation 4.1 and Equation 4\8heref is unity if the standardeferencedosimetereadsambient dose

equivalent.
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If the neutron renmeter isof theconventionatypeandrespondgo neutrons below 15 MeV, the
remmeter calibratedisingthe above procedure givagorrect value onlyn a neutron field of energy
below 15 MeV. Highenergy neutronaredominant at a particle theragpscility and a conventional rem
meter may give only one third of the trdese ratexs described ifection 4.2.1.1To estimate the

correctdose ratethe neutron energy fluenc&E), at the field has to béetermined However, the

absolute value of (E) is not necessary heréhe energycorrectedcalibration factorNc, is estimated hy

ﬁz";?xAp)f(E)dE

ax

i (4.5)
ﬂ?(E)f(E)dE

Ne =N

whereE is particle energyk+(AP) is the dose conversion coefficients from particle fluence to effective
dosefor AP geometry, an&(E) is the detector response. When the reading of themetar,M, is
multiplied byNc, the correct effective dose is obtairfé®n theother handif the remmeter hasn

improved energy response to highergy neutrons, it gives ala@orrect value at higkenergy field.

4.53 Calibration of Individual Monitor s

Individualmonitorsareworn on and close to thieody; thus, thecontribution of the scedred
photons and neutronshggh. Thereforethe calibration igypically performeadwith the individual
monitor placed on a water phantom ofc30 width by 30cm height by 1%®m thickness. The monitor

should be placed more than 10 cm away from the efdpe @hantom.

23 Sincethe H*(10) dose is much smaller than the effective dose for-Biggrgy neutrons as describedsettion 4.1.1,
evaluation of the effective dose isdissed. IH*(10) is estimatedthe dose conversion coefficients 4(AP) arereplaced

by thedoseconversion coefficientfor H*(10).
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The dose rate at the detector positathoutthe phantomk, is calculated usingquation 4.2
with the conversion factor of exposure to H§10) dose ratd, In the case of neutrond,is calculated
by the product ofhe given neutroemission rate of the source and the conversion factor of fluence to the
Hp(10) dose rate. The calibration fact,is obtained usingquation 4.1with the standard dose ratt,

and the reading of the monitd.

The directional personal im depth dse equivalent is expressedHig10, a), wherea is the
angle between the normal direction of the phantom surface and the direction of radiation. TReahtio,
Hp(10, &) to Hp(10,0°) is close to unity (0.& R< 1 for a > 75°) for photons of energiedbave 0.4 MeV
and for neutrons of energies above 5 MeV. From Fig.itdcan be observed that higimergy particles
are thedominantcontributors to theloses, and the angular distribution of the radiation does not seriously
affect theindividual exposurelf the angular dependeaof the individual monitor isignificantly
different from that oHp(10, &) even at higher energies, the reading of the monitor is not reliable. The

calibration factorN, for angular incidenceshould also be considered.
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5. Activation

YoshitomoUwamino

5.1 Introduction

Induced radioactivity produced in an acceleratadits beamline componentsay @use
exposure of maintenance workers, and makes the dispasativadftedcomponents difficultFurther,
radioactivityin the vicinity of thetreatment portheam shaping, and delivery systemay result irthe
exposure of medal staff. This exposure may not be negligible at a faditit doesiot use a scanning
irradiation system. At a cyclotron facility, induced radioactivity of the energy selection system (ESS) is

significant

Accelerated particlesxiting thevacuum wimow interact bynuclear reactions the air path
upstream of thpatient causing activationlhe air is also activated by the secondary neutrons that are
produced by nuclear reactions of charged particles indhgamentind onthe patient. These secoar/

neutronsalsoproduce radioactivity in equipment cooling water and possibly in groundwater.

Treatment witthigh-energycharged patrticles intrinsically activates the diseased part of the
patient. Tujii et al.(2009)irradiated a phantom with proton acarbon beams at therapy facilities and
measured the activation. The estimated exposure of medical staffs and family members of the patient \
negligibly small, and the concentration of radioactivity in the excreta of the patient was insignificant

when tte dilution at a lavatory was taken into account.
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A comprehensiveook on induced radioactivity was written by Barbier (1969), and useful data
was published bthe InternationalAtomic EnergyAgency(IAEA, 1987). Activation-associatedafety
aspectof high-energy particle accelerators aiscussedn several bookse(g, IAEA, 1988 Sullivan,

1992).

Induced radioactivity and its resulting radiation field can be estimated by using a single Monte
Carlo progranstartingwith the primary accelerated pargsl Ferrari, 200%. Several Monte Carlo codes
calculate the production of residual radioactivity, ppdtprocessingrograms follow the decay chain
of the radioactivity and calculate the gamrmag transport and the dose rate. Chapter 6 explaamge
Callo methods in detailwhile in this chaptercalculation and measurement techniques to determine

activation of equipment, buildings, watand airare described.

5.11 Activation Reactions

Since neutrons are not affectedtbg Coulomb barrieof the nuclei, neutrons of any energy react
with nuclei. Thermal neutrons mosihteractvia (n, g) reactions. However, with some nucligdeach as
®Li, theyproduce®H through the (na) reaction. Neutrons of energy higher than the excited level of the
target nucleus provoke (ndrreactions. Usually, the excited nucleus immediately transits goatsd
state accompanied by gamirey emission. When the neutron energguficiently high enoughto
cause particle emission, many types of activation rea¢soieh as (n, p), (), (n, 2n) etc occur.
Relativistic highenergy neutrons cause spatiatreactionghatemit any type of nuclide lighter than the

target nucleus.
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Charged particlewith energy lower than the Coulomb barrier do not effectively react with
nuclei. Coulomb excitation causesay emission and fission in special casesh asn uranium. These
phenomena, however, can be usually ignored becauserélyeexergy is low and not penetrative, and
because the fission probability is very small. Wherptimticleenergy becomes higher than the Coulomb
barrier, particleproducecompounl nuclei. Dependingpon the excitation energy of the compound
nuclei, (x,g) reactiongwherex is the incident charged partigl@nd particleemitting reactions, such as
(x, n), (x, p) and (xa) reactions, occur and often resultle production ofadioactive nuclides. The

high-energy charged particles can also cause spallation reactions.

Examples of reaction cross sections are shown in Figs. 5.1 and 5.2. Figure 5.1 is the neutron

capture cross sectidar °°Co. The capture cross sections are gelygpabportional to vV (v is the
neutron velocity or ]/\/E whereE is the energy. Theffuctuate at the resonance energy region
according to the characteristics of the nuclide. P@®(n,g)*°Co reaction is importarior the activation
of stainless steel by thermal neutrons. The cross sections of threshold activation reatidraef
shown in Fig. 5.2. The threshold energiesla®MeV, 3.2 MeV and 13.5 MeV for thé&’Al(n, p)*’Mg,
27Al(n, a)**Na, and?’Al(n, 2n)°Al reactions respectivelyIn general, cross sectiofs threshold

reactions rapidly increase beyond the threshold energy and have a peak. They decrease beyond the p

energy, since other reaction channels open with tlrease of energy.

Figure 5.3 shows the nuclides produced by various reactions of neutrons and protons. The heav)

ion reactions are more complard thereforejt is difficult to showa similar kind of figure.
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3588 Figure5.1. Cross section for tA¥o(n,g)%°Co activatiorreadion as a function of energfChadwicket
3589 al., 20086.
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3593 Figure5.2. Cross sections for tR&l(n, p)>’Mg, 2’Al(n, a)**Na, and?’Al(n, 2n)*°Al activationreadions
3594 as a function of energyChadwicket al, 2006.
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3598 Figure5.3. Nuclides produced by various nuclear reactions. (n, d) reaction includes (n, pn) reaction, ar
3599 (n, t) reaction includes (n, dn) and (n, p2n) reactions, and so on.
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5.1.2 Activation and Decay

The production rate afradioactive nuclideR (s1), is calcuated by the following formula
R=7Fs NV (5.1)
where f (cm? s?) is the radiation fluence rate averaged over the irradiation fel(Gn?) is the

activation cross section averaged over the radiation enseggm™) is the atomic density of the nuclide

to be activated, and (cn?®) is the volume of the iiadiation field.

The radioactivity A(Tr) (Bq), immediately after an irradiatidime periodof Tr (S) is given by

the following formula
AT,) =R@1- €'™) (5.2)
where/ (s?) is the decay constant of the radioactive nuclRles thesaturaibn activity. If Tr is much

longer than the halife, T12 (= In2//), A(Tr) becomes equal t&.

The radioactivityafter Tp second$ave elapsedfter the irradiation end(Tr +Tp) (BQ), is given

by the following formula
AT +T,) =R(1- e'™)e’ '™ (5.3)

Equatbn 5.3 is shown in Fig. 5.4 with the thick solid line.
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3622 Figure5.4. Change of radioactivity during irradiation and decay. The thick solid line shows the gener:
3623 case, the dotted and dashed line shows the case ohalfdife (Tr >> T1/2), andthe dashed line shows
3624 the case of long halife (Tr << T2 andTp << T1y).
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3626 If Tr is much longer than the hdife, Tz > 3,, the radioactivity is saturated at the end of
3627 irradiation, and the radioactivity after the irradiation is approximayetthe following formula

3628 AT, +T,)° Re'™ (5.4)
3629 The radioactivity reachea maximum gaturaion activity), and decays in a short time after the
3630 irradiation. This is shown by the dotted and dashed line in Fig. 5.4.

3631

3632 If TR andTp are much shortehan the haHife, the produced radioactivity accumulates almost

3633 withoutanydisintegration. The amount of radioactivity is much smaller than the satuvatue. This is

3634 shown by the dashed line in Fig. 5.4.

3635 AT, +T,)° /RT, (5.5)
3636
3637 Compared witlthe highenergy high-intensity accelerators used for physics research, the beam

3638 intensity of the particle therapy facility is low, and rfere, saturatiorradioactivity is also low.

3639 Moreover, the irradiation time is shortatherapy facility, and theumulated radioactivity of lonalf-

3640 life nuclides is usually low. Therefore, the exposure of maintenance workers and medical rsteff
3641 usuallyof major concermat a facility dedicatetb charged particleherapy. However, the activation of air
3642 may becme significant level in a treatment room and in an enclosure of equipment where high bea
3643 loss occurs.

3644

3645 5.2 Accelerator Components

3646

3647 5.2.1 ResiduaActivity Induced byPrimary Particles

3648
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Radioactive nuclides are mosflyoducedoy primary beams in the eglerator and beaiime
components, includingeam shaping and delivedgvices andthe energy selection system (ESS). The
accelerator and bealime components are mainly made of alumingtajnless ste€hickel, chromium
and iron, iron, and copper. Rédual activities are induced by spallation reactioccurringoetween

these materials arttle projectile particles.

Because of high melting point and high dengipgsterand tantalunareoften usedn
acceleratorse.g.at anextraction septurof a cyclotron and at beam stoppefheyarenot only
activatal, but also hae a tendecy to evaporate and contaminag¢ thesurfaceof the surrounding

materials.

5.2.11 ResidualActivities in Al, Cr, Fe, Ni, Cu. Various radionuclides amgroducedrom
spdlation reactions. Reaction cross sections of nuclides produced in Cu, Ni, Bed@l for 400
MeV/nucleon*?C ion irradiation were measured at HIMAC and shown in Fig. 5.5. In FigaStBng
targetmass numbedependency is natbservedbutthere s a wider distributiomf the produced

nuclideswith increasingarget mass number.
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3668 Figure 5.5. Reaction cross sections of nuclides produced in Cu, Ni,,leeddkl for 400MeV/nucleon
3669 '%C ion irradiation(Yashimaet al, 2004a).
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5.2.12 MassYield Distribution of ResidualActivities in Cu. The massyield (isobarieyield)
distributions of nuclides produced in Cu for various projectiles and energies are shown in Fige5.6. T
produd nuclides can be divided into the three groups of (1) to (IIghasvn in Fig. 5.6; (I) target
fragmentatioroccurringfrom a reaction o$mallimpact parameter or projectile fragmentation of a heavy
projectile, (lll) target fragmentatiomccurringfrom a reactionn which the impact parameter is almost
equal to the surof projectile radius anthetarget radius, (Il) target fragmentationcurringfrom a

reactionin whichtheimpact parametdres betweergl) and (llI).

It is evident from Fig. 5.6 that the cross sections of isobaric Vielily decrease with
increasing mass number difference between Cuthedrodud nuclide. However, the production cross
sectiongncreasdor light nuclides of group (1), since light nuclides lik&e are produced not only by
heavy disintegrations of the target nuclei through kimgdactparameter reactions, but also as smaller
fragments of light disintegrations. These light nuclides are also produced by projectile fragmentations c

heavy patrticles.
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3688 Figure 5.6. Masyield (isobarieyield) distributions of nuclides producedCu for various projectile
3689 particles and energies. The distributions are divided into three groups as explained in(¥estexta
3690 etal, 2002 2004a).
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5.2.13 Spatial Distribution of Residual Activities with Cu Target Depth. The spatial
distributions of residual activities dBe, ??Na, *8Cl, *°Cr, *®Mn, and®*Cu induced in Cu are shown in
Fig. 5.7(a)to (f) , where the target depth is expressed in units of the projectile range. $adticm and
the following twoSections(5.2.1.4 and.2.1.5, the residual activities produced in the vicinity of the
primary ion trajectory are discussed. Whereas the activities are mostly produced by the primary ions,
they include the productions of secondary charged particles and neutrons. Figures §)a) be
understood andummarizeds follows. When the mass number difference between Cu and the producec
nuclide is largei.e., the produced nuclide belongs to group (I) in Fig. 5.6, the nuclides are produced
dominantly by the primary projectile reactidostof thereaction cross sections therefore slowly
decrease with target depth, according to the attenuation of projectile flux through the target. When the
mass number difference between Cu andgteuced nuclide is smallg., the nuclides produced
bdonging to group (1) or (lll) in Fig. 5.6, the fraction of nuclides produced by reactions with secondary
particles is large. With increasing mass number of the produced nuclides and the projectile energy, the
residual activity increases with the depthtted Cu target due to the increasing contribution of secondary
particle reactions. In Fig. 5.7(&5.7(b), and 5(¢), the residual activity increases steeply near the
projectile range in some casésr example/Be production by 100 MeV/nucled?C, 2°Na production
by 800 MeV/nucleorR®Si, and3&CI production by 230 MeV/nucledfAr. This is attributed to the
projectile fragmentation during flight. Since a projectile fragment has the similar velocity and direction
to the projectile ion, the projectile fragnt stops at a slightly deeper point than the projectile range.

Similar phenomenoare expecteth **C production byC irradiation.
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3714 Figure 5.7. Spatial distribution of residual activities with Cu target depth for various projectile types an
3715 energis(Yashimaet al, 2004b)

3716
225



3717

3718

3719

3720

3721

3722

RC22 on lorBeam Therapy
25 September 2009

5.2.14 Total ResidualActivity Estimation Induced in CuTarget. Cooling down ofthetotal
residualactivity induced in Cu targetvhichwas estimated from the abowgentioned measuregpatial
distribution,is shown in Fig5.8(a) and5.8(b) for ashort irradiation time andlong irradiation time 10

months an®0 years respectively under the condition of 6.2 10 particles/sed.e., 1 particlemA (1

pmA) beam intensitylNotice that thex-axisunit is second for Fig. 5.8(a), and day for Fig. 5.8(b).
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3725 Figure 5.8. Total residual activity induced in Cu target irradiatedfoyALions (Yashimaet al,, 2004b)
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Thetotal residualactivity producedn a thick target at the end of irradiation is shown as a
function of the total projectile energy in Fig. 5.9(a). The projectile particles are same as those of Fig. 5.
The total activityfor the same projectile energy per nucleon decreases with inmgygasjectile mass
number except for 23BleV proton irradiation. This can be explaineda@®ws. Becausahe production
cross sectiosiof these nuclides do not depend strongly on the projectile mass number having the same
energy per nucleof¥ashimaet d., 2002 2004a) the residual activigsarelarger with lighter
projectiles, which have longer range 230MeV protons have the same rarag230MeV/nucleon He
and have smaller cross sections as shown in Fig. 5.6. Therefore, the total activity pbydorcddns is
smaller than that by He. When the total activity produced by a specific particle is compared, it increase

with increasingorojectile energy per nucleon.

The majority of the residual activitiesdeminatedoy 161Cu, >"-°Co, *2Mn, °!Cr, and ‘Be atthe
end ofirradiation %°Zn, 6750, >Mn, and®'Cr ata cooling time of two monthsind®Co and**Ti
after30 yearsof cooling respectivelyThe fraction of these nuclides produced by reactions with
secondary particles is also large. Tasidual activiesaretherefore larger with higher energy
projectiles, which produce more secondary particles. The specific residual pgt@ritunit mass of Cu
target isshown as a function of total projectile energy in Bi§(b). The target is a Caylinder having a
cross section of &m? and a length equal the projectile rang In Fig.5.9(b), the specific residual

activity increase with increasinghetotal projectile energy.
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3763 Figure 5.9. Projectile energy dependence of tesidual activity and specific residual activity induced
3764 in Cu target immediately after the fbnth XpmA irradiation(Yashimaet al, 2004b)
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5.2.15 GammaRay DoseEstimation from Residual Activity in Cu Target. Thedecay of the
gammaray effectivedoserateat the point located 1 glistantfrom the Cu targes shown in Fig5.10a)
and (b)for ashat irradiation time and long irradiaton time L0 months an@0 years respectively.
Thecontribution of annihilation photons ilscluded in the dose rat€hedose rate at the end of
irradiationis shown as a function of total projectile energy in Bi@l The energy and projectile

dependence @fammaray dose is similar to that of residual activity.
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3778 Figure 5.11. Projectile dependence of gannayaeffective dose from total residual activity induced in
3779 Cu target immediately after the hbnth XpnA irradiation(Yashimaet al, 2004b)
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5.2.2 ResiduaActivities Induced bySecondary Neutrons

Radioactive nuclides are also induced by secondary neutrons, the energies of which extend up
the primary proton energy, and in the case of heavy ions, up to about double the primary particle ener

per nucleon.

Because of Igh permeability, neutron activatiamwidely distributedwhile the activation by
charged particles is limited to within the particle range. The intensity of secondafgriagyy neutrons
is strongly forwarepeakedalong the primanparticle direction, ad decreases with the inverse square of

the distancérom the effective source

Neutroninduced reaction cross section data are very scarce above 20 MeV. It is often assumed
that the cross sections have the same value as pratoced cross sections aleo¥00 MeV. As an
example, a comparison of cross section¥6u(n, xf8Co and®Cu(p, xf8Co reactions is shown in Fig.
5.12. In Fig. 5.12, neutreimduced reaction cross sections are slightly larger than pnotced

reaction cross sections aboveN3éV.
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3799 Figure 5.12. Cross sections of tRi€u(n, xfCo and thé®Cu(p, xPCo reactiongKim et al, 199;
3800 Michelet al, 1997 Sistersoret al, 20095.
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Thermal neutronarealmost uniformly distributed inside an accelerator enclosure. The flagnce

at places further than 2 m from the neutron production point can be estimated by the following simple

formula (Ishikawal1991)
£, =9 (5.6)

whereC is a constant estimated to beQlis the number of total produceéutrons, an&is the total

inside surface area of an enclosure, including the walls, the #odithe roof.

Table 5.1 shows the characterisadionuclidegproduced in metals by thermautronsMn and
Co areimpurities in iron and stainless ste€Mn is also produced by fast neutrons in ¥ke(n, p)
reaction. Brass is aalloy of Cu and Zn. Lead bricks sometimes contain Sb to improve the mechanical

characteristics.
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3814 Table 5.1 Characteristradionuclidegproduced in metals by thermatutroncapture. Gamma rays of

3815 which emission probabilities are larger thatoJare listedFirestone, 1999; Sullivan 1992)

Fertile nuclide, abundance

Radionuclide  Half-life Decay mode gray (emission)
and capture cross sectior
847 ke/ (98.9%)
5Mn 2.58 hour b 100% 1811 keV (27.2%) Mn, 100%, 13.3b
2113 keV (14.3%)
60 ] 1173 keV(100%) 5
Co 5.27 year b 100% Co, 100%, 37.2b
1332 keV(100%)
EC: 43.6%
®Cu 12.7 hour  b": 17.4% 511 keV (b") %Cu, 69.2%, 4.5b
b: 39.0%
EC: 98.6% 1116 keV (50.6%)
5Zn 244.3 day 64Zn, 48.6%, 0.76b
b*: 1.4% 511 keV (b")
69mzn 13.8 hour IT: 100% 439 keV (94.8%) 8zn, 18.8%, 0.07b
b: 97.6% 564 keV (70.7%
12251 2.72 day ( ) 1215y, 57.4%, 5.9b
EC: 2.4% 693 keV  (3.9%)
603 keV (98.0%)
646 keV (7.3%)
12 ) 723 keV (11.3%) "
“Sh 60.2 day b 100% 3Sb, 42.6%, 4.1b

1691 keV (48.5%)
2091 keV  (5.7%)
etc
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5.3 Concrete

The anount ofinducedradioactivity andactivity concentratioin concreteused for shieldings
smaller than that itheaccelerator componenthat are directly irradiated Itlge primaryaccelerator
beams. After accelerator operatioais ceasedyorkers inside the shielded room are exposedamma
raysfrom 2Na (half-life = 15 hours) in the concrete. After acceleratecommissioningthe shélding
barriersarealsodismantlel. In this casespecial care must be taken becauderud-lived residual

radioactivty.

Measured and calculated secondary neutron spectra irstiigkls are shown in Fig. 5.13

Neutron spectra do not change much, laigtt-energy reactions are still importanti@tationsdeep

within the shields. Radioactivity decreases exponentially with concrete depth.
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3834

3835 Figure5.13. Measured and calculated secondary neutron spectra in thick concretesbieics
3836 irradiatedby 140 MeV pLi neutron source at RCNP (Kirihaet al, 2008).
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