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PREFACE

The current report on shielding and radiation prtid@ for charged particle therapy facilities is
the first report produced by the Publications Subaittee of the Particle Therapy Co-Operative Group
(PTCOG). The PTCOG Publications Subcommittee wésoaized at the PTCOG 46 Steering

Committee meeting in Wanjie, China, and has thiefwhg membership:

Co-Chairpersons: Al Smith and Erik Blomquist

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

Thomas Bortfeld

De Facto Members: Hirohiko Tsujii, PTCOG Steer@mmmittee Chariman

Martin Jermann, PTCOG Secretary/Treasurer

The Publications Subcommittee was charged witmdwejitopics of interest to PTCOG members
and establishing Task Groups to develop reporsuch topics. The first Task Group to be established
was Task Group I: Shielding Design and Radiatiartd®tion of Charged Particle Therapy Facilities.

The Task Group has the following members:

Task Group Leader: Nisy Ipe, Shielding Consult&aiy Carlos, CA USA
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The topic of shielding and radiation protection wasposed by a number of PTCOG members
and was deemed to be important to all particleagnefacilities. The topic is, however, somewhat
difficult to address due to the variety of partialecelerators, treatment delivery systems, andaggus
encountered throughout the world. Because of ti#frences, some of the material in the reporbys,

necessity, more general than would have been geeitapecific circumstances were being addressed.
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389

390 We have tried, as far as possible, to describe maated up-to-date methodology, procedures,
391 and instrumentation used in shielding calculatiammg radiation measurements. That said, we have not
392 attempted to be exhaustive and therefore haveavetred every possible technique and every new
393 technology. We have focused on the “tried and pmbwath the assumption that this approach would
394 provide the most useful document for particle tpgrasers and developers. It is our intent, howeleer,
395 periodically update the document in order to keéejirent with the latest thinking experience and

396 technologies. The document is being published mleally and is available on the PTCOG web site:

397 http://ptcog.web.psi.ch

398

399 We encourage PTCOG members, and others, to senti@ais, critiques, and corrections to the
400 address specified in the PTCOG Publication Subcdteeniink on the PTCOG web site. We will

401 attempt to address corrections in a timely man@amments and critiques will be addressed as time
402  permits.

403
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409 budget (except for the services of the editorialstant), in spite of the demands of her privatesatting
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Now that this initial effort has been brought teweccessful conclusion, the Publications

Subcommittee intends to identify other topics afeyal interest to the PTCOG community and publish

additional reports. We look forward to your feedbaad assistance.
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Al Smith

September 2009
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1. Introduction

Nisy Elizabeth Ipe

1.1 Brief Overview of Charged Particle Therapy Fadities

Charged particle therapy facilities might use pngtand various ions such as helium, lithium,
boron, carbon, nitrogen, oxygen, neon, and argdreéd malignant and nonmalignant diseases. Particl
energies are required that allow penetration ofr8r more in tissue. In this report, the primary
emphasis will be on protons and carbon idreere are currently about thirty operational p&ttberapy
facilities (both proton and carbon) worldwide (PTG(2009). Another twenty-three facilities or so are

in the planning, design, or construction stagd&eatime of writing this report.

A typical large particle therapy (PT) facility migbonsist of an injector, a cyclotron or a
synchrotron to accelerate the particles, a highiggneeam transport line, several treatment rooms
including fixed beam and 360° gantry rooms, antkrgfa research area (ICRU, 2007). Recently, single
room therapy systems with a synchrocyclotron irdtgt in the treatment room have also become
available. These and other novel technologies ismislsed in Chapter 2. Several vendors offer single
room systems with the accelerator outside thertresat room; such facilities usually have the abiiay
add additional treatment rooms in future faciligpansions. For both cyclotron- and synchrotron-dase
systems, dose rates of 1 to 2 Gy/min are typiaahd for patient treatment using “large” fieldshe
order of 30 cm x 30 cm. Special beam lines devtiexye treatments use dose rates in the order tuf 15
20 Gy/min but for smaller fields of about 3 cm detar. There are a few systems used specifically for
radiosurgery techniques that use dose rates addsiEes intermediate to those for large field timeants

and eye treatments.
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443 During the operation of particle therapy facilitisecondary radiation is produced at locations
444  where beam losses occur. Such losses may ocdue syhchrotron and cyclotron along the beam line
445  during injection, acceleration, extraction, enedggradation, and transport of the particles inotem
446 line to the treatment room, and in the beam shagévices in the treatment nozzle. In addition, the
447  deposition of beam proton interactions in the peitibeam stop, or dosimetry phantom also results in
448 radiation production. Thus, the entire facility végs shielding. The interaction of protons andoar
449 ions with matter results in “prompt” and “residugddiation. Prompt radiation persists only durihg t
450 time that the beam is present. Residual radiatimm factivation continues after the beam is shutkedf
451 charged particle therapy facilities, neutrons daterthe prompt radiation dose outside the shielding
452

453 Proton energies in therapy facilities typically garfrom about 230 MeV to 250 MeV, while
454  carbon ions may have maximum energies of 320 Mé¥ 430 MeV o' For ions, it is customary to use
455  the specific energy defined as the ratio of thaltemergy to the atomic mass number (MeV Amu

456 MeV u') (NCRP, 2003). The specific energy is generallysidered equivalent to the kinetic energy per
457 nucleon. Because there are 12 carbon nucleonsttileehergy available for interactions is 5.16 GelV
458 430 MeV u* carbon ions. Thus, the maximum neutron energlyexiteed 430 MeV in this case. For
459 carbon ion beams, the maximum energy of the nesiigbapproximately two times the energy of the
460 carbon ion (Kurosawat al, 1999). For proton beams, the neutron energiendxb a maximum, which
461 is the energy of the incident proton.

462

463 Figure 1.1 shows a schematic of a cyclotron-bagethé€ility capable of accelerating protons or

464 carbonions. Figure 1.2 shows an example of alsgtron-based PT facility.
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468 Figure 1.1. Schematic of a cyclotron-based particerapy facility (Courtesy of IBA

! lon Beam Applications, Belgium
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469
470
471

472
473 Figure 1.2. Heidelberg lon Therapy Center (Coyrtdss. Fehrenbacher)
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1.2 Overview of Particle Accelerator Shielding

The history of particle accelerator shielding ddtask to the 1930s, with the construction and
operation of particle accelerators at Cambridg€bgkroft and Walton, and at Berkeley by Lawrence
and Livingstone (Stevenson, 1999; IAEA, 1988). €ndy accelerators were of low energy and
intensity, and many of them were constructed urrdergl. However, as larger accelerators producing
particles with much higher energies were develqpag, the Cosmotron at Brookhaven and the
Bevatron at Berkeley), knowledge of the prompta#idn fields and the requirements for effective
shielding design became necessary. An understaodliing generation of prompt and residual radiation
requires knowledge of the nuclear reactions thatiom the energy range of interest. These are

discussed in Chapter 2.

The prompt radiation field produced by protons k&&V to 250 MeV) encountered in proton
therapy is quite complex, consisting of a mixtureltarged and neutral particles as well as photons.
When these protons react with matter, a hadronruolear cascade (spray of particles) is produced i
which neutrons have energies as high as the pestergy (ICRU, 2000). Further discussion can be
found in Chapter 2. This high-energy componenhwiutron energie&f) above 100 MeV propagates
the neutrons through the shielding; and continyortegienerates lower-energy neutrons and charged
particles at all depths in the shiefid inelastic reactions with the shielding materiabfiéz, 2001).

Thus, the neutron energy distribution consistsvaf tomponents, high-energy neutrons produced by the
cascade and evaporation neutrons with energy pedke@ MeV. The high-energy neutrons are forward
peaked but the evaporation neutrons are isotrdpie.highest-energy neutrons detected outside the
shielding are those that arrive without interactionthat have undergone only elastic scatteringjrect
inelastic scattering with little loss of energydamsmall change in direction. Low-energy neutramg

charged particles detected outside the shieldiaghmse that have been generated at the outecswfa

5
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the shield. Thus, the yield of high-energy neutr(s> 100 MeV) in the primary collision of the
protons with the target material determines thenitade of the prompt radiation field outside théekh
for intermediate-energy protons. The high-energytno@s are anisotropic and are forward peakechdn t
therapeutic energy range of interest, the chargeticfes produced by the protons will be absorlped i
shielding that is sufficiently thick to protect agst neutrons. Thus, neutrons dominate the radidisd
outside the shielding. Degraded neutrons might rgadeapture reactions in the shielding, giving tse

neutron-capture gamma rays.

The prompt radiation field produced by carbon i@nalso dominated by neutrons with much
higher energies than is the case with protons. Dos&ibutions from pions, protons, and photons are

significantly lower than from neutrons. Additionaformation is provided in Chapter 2.

The goal of shielding is to attenuate secondariatexh to levels that are within regulatory or
design limits for individual exposure, and to paitequipment from radiation damage, which should be
done at a reasonable cost and without compromikmgse of the accelerator for its intended purpose
(Stevenson, 2001). This requires knowledge of tiieviing parameters (Ipe, 2008), some of which are

discussed in detail in Chapter 3.

1. Accelerator type, particle type, and maximum energy

2. Beam losses and targets

3. Beam-on time

4. Beam shaping and delivery

5. Regulatory and design limits

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

dose per treatment
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7. Use factors

8. Occupancy factors

There are several powerful computer codes discuasgtapter 6 that are capable of providing
detailed spatial distributions of dose equivalansmle the shielding. However, it is often desieatol
perform simpler calculations, especially during skbematic design of the facility. Shielding can be
estimated over a wide range of thicknesses byalh@rfing equation for a point source, which comlsine
the inverse square law and an exponential attesruttrough the shield, and is independent of gegmet

(Agosteoet al, 1996a):

H(Ep, 0, diA(0)) = HO(rE;’H) ex;{— A(g)dg(g)} (1.2)

where:
H is the dose equivalent outside the shielding;
Ho is source term at a production an@ieith respect to the incident beam and is assumed
to be geometry independent;
E, is the energy of the incident particle;
r is the distance between the target and the pbimbhizh the dose equivalent is scored,;
d is the thickness of the shield,;
d/g(#) is the slant thickness of the shield at an afigle
/(0) isthe attenuatiolength for dose equivalent at an ang@lend is defined as the
penetration distance in which the intensity of theiation is attenuated by a factorepf
9(0) = co9 for forward shielding;
g(0) = sirp for lateral shielding;

g(0) = 1 for spherical geometry.
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548 Approximation of the radiation transmission by apa@nential function works well over a limited
549 range of thickness (NCRP, 2003). The attenuatingtteis usually expressed in cm (or m) and in & cm
550 (or kg m?) when multiplied by the density) and will be referred to hereafter’asFor thicknesse()
551 that are less than ~ 100 génthe value of changes with increasing depth in the shield becthes

552 “softer” radiations are more easily attenuated, #wedneutron spectrum hardens. Figure 1.3 shows the
553 variation of attenuation lengtlwX) for monoenergetic neutrons in concrete as a fomcif energy. The
554  attenuation length increases with increasing neutrergy at energies greater than ~ 20 MeV . In the
555 past, it has typically been assumed that the adtestulength reaches a high-energy limiting valtie o
556 about 120 g cffi, even though the data in Fig. 1.3 show a sliginityeasing trend above 200 MeV.

557

558 Figures 1.4a and 1.4b show the comparison of newtnse attenuation lengths measured at
559 various facilities, for concrete and iron, respaadiy, as a function of the effective maximum energy
560 (Emay Of the source neutrons, for neutrons with enerfligm thermal to maximum. Figures 1.5a and
561 1.5b show the comparison of neutron dose attenusditgths measured at various facilities, for ceter
562 and iron, respectively, as a function of the effectnaximum energyHnay) Of the source neutrons, for
563 neutrons with energies greater than 20 MeV. As etgok the attenuation lengths in the latter case ar
564 larger than for neutrons with energies greater tharmal energy. The experiments are described in a
565 paper by Nakamura and include measurementSfgeranging from 22 MeV to 700 MeV, and various
566 production angles for a variety of neutron soul®éskamura, 2004). Table 1.1 summarizes the site and
567 properties of the neutron source, shielding mdtearad the detectors. According to Nakamura, the
568 measured neutron dose attenuation length (theomabkimum energy) for concrete lies between 30 g
569 cm?and 40 g c from about 22 MeV to 65 MeV in the forward direstiand then gradually increases
570 above 100 MeV to a maximum value of about 130 §,amhich may be the high-energy limit. For 400
571 MeV u™ carbon ions, the measured attenuation lengtheifictward direction for concrete (0°

572 production angle) for a maximum neutron energyGff MeV is 126 + 9 g cify while the calculated
8
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value is 115.2 + 9 g ch The corresponding measured and calculated atiendangths for iron in the
forward direction were 211+ 9 g ¢and 209.2 + 1.5 g chrespectively. Monte Carlo calculations by
Ipe and Fasso (Ipe and Fasso, 2006) yielded adosa (from all particles) attenuation length ia th
forward direction of 123.8+ 0.5 g ¢hrfor 430 Mev { carbon ions in concreteSteel is much more
effective than concrete for the shielding of higtergy neutrons. It is important to note that, idiadn
to energy and production angl®,(A also depends upon the material composition angityeiMonte
Carlo calculations by Ipe indicate that, for conerashielding for 250 MeV protons in the forward
direction can differ by about 30 cm for shieldihgcknesses of the order of 2 m to 3 m when two
concretes with the same density but differing cositpams are used. Thus, all concretes will not hiwee
samel at a given angle and energy, and the differenae$e quite pronounced, especially in the
forward direction for concretes with different coosgiions and densities. More information on shigidi

Is provided in Chapter 3.
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Figure 1.3. The variation of attenuation length) (for monoenergetic neutrons in concrete of density

= 2400 kg i (NCRP, 2003). Reprinted with permission of theidtzl Council on Radiation Protection

and Measurements, http://NCRPonline.org

10
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607
608 Table 1.1. Summary of site, neutron source, simglthaterial, and detector properties
609
Site Projectile Target (thickness Neutron source| Shield material Detector
and measured (thickness)
angle
Cyclotron and Radioisotope¢ 25, 35 MeV proton Li (2 mm) Quasi- Concrete (10 cm to | NE213 proton recoil
Center (CYRIC), Tohoko monoenergetic 40 cm) proportional counter
University, Japan collimated beam af Iron (25 cm t0100 Bonner Ball with®*He
0° cm) counter
TIARA proton cyclotron 43 MeV proton Li (3.6 mm) Quasi- Concrete (25 cmto | BC501A
facility, Japan Atomic monoenergetic 200 cm) Bonner Ball with*He
Energy Research Institute | 68 MeV proton Li (5.2 mm) collimated beam at Iron (10 to 30 cm) counter
(JAERI), Japan 0°
Loma Linda University 230 MeV proton Al, Fe, Pb White spectrum Concrete (39 g ¢t | Tissue Equivalent
Medical Center, U.S.A. (stopping length, | (0°, 22°, 45°,90°) | 515gcnf, 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 cm to lon chamber
Center, France cm diameter) (0°, 22°, 45°, 300 cm) TEPC
Water (20 cm x 20| 67.5°, 90°) Rem counter
cmx 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 cmto | TEPC
of Radiological Sciences cmx5cm) (0°) 200 cm) NE213
(NIRS), Japan Iron (20 cmto 100 | Activation detectors (Bi, C)
cm) Self-Time of Flight (TOF)
detector
National Superconducting 155 MeV i He, C, O Hevimet (5.08 cm White spectrum Concrete (308 to Bonner Ball with
Cyclotron Laboratory| x 5.093 cm) (44°-94°) 1057 gcrit, 2.4 g Lil (Eu)
(NSCL), U.S.A. cm® density)
TRIUMF, Canada 500 MeV proton White spectrum Ceter Bonner Ball with
Lil (Eu)
C activation of NE102A
KENS, High Energy 500 MeV proton W (stopping White spectrum Concrete(0mto 4 | Activation detectors (Bi, Al,
Accelerator Research length) (0°) m) Au)
Organization (KEK), Japan
LANSCE, Los Alamos 800 MeV proton Cu (60 cm long, | White spectrum Iron (4to 5 m) 6 ton water Cherenkov
National Laboratory 21 cmdiameter) | (90°) detector
(LANL), U.S.A.
ISIS, Rutherford Appleton | 800 MeV proton Ta (30 cm long, 9| White spectrum Concrete (20 cm to | Bonner Ball with
Laboratory (RAL), U.K. cm diameter) (90°) 120 cm) Lil (Eu)
Iron (10 cm to 60 Rem counter
cm) After 284 cm
thick iron and 97 cm
thick concrete
AGS, Brookhaven National| 1.6, 12, 24 GeV proton Hg (130 cm long} White spectrum Steel (0 mto 3.7 m) | Activation detectors (Bi, Al,
Laboratory, U.S.A. 20 cm diameter) | (0°) Au)
White spectrum Concrete (Omto 5
(90°) m)
Steel (0t0 3.3 m)
SLAC, Stanford National | 28.7 GeV electron Al (145 cm long, | White spectrum Concrete NE213
Accelerator Laboratory, 30 cm diameter) (90°) (274, 335, 396 cm) | Bonner Ball with Lil (Eu)
U.S.A.
CERN, Switzerland 120, 205 GeV/c proton Cu (50 cm long, f White spectrum Iron (40 cm) TEPC (HANDI)
cm diameter) (90°) Concrete (80 cm) Bonner Ball with Lil (Eu)
LINUS
299Bj and***Th fission
chambers
160 Gev (f lead Pb White spectrum Concrete

13
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The attenuation length of neutrons in the shieldiragerial determines the thickness of shielding
that is required to reduce the dose to acceptalbitdd. Shielding for neutrons must be such that
sufficient material is interposed between the seand the point of interest, and neutrons of adrgies
must be attenuated effectively (Moritz, 2001). Densaterial of high-atomic mass such as steel meets
the first criterion, and hydrogen meets the seawitdrion because of effective attenuation by aast
scattering. However, steel is transparent to naestod energy ~ 0.2 MeV to 0.3 MeV. Therefore, a&lay
of hydrogenous material must always follow the Istékernatively, large thicknesses of concrete or

concrete with high-z aggregates can be used assdisd in Chapter 3.

1.3 Dose Quantities and Conversion Coefficients

1.3.1 Protection and Operational Dose Quantities

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

shielding calculations and radiation monitoring discussed below.

Shielding calculations and radiation monitoring peeformed solely for radiation protection. The
former are performed to ensure that the facilitgesigned so that exposures of personnel and thig pu
are within regulatory limits. The latter is perfagthto demonstrate compliance with design or regojat
limits (NCRP, 2003). Thus, the calculations and sne@aments must be expressed in terms of quantities
in which the limits are defined. The Internatio@ammission on Radiological Protection (ICRP)
defines dose limits. They are expressed in ternpgaiection quantities measured in the human body.
Compliance with these limits can be demonstratethbgsurement of the appropriate operational

quantity defined by the International CommissiondRadiological Units and Measurements (ICRU).
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ICRP Publication 60 (ICRP, 1991) recommended tleafi®quivalent doseHf) and effective doseE]

as protection quantities. However, these quantitiesnot directly measurable. For external indigidu
exposure the accepted convention is the use o&tpeal quantities, ambient dose equivaldnd), the
directional dose equivalehl(d,2), and personal dose equivaléfy{d), defined by ICRU. The two sets
of quantities might be related to the particle fioe and, in turn, by conversion coefficients toheaiher.
Note that the term “dose” might be used in a gersanse throughout this document to refer to the
various dose quantities. The definitions of pratetand operational quantities taken from ICRU Repo
51 (ICRU, 1991), ICRP Publication 60 (ICRP, 19949 &CRP Publication 103 (ICRP, 2007) are as

follows:

Theabsorbed doseD, is the quotient oD :%Where de is the mean energy imparted by

ionizing radiation to matter of mastn. 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, whekis the absorbed
dose and is the quality factor at that point. Thit$= Q D. The unit of dose equivalent in the Sl

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

(ICRP, 1991) introduced the concept of equivalesed ICRP Publication 103 (ICRP, 2007)

modified the weighting factors.
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657 Theequivalent dose,H, in a tissue or organ is given by, = ZWRDT‘R, where D, . is the

R
658 mean absorbed dose in the tissue or oradye to radiationR, and w,, is the corresponding
659 radiation weighting factor. The unit of equivaleiuse is the sievert (Sv).
660
661 The weighting factony, for the protection quantities recommended by IGRBlication 103
662 (ICRP, 2007) is shown in Table 1.2. In the caseeaaftrons,w, varies with energy and therefore
663 the computation for the protection quantities isimAy integration over the entire energy
664 spectrum.
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665
666 Table 1.2. Radiation weighting factors recommenioetCRP Publication 103
667
Energy Range Wg
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
W, = 5+17exp[—@]
Neutrons > 50 MeV 2
W, =25+ 3.5exp[—%]
Protons, other than recaib 2 MeV 2
protons
Alpha patrticles, fission All energies 20
fragments and heavy nuclei
668
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669

670 Theeffective doseE, is given byE = ZWTHT , where H; is the equivalent dose in the tissue or
R

671 organ, T, andx; is the corresponding tissue weighting factor. Tifecéive dose is expressed in

672 Sv.

673

674 Theambient dose equivalentH*(d), at a point in a radiation field, is the dose gglant that

675 would be produced by the corresponding expandeabgaked field, in the ICRU sphere

676 (diameter = 30 cm, 76.2 % O, 10.1 % H, 11.1 % Ca6d% N) at a deptld, on the radius

677 opposing the direction of the aligned field (ICR1993). The ambient dose equivalent is

678 measured in Sv. For strongly penetrating radiatiotepth of 10 mm is recommended. For

679 weakly penetrating radiation, a depth of 0.07 mmecmmended. In the expanded and aligned

680 field, the fluence and its energy distribution héive same values throughout the volume of

681 interest as in the actual field at the point oérehce, but the fluence is unidirectional.

682

683 Thedirectional dose equivalentH’(d, 2), at a pointin a radiation field, is the doseiegient

684 that would be produced by the corresponding expafidkl in the ICRU sphere at a depthon

685 the radius in a specified directia®,(ICRU, 1993). The directional dose equivalent esasured

686 in Sv. For strongly penetrating radiation, a degthO mm is recommended. For weakly

687 penetrating radiation, a depth of 0.07 mm is recenmhed.

688

689 Thepersonal dose equivalentHy(d), is the dose equivalent in soft tissue, at anapyate

690 depth,d, below a specified point on the body. The persdoak equivalent is measured in Sv.

691 For strongly penetrating radiation, a depth of 1@l im recommended. For weakly penetrating

692 radiation, a depth of 0.07 mm is recommended.
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1.3.2 Conversion Coefficients

Conversion coefficientsare usedo relate the protection and operational quantitigshigsical
quantities characterizing the radiation field (ICR1998). Frequently radiation fields are charazeatiin
terms of absorbed dose or fluence. Tlhence @, is the quotient ofiN by dawheredN is the number
of particles incident on a sphere of cross-sectiareada. The unit is 1if or cm®. Thus, for example, the
effective dose can be obtained by multiplying tlverice with the fluence-to-effective dose conversio

coefficient.

The fluence-to-dose conversion coefficients at l@gargies are the basic data for shielding
calculations. Conversion coefficients for electranth energies up to 45 MeV, photons with energies
to 10 MeV and neutrons with energies up to 180 Mak be found in ICRU Report 57 (ICRU, 1998).
Fluence-to-effective dose and fluence-to-ambiesedmuivalent conversion coefficients have been
calculated by the Monte Carlo transport code FLUIKArrari, 2005; Battistoret al, 2007) for many
types of radiation (photons, electrons, positrgngtons, neutrons, muons, charged pions, kaons) and
incident energies (up to 10 TeV). The data are sanazed in a paper by Pelliccioni (Pelliccioni, 2000
Conversion coefficients for high-energy electrgrtsptons, neutrons, and protons have also been
calculated by others using various Monte Carlo sodlaese references are cited in ICRU Report 57
(ICRU, 1998) and Pelliccioni (2000). Figure 1.5wisdhe fluence-to effective dose conversion
coefficients for anterior-posterior (AP) irradiatifor various particles as a function of partiaery
(Pelliccioni, 2000). Figure 1.6 shows the fluenaenbient dose equivalent conversion coefficients.

Figure 1.7 shows the fluence-to effective dose easign coefficients for isotropic (1SO) irradiation
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1.4 Shielding Design and Radiation Safety

The remainder of this report is devoted to shigldiesign (Chapters 2 and 3) and radiation safety
(chapters 4-6) of charged particle therapy accelesaThe literature is replete with data and infation
for high-energy proton accelerators (> 1 GeV); hesvesuch information is sparse for intermediate-
energy protons and carbon ions. The purpose ofépiart is to provide sufficient information foreth
design of new facilities; therefore, it does notewsarily provide a comprehensive citation ofeltted

references for proton and carbon ion.
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2. Radiological Aspects of Particle Therapy Factiies

Nisy Elizabeth Ipe

2.1 Charged Particle Interactions

The literature is replete with the physics of higtergy particle accelerator shielding, but there is
a dearth of related information for intermediatergry charged particle accelerators. The first eaabf
this chapter provides a summary of the particleradtions with the emphasis placed mainly on the

interactions pertaining to shielding of chargedipke therapy facilities.

The interaction of an accelerated beam of chargeticfes with matter results in the production
of different types of radiation (NCRP, 2003). Thelg¢ (number of secondary particles emitted per
incident primary particle) and types of secondadiation generally increase with increasing kinetic
energy of the incident particle. The processesat@aimportant in energy deposition include thersjr
(or nuclear) interaction, the electromagnetic im¢&ion, and the weak interaction (ICRU, 1978). The
electromagnetic interaction is comprised of thediinteractions that are long range and that occur
between particles that carry charge or have a ntegmement, and the interactions in which photares a
emitted or absorbed. The strong interaction ocouahg between hadrons or between photons and
hadrons. It is the strongest of all the interactibot occurs over a short range (216m). It is

responsible for the binding of protons and neuttartee atomic nucleus.

Hadrons comprise the majority of all known partscéend interactia strong interactions (ICRU,
1978). They consist of baryons and mesons. Bargomparticles with mass equal to or greater than th
of the proton and have a half-integral spin. Thegide protons and neutrons. Mesons are particégs t

have an integral or zero spin, and include pionrsngsonss) and kaons (k-mesons, K). Pions are
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produced in high-energy reactions and charged ptaysa dominant role in the propagation of the
hadronic cascade (described in section 2.1.2). Geegy to muons in air or a vacuum, but have a high
probability of stopping in condensed matter. Pesipions will decay and negative pions will be
captured, forming pi-mesic atoms. In the lattelecéise atoms will quickly de-excite and emit
characteristic x rays, while the pions will be eapt by the nucleus. The interactions of pions with
nuclei lead to nuclear break-up and the subsecraigsion of low-energy protons (p), alpha particles
(o) and high-LET nuclear fragments. Heavier mesorkstamyons are also produced, but the probability
of their production is significantly lower than tra pions. Hadrons interact with each othierstrong
interactions when their distance of separatioess than 1&° cm. At distances larger than this, they can

interactvia electromagnetic interactions such as proton saagt@nd proton energy-loss by ionization.

The interactions of charged particles include etenagnetic interactions with atomic electrons
and the nucleus, nuclear reactions and the pramuofisecondary hadrons, nuclear reactions of

secondary hadrons, and the electromagnetic casthdse are described in the following sections.

2.1.1 Electromagnetic Interactions of Charged Paitles

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

following sections.

2.1.1.1 Interaction of Charged Particles with Atomt Electrons. A heavy charged patrticle
loses energy mainly through ionization and exa@tatf atoms as it traverses matter. Except at low
velocities, it loses a negligible amount of enargypuclear collisions. Its encounters with atomic
electrons can be divided into two categories: latlisions, where the energy imparted is much great

than the binding energy of the electron; and solftstons, where the energy imparted to the electso
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similar in magnitude to its binding energy (ICRW9,78). In the derivation of the formulae for energy
loss, it is assumed that the incident particle @avimg at a speedthat is much greater than the mean

velocity of the electrons in their atomic orbits.

For hard collisions, the energy transferred is Varge compared to the electron binding energy.
Thus, the atomic electrons are considered initallgest and free (unbound). The maximum en&rgy

that can be imparted by a charged particle to eciren in a head-on collision is given by:

pZCZ
m?c* + M %c* + 2mc’E

Tonax = 2MC (3.1)

wherem is the electron rest magsis the speed of light in vacuumjs the momentum of the incident

particle,M is the rest mass of the particle, &b the total energy of the particle.

WhenM is much greater than m, as in the case of mesgm®tons, and whepc << (M/m)Mc&,

T .. =2mc ﬂzz (3.2
1-8

wheref = v/cis the relative velocity of the particle.

At very high energieslnaxapproachepcor E, and does not depend on the valu#ofhus,
there is a small probability that the knock-on #&lae can carry off almost all the kinetic energythod

incident particle.

The linear rate of energy loss to atomic electianag the path of a heavy charged particle in a
medium (expressed as MeV/cm or MeV/m) is the bplissical quantity that determines the dose
delivered by the particle in the medium (Turne8@P This quantity referred to adk/dxis called the

stopping power of the medium for the particle andiven by the Bethe formula:
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809

_dE_4m%mP ngﬂq_ﬁz (3.3)

ax méA | 1a-5
810 wherezis the atomic number of the heavy partielés the magnitude of electron charges the number
811 of electrons per unit volume in the medium, &mslthe mean excitation energy of the medium.

812

813 The stopping power depends only on the chaggnd the relative velocit§ of the heavy

814 particle, and on the relevant properties of theiomadsuch as its mean excitation energynd the

815 electronic density.

816

817 The range of a charged particle is the distandatthavels before coming to rest. The distance
818 traveled per unit energy loss is given by the mexipl of the stopping power. Thus, the raR(€) of a
819 particle of kinetic energyT] is the integral of the reciprocal of the stopppuyver down to zero energy,

820 and can be written in the following form (Turne®80):

821 Rq)=ﬁéfun (3.4)
z
822
823 It is important to note that the mean range ofiplad of a given speed is proportional to the mass

824 and varies as the inverse square of their chatuye d&pendence of the Bethe formulazoimplies that
825 particles with the same mass and energy but ogposérge (such as pions and muons) have the same
826 stopping power and range. However, departures fhisprediction have been measured and

827 theoretically explained by the inclusion of higipewers ofz in the Bethe formula. Statistical

828 fluctuations in the energy-loss process can alsoltrén an r.m.s. (root mean square) spread iratigal
829 range of individual monoenergetic particles, resgltn “range straggling.”

830
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2.1.1.2 Interaction of Charged Particles with Nucles. A charged particle is also scattered
when it passes near a nucleus (ICRU, 1978). Theesicg process is generally considered an elastic
one, because of the relatively small probabilitygfhoton being emitted with an energy comparable t
the kinetic energy of the charged particle. Wheharged particle penetrates an absorbing medium,
most of the scattering interactions lead to smedlledtions. Small net deflections occur becausz of
large number of very small deflections and arerreteto as multiple scattering. Large net deflewio
are the result of a single large-angle scatter plasy very small deflections and are referred tsiagle

scattering. The intermediate case is known as Iptaedtering.

2.1.2 Nuclear Interactions

Nuclear interactions include nucleon-nucleus irdgoas and heavy ion-nucleus interactions.

2.1.2.1 Nucleon-Nucleus InteractionsThe incident nucleon enters the nucleus, ised&ft by
the nuclear potential, and emerges again at aréiffeangle but with the same energy (Moritz, 2001).
This is known as direct elastic scattering. Thelemt can also directly collide with a target nudemd

excite it to form a compound state. There are tagspbilities:

» Either one or both nucleons have energy greatkssrthan their separation energy. In the
former case, the nucleon with energy greater tharséparation energy leaves the nucleus
without further interaction, other than being deféel. If the change in mass is zero, the
reaction is either an inelastic scattering or ag&axchange reaction. This is considered a
direct reaction. When the change in mass is nat, zBe reactions are either transfer or
knock-out reactions. The angular distribution cf fitattered particles is anisotropic and

forward peaked.
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» The nucleons will undergo further collisions in t@mpound nucleus, thus spreading the
excitation energy over the entire nucleus. Theearcstate becomes complex during the pre-
equilibrium phase but eventually attains statisgcpuilibrium. Sufficient energy is
concentrated on one nucleon, which may escapeuttieus or “boil off.” Similarly, the
kinetic energy may be concentrated on a group ofeons, and deuterons, tritons, and alpha
particles may be emitted. Heavy fragments may laésemitted. The emission of the particles
is described by an evaporation process simildneéaet/aporation of a molecule from the
surface of a liquid. For example, the spectrunhefémitted neutrons may be described by a

Maxwellian distribution of the form:

dN
—— =BE exp(-E,/T)
n

dE,,

(3.4)

whereE, is the energy of the neutrdd,js a constant, antlis the nuclear temperature. The
nuclear temperature is characteristic of the targgtual nucleus and its excitation energy,
and has dimensions of energy. Its value lies bet®eand 8 MeV. When the spectra are
plotted as InE, x dN/dB versusE,, the Maxwellian distribution appears on a semi
logarithmic scale as a straight line with a slopelél. The evaporated particles are emitted
isotropically and the energy distribution of thaeitxens extends up to about 8 MeV.
Compound reactions may also occur during the pugibqum phase, in which case the
angle of emission will be strongly correlated wiitle direction of the incident particle. After
statistical equilibrium has been attained, the &aiparticles will have an isotropic

distribution.

All the scattered and emitted particles can inteagain resulting in an intra-nuclear cascade.

878 Above the pion production threshold (135 MeV), @@bso contribute to the nuclear cascade. Neutral
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pions decay into a pair of gamma rays after trangra short distance. Charged pions will decay into
muons and then electrons if they have a cleartfligith {.e., no further interactions), resulting in an

electromagnetic cascade. Neutrons or protons saniraduce fission in high-atomic-mass nuclei.

2.1.2.2 Heavy lon-Nucleus InteractionsNuclear interactions of heavy ions as they plassigh
matter arise from grazing or head-on collisionsj{R&980). In grazing collisions, fragmentation of
either the incident heavy ion or the target nuclsesurs. Fragmentation is the major nuclear intevac
Head-on collisions are less frequent, but in swdhsons, large amounts of energy are transferred
compared to grazing collisions. In heavy-ion intéians, many secondary particles are created from
nucleus-nucleus interactions. Nucleus-nucleusantems have features that are different from tafpic
hadron-nucleus interactions at either the saméeatxgy or energy per nucleon (ICRU, 1978). The
cross section for nuclear collisions between twdeius larger than that between a single hadrah an
either nucleus. When two high-energy nuclei interacly the segments that interpenetrate each other
undergo a significant interaction and mutual desgnation. The remainder of each nucleus is unireclv
even though each is likely to have become highbtyted, as is evidenced by the fact that a subsianti
fragment is usually observed traveling in the saimection and at a similar speed to the incidemmhary
ion. Even though the part of the nucleus that esc#pe severe interaction becomes highly excited, i
does not undergo evaporation to the extent thmedks up into fragments with< 3 (ICRU, 1978). It is
only in a head-on collision that the projectiledks up into many small pieces, so that no higherlo
fragment survives. The residual nucleus and thiesafiarticles that evaporate from the primary fragime

are concentrated about the incident direction.

The process of fragmentation is frequently desdrédean abrasion-ablation process and is
schematically illustrated in Fig. 2.1 (Gunzert-Ma2Q04). The first step is known as abrasion. arigg

collisions, a small fraction of the nuclear mateonerlaps and this overlapping zone is known as th
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fireball. The abraded projectile pre-fragment kemjost of its initial energy while the abraded pre-

fragment target remains at rest. The fireball deaeith an intermediate velocity. During ablatiding

second step of fragmentation, the pre-fragmentdtamtiighly excited fireball evaporate nucleons and

light clusters.
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911 Figure 2.1. Schematic illustration of fragmentatio a target (Courtesy of GSI)
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The average number of mesons produced in a nunlétisus interaction is larger than that
produced in a proton collision. The number of mesmoduced in a single collision between heavy
nuclei fluctuates significantly due to the varyishggree of overlap between the two nuclei. At high
energies (> ~ 200 MeV/nucleon), the probability &k of fragmentation does not depend on the
incident energy. At low energies, the cross sestionfragmentation decrease significantly. At stil
lower energies, there is a higher probability thatnuclei come to rest without any interactionvéty
low energies (~ [1 to 2] MeV/nucleon) the collidingclei may interact as a whole, resulting in the

production of a compound nucleus.

At high energies (Moritz, 1994), heavy ion interaes may be treated as interactions between
individual nucleonsi.e., Z protons andA-2) neutrons acting independently approximate a heavy
(Moritz, 1994). Most of the ion interactions ocaira finite impact parameter (the perpendiculaadise
between the velocity vector of a projectile andteenf the target that it is approaching). Therefqart
of the ion may shear off and continue forward asi@ear fragment. Thus, less thamucleons are
available for further interactions. However, intgran cross sections are large. Therefore the feajed
ion may interact very close to the initial interantpoint. Thus, it may appear that all nucleorteriact at

a single point.

Agosteoet al. (2004a; 2004b) point out that the approach of icemgg an ion of masa
equivalent toA protons is not a good approximation in shieldiatgelations for ions in the therapeutic
range of interest, but is correct at ultra-relatici energies,e., hundreds of GeV/nucleon. At low
energies, the above-mentioned approach leadsuaderestimate of shielding thicknesses, with the

underestimation increasing with larger shieldingkhesses especially in the forward direction. Tdan
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be attributed to the fact that secondary neutremeigated from ion interactions have energies tktahe

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

Experimental data from heavy ion reactions for iaits specific energy greater than 100
MeV/nucleon have been tabulated in a handbook (Maka and Heilbron, 2006). This handbook
includes thick-target secondary neutron yields)-target secondary neutron production cross sextion
measurements of neutron penetration behind shgldpallation product cross sections and yieldd, an

parameterizations of neutron yields.

2.1.3 Hadron Interactions

The hadronic cascade and proton interactions apeisies in the following sections.

2.1.3.1 Hadronic or Nuclear Cascade Figure 2.2 provides a schematic representatfidimeo

hadronic or nuclear cascade (ICRU, 1978; NCRP, RO0%® typical energy per particle in the figure

refers to the energy of the outgoing particle, aatithe energy of the incoming particle.
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Six distinct and independent processes charactigrzkadronic cascade. The extra-nuclear
cascade is the most important process and feedthall processes. The hadrons (pynetc) propagate
this cascade. When a baryon or a meson interatitsawiucleus as a whole, it will release fast fodwa
directed baryons and mesons, which will propadseshower by collisions with other nuclei. With leac

interaction the number of particles increases.

An intra-nuclear cascade may also occur when the|es in the extra-nuclear cascade interact
with individual nucleons inside the struck nuclelisis gives rise to similar reaction products, @it
lower energy, and emitted at wider angles. Thesicfes may also contribute to the extra-nuclear
cascade, but to a much lesser extent. The intreeaucascade process occurs within <4<
Above the pion production threshold (135 MeV), @@tso contribute to the nuclear cascade. The
neutral pionsz°’) from the extra- and intra-cascades decay intogiaatons, which in turn can initiate an
electromagnetic cascade. The energy transfermepissited by ionization losses within a distance of
several radiation lengths. The radiation lengilis the mean path length required to reduce theggrod
a relativistic charged particle by a factoreofThe neutral pion decay occurs within ~'$8.

Some of the charged pions and kaotis K*) will decay before they have dissipated all tlegiergy,
releasing one muomf) from each meson decay. Muons are very penetrptinigles and deposit their
energy mainly by ionization. Muon photonuclear tears are also possible. The charged pion and kaon

decays occur within ~ 1Ts.

After interaction with the incoming hadron, thefpagment,.e., what remains of the original
nucleus, is left in an excited state. It de-exditg®mitting particles, mainly neutrons and protdahat
do not contribute to the cascade or are involvad amy of the other processes. These low-energy

neutrons travel long distances, continuously dejpgsenergy. The proton energy is deposited locally
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983 The evaporation of nucleons takes place within 250 The de-excited nucleus may be radioactive,

984 thus leading to residual radiation.

985

986 Thus, the interaction of a high-energy hadron &ithucleus results in the production of a large

987 number of particles, mainly nucleons, pions, amahkaA large fraction of the incident energy may be

988 transferred to a single nucleon, that can be censttithe propagator of the cascade. Energy transfer

989 mainly occurs by the interaction of high-energyleoos with energies greater than ~ 150 MeV, and

990 these particles propagate the cascade. Nucleoheendrgies between 20 MeV and 150 MeV also

991 transfer their energy by nuclear interactions,thatenergy is transferred to a large number ofeand

992 instead of to a single nucleon. Therefore, eacleoucreceives on average only a fraction of thal tot

993 energy transferred and therefore has a low kiregtergy of ~ 10 MeV. Charged particles at these

994 energies are quickly stopped by ionization. Thesitrons predominate at low energies. Charged pions

995 and kaons decay into muons and neutrinos. Becausasvare not subject to the strong interactiony the

996 are primarily stopped in matter by ionization erydiggses. Energetic gamma rays produced by theydeca

997 of neutral pions initiate electromagnetic cascatliesvever, the attenuation length (defined in Chapje

998 of these cascades is much shorter than the almoiptigth (distance traveled in which the intensity

999 the particles is reduced by a factoreafue to absorption) of strongly interacting paes;ltherefore, they
1000 do not contribute significantly to the energy tqamid. Thus, with increasing depth in the shieldjtrens
1001 are the principal propagators of the cascade begaasons and pions with energies less than ~ 450
1002 MeV have a high rate of energy loss.

1003
1004 2.1.3.2 Proton Interactions The interactions of protons with matter resultha tlegradation of

1005 the energy of the protons, and the productionggray or cascade of secondary particles knowneas th
1006 hadronic or nuclear cascade, as described in thequs section. The extra-nuclear cascade occurs at

1007 primary proton energies above a few GeV (MoritAQ4)9 and is followed by an intra-nuclear cascade.
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The intra-nuclear cascade takes place at protomgiesebetween 50 MeV and 1000 MeV. Therefore, the
intra-nuclear cascade is of importance for shigjdmthe proton therapeutic energy range of intg@&s

to 250 MeV), and the yield of low-energy neutronsreases as the primary proton energy increases
(ICRU, 1978). However, the greater yield is morantiscompensated for by greater attenuation in the
shield due to a higher cross section at low ene3gielding studies indicate that the radiationdfiel
reaches an equilibrium condition beyond a few mee@-paths within the shield. Neutrons with enesgie
greater than 150 MeV regenerate the cascade ewagtttihey are present in relatively small numbers.
They are accompanied by numerous low-energy nesppoduced in the interactions. The shape of the
neutron spectrum observed at the shield surfaeeryssimilar to that which exists in the shield.eTh
presence of holes or penetrations in the shieldiag perturb the shape of the neutron spectrum, anth
increased number of low-energy neutrons in theniticof the penetrations. Both experiments and
calculations confirm that for a well-developed @aethe shape of the spectrum is rather independent
the location within the shield, the incident energriyeven the shielding material, as long as tldrdgen
content is essentially the same (ICRU, 1978). Th&al neutron spectrum observed outside a thick

concrete shield consists of peaks at a few MeVaard100 MeV.

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

new compound nucleus, as explained in section .2.{lREA, 1988).

Photons are produced by inelastic neutron scagtama neutron capture by hydrogen within the
concrete wall, and the inelastic scattering of evapon neutrons in the target. The contributionlate
from photons produced in the shield is importany éor primary neutrons with energies below 25 MeV
and for thick concrete shields. The total photosedis much lower than the neutron dose for proton

energies higher than 150 MeV and for a sufficietitigk shield.
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The energy loss at the lowest proton energy is ipdine to ionization of the material in which
the protons are stopped. The lowest-energy pratoduges the greatest specific ionization resulting
the formation of the Bragg peak at the end of tleégm range. This property has been exploited in
proton therapy. Protons can penetrate the Coulamieb when their kinetic energy is sufficientlyghi
In this case, nuclear reactions are also possiaedition to Coulomb scattering. As the energghef

protons increase, the nuclear reactions competetiagt electromagnetic interactions.

2.1.4 Electromagnetic Cascade

Electromagnetic cascades are initiated by pionydasahown in Fig. 2.2; however, the intra-
nuclear cascade dominates for protons in the teetaprange of interest. When a high-energy electro
interacts with matter, only a small fraction of #r@ergy is dissipated as a result of collision psses. A
large fraction is spent in the production of higlesgy photons or bremsstrahlung. These photons
interact through pair production or Compton catliss resulting in the production of electrons. These
electrons radiate more photons, which in turn adeto produce more electrons. At each new step, th
number of particles increases and the average ydeyeases. This process continues until the
electrons fall into the energy range where radmliigses can no longer compete with collision Iesse
Eventually, the energy of the primary electronampletely dissipated in excitation and ionizatidnhe
atoms, resulting in heat production. This entirgcpss resulting in a cascade of photons, electeons,
positrons is called an electromagnetic cascadery small fraction of the bremsstrahlung enargghe

cascade is utilized in the production of hadrorghsas neutrons, protons, and pions.

2.2 Secondary Radiation Environment

The secondary radiation environment for chargetig@therapy accelerators is comprised of:
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1058

1059 1. Neutrons; charged particles like pions, kaons,;iang nuclear fragments emitted in
1060 inelastic hadronic interactions;

1061 2. Prompt gamma radiation from the interaction of neng or ions with matter;

1062 3. Muons and other particles;

1063 4. Characteristic x rays due to transfer of energgnftbe charged particle to an electron in
1064 the bound state and the subsequent emission aftarpfrom the decay of the excited
1065 state;

1066 5. Bremsstrahlung radiation produced by the trandfenergy from the accelerated charged
1067 particle to a photon in the electromagnetic fidléuo atom; and

1068 6. Residual radiation from radioactivation producedhbglear reactions of the particle with
1069 atomic nuclei.

1070

1071 Neutrons dominate the prompt radiation field fastpn and ion accelerators outside the

1072 shielding. In general, the radiation dose outdmeshielding depends upon the energy, type of @mtid
1073 particle, the beam-on time, the target materialdintensions, and the shielding itself.
1074

1075 2.2.1 Neutron Energy Classifications

1076

1077 For radiation protection purposes the neutronsbeadlassified as follows:

1078 Thermal: £, = 0.025 eV at 20° C, typicall,< 0.5 eV (cadmium resonance)
1079 Intermediate: 0.5 eV &,< 10 keV

1080 Fast: 10 keV €,< 20 MeV

1081 Relativistic or high-energyg, > 20 MeV

1082 wherek,is the average energy of the neutrons Bnis the energy of the neutrons.
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2.2.2 Neutron Interactions

Because neutrons are uncharged, they can traved@pbple distances in matter without
undergoing interactions. When a neutron collide® &n atom, it can undergo an elastic or an inelast
reaction (Turner, 1986). An elastic reaction is onehich the total kinetic energy of the incoming
particle is conserved. In an inelastic reactiop,thcleus absorbs some energy and is left in atedxc

state. The neutron can also be captured or absbsbadiucleus in reactions such as (n,p), (n,2rY) (

or (ny).

Thermal neutrons () are in approximate thermal equilibrium with theirrroundings and gain
and lose only small amounts of energy through ielasattering. They diffuse about until captured by
atomic nuclei. Thermal neutrons undergo radiateyetere j.e., neutron absorption followed by the
immediate emission of a gamma ray, such as iﬁHmh,y)zH reaction. The gamma ray has an energy
of 2.22 MeV. The capture crosssection is s382* cnf. This reaction occurs in shielding materials
such as polyethylene and concrete. Borated poligribys used because the cross section for capture
boron is much higher (3480 x #bcnt) and the subsequent capture gamma ray frontPB{an,0)’Li is
much lower energy (0.48 MeV). The capture crosi@es for low-energy neutrons (< 1 keV) decrease

as the reciprocal of the velocity or as the neugoergy increases.

Intermediate energy neutrons lose energy by soadtand are absorbed.

Fast neutrons include evaporation neutrons fromgeltbparticle accelerators. They interact with
matter mainly through a series of elastic and stedacattering, and are finally absorbed aftemgjwp

their energy (ICRU, 1978). On the average, apprat@hy 7 MeV is given up to gamma rays during the
41
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1108 slowing down and capture process. Above 10 MeMasti scattering is the dominant process in all
1109 materials. At lower energies elastic scattering ihates. Below 1 MeV, elastic scattering is the gpte
1110 process by which neutrons interact in hydrogenoatenals such as concrete and polyethylene. When
1111 high-Z material such as steel is used for shieldingustalways be followed by hydrogenous material
1112 because the energy of the neutrons may be redyceelastic scattering to an energy where they may
1113 be transparent to the non-hydrogenous materialekample, as stated in Chapter 1, steel is traespar
1114 to neutrons of energy ~ 0.2 MeV to 0.3 MeV.

1115

1116 Relativistic neutrons arise from cascade proceassgoton accelerators, and nuclear and

1117 fragmentation processes at ion accelerators, anurgnortant in propagating the radiation field. g hi
1118 high-energy component with neutron energigg above 100 MeV propagates the neutrons through the
1119 shielding; and continuously regenerates lower-gnaggitrons and charged particles at all depthlsan t
1120 shieldviainelastic reactions with the shielding material (N 2001). For neutrons with energies
1121 between 50 and 100 MeV, reactions occur in thragest (NCRP, 1971). An intra-nuclear cascade
1122 develops in the first stage. The incident high-gpereutron interacts with an individual nucleorthe
1123 nucleus. The scattered and recoiling nucleons tr@mnteraction proceed through the nucleus. Eé&ch o
1124 these nucleons may in turn interact with other @oics in the nucleus, leading to the developmeat of
1125 cascade. Some of the cascade particles that h#fieesuly high energy escape from the nucleus,lavhi
1126 others do not. In the second stage, the enerdyosttparticles that do not escape is assumed to be
1127 distributed among the remaining nucleons in théeus; leaving it in an excited state. The residual
1128 nucleus evaporates particles such as alpha partale other nucleons. In the third stage, aftdigbar
1129 emission is no longer energetically possible, #raaining excitation energy is emitted in the forim o
1130 gamma rays.

1131
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2.2.3 Protons: Neutron Yield, Energy Spectra, and Agular Distributions

As stated in Chapter 1, the prompt radiation fgloduced by protons of energies up to 250 MeV
encountered in proton therapy is quite complexsistimg of a mixture of charged and neutral pagtcl
as well as photons. Neutrons dominate the prontidtian field. As the proton energy increases, the
threshold for nuclear reactions is exceeded and maclear interactions can occur. At energies above
200 MeV, the nuclear cascade process occurs. Betpre¢on energies of 50 and 500 MeV the neutron
yields increase as approximat&ly whereEpis the energy of the incident proton (IAEA, 1988).
Calculations and measurements of neutron yieldsggrspectra, and angular distributions for protwins
various energies incident on different types ofemats can be found in the literature (Agosttal,
1995; Agosteet al, 1996; Agosteet al, 2007; Katcet al,, 2002; Nakashimat al, 1995; NCRP, 2003;
Tayamaet al, 2002; Tesch, 1985). Comparisons between calonkgtnd measurements can be found in

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

Thick targets are targets in which the proton®aosiare stoppedeg., the thickness is greater
than or equal to the particle range. Thin targetdagets with thicknesses that are significalethg than
the particle range. Thus, for example, the protose an insignificant amount of energy in the tgrge
and the kinetic energy available for neutron praiduncin the target is the full incident proton eger

(IAEA, 1988).

The neutron yield of a target is defined as the lmemof neutrons emitted per incident primary
particle. Table 2.1 shows the neutron yield (inaéen over all angles) from 100 MeV to 250 MeV
protons impinging on a thick iron target, basectaltulations with the Monte Carlo code, FLUKA

(Agosteoet al.,2007; Ferrari, 2005). FLUKA is described in Cha@eThe total yield (g;), and yields
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1156 for neutron energyH, ) less than, and greater than 19.6 MeV are shéwmxpected, the neutron yield

1157 increases with increasing proton energy.
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1158 Table 2.1. Neutron yields for 100 MeV to 250 Me\fans incident on a thick iron tardétgosteoet

1159 al., 2007)

Proton Iron Target | Iron Target | Neutron Yield (neutrons per proton)
Range
Energy Radius Thickness
(mm) E,<19.6 MeV| E, >19.6 MeV | Ry
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

1160
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The average neutron energi€s) (for various emission angles are shown in Talef@. the
targets described in Table 2.1. As the proton gniexgeases, the spectra in the forward directisndg
10°) hardens as is evidenced by the increasingageareutron energy. However, at very large angles

(130° to 140°) the average energy does not chagg#isantly with increasing proton energies.

46



PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

1165 Table 2.2. Average neutron energies for varioussiom angles as a function of proton energy (Agoste

1166 et al, 2007)

Proton Energy
Average Neutron Energ¥;, (MeV)
(MeV)]
Emission Angles> | 0° to 10° 40° to 50° 80°to 909  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

1167
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Table 2.3 shows the neutron yield as a functioraget dimensions for 250 MeV protons. As the
target radius increases, the total neutron yiatdeimses, but the yield f&, >19.6 MeV decreases. Thus,
the average neutron energy also decreases, asseanie 2.4. The total neutron yield increasefiwit
increasing target thickness, but the yieldBEgpr-19.6 MeV decreases. The data shows that thegeera
energy increases at the 0° to 10° and 40° to 5@8stom angles, but decreases for emission angigsrla
than 80° to 90°. As the target thickness increabesproton interactions increase and the secondary
neutron yield increases. Initially the yield is doated by the high-energy neutrons. As the thicknes
further increased, the high-energy neutrons inteproducing more low-energy neutrons. Thus, the
high-energy neutron yield decreases and the lowggnesutron yield increases, while the overall
neutron yield increases. With further increasinighkiness, the low-energy neutrons get attenuatéukin
target. The net result of this competing processigicrease in total neutron yield with increadenget
thickness until it reaches a maximum and thenekisected to decrease due to the attenuation ef low

energy neutrons in the target material.
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1181

1182 Table 2.3. Neutron yield for 250 MeV protons asiiaction of iron target dimensions (Agosteioal,

1183 2007)

1184
Iron Target | Iron Target | Neutron Yield (neutrons per proton)
Radius Thickness

E,<19.6 MeV| E,>19.6 MeV | my

(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

1185
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1186
1187 Table 2.4. Average neutron energies at 250 MeWdoious emission angles as a function of iron targe

1188 dimensions (Agosteet al, 2007)

1189
Iron Target Radiug Iron Target )
Average Neutron Energ¥, (MeV)
(mm) | Thickness (mm)
Emission Angles— 0°to 10° 40° to 50°| 80°to 90f 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 70.3 235 6.9 3.2
1190
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Figures 2.3 and 2.4 show the double differentialtroa spectra as lethargy (logarithm of energy
decrement) plots calculated with FLUKA for neutr@isarious emission angles, produced by 100 MeV
and 250 MeV protons incident on thick iron targ@tghout any concrete shielding) described in Table
2.1 (Agostecet al, 2007). The energy distributions in these figuestypically characterized by two
peaks: a high-energy peak (produced by the scdtberam particle) and an evaporation peak at ~ 2
MeV. As the proton energy increases, the high-gnpegks shift to higher energies, which are
particularly evident in the forward direction (@ 10°). The high-energy peak for the unshieldegetais
not the usual 100 MeV peak that is observed outsid& concrete shielding as described in Section
2.1.3.2. Thus, it is important to use wide-ene@yge instruments for neutron monitoring, as dissdiss

in Chapter 4.
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2.2.4 lons: Neutron Yields, Energy Spectra, and Agular Distribution

Neutrons dominate the radiation field of ion acraiers. The contributions from photons,
protons, and pions are small, as discussed in €hd@pCalculations and measurements of neutron
yields, energy spectra, and angular distributioridns of various energies incident on differemtety of
materials can be found in the literature (Gunzeair2004; Kateet al, 2002; Kurosawat al, 1999;
Nakamura, 2000; Nakamuea al, 2002; Nakamurat al, 2006; NCRP, 2003; Portd al, 2008; Shiret

al., 1997).

Figure 2.5 shows the total secondary neutron yedduced in tissue as a function of kinetic
energy of the projectile (kinetic energy per nuol@amumber of nucleons) for various ions; protons (200
MeV), helium (202 MeV/nucleon), lithium (234 MeV/deon), boron (329 MeV/nucleon), carbon (400
MeV/nucleon), nitrogen (430 MeV/nucleon), and oxy@é68 MeV/nucleon) (Portat al, 2008). The
results are based on calculations with FLUKA farsancident on an International Commission on
Radiation Units and Measurements (ICRU) tissue fmmarfcomposition: 76.2 % O, 10.1 % H, 11.1 % C
and 2.6 % N). The phantom was 40 cm in height &nd in diameter, and the beam diameter was 10

mm. The energy of each ion was chosen so thaatigerin water was 26.2 cm.
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Only carbon ions will be discussed in this sectliigures 2.6, 2.7, and 2.8 show the measured
neutron spectra from 180 MeV/nucleon and 400 Me®&nan carbon ions incident on copper and
carbon targets (Kurosaved al, 1999). The dimensions of the carbon target wremix 10 cmx 2 cm
for 180 MeV/nucleon and 10 cm10 cmx 20 cm for 400 MeV/nucleon carbon ions, respecyivéhe
dimension of the copper target was 104D cmx 1.5 cm. The spectra in the forward direction have
peak at the high-energy end that broadens witheasfgémission. The peak energy is ~ 60 % to 70 % of
the specific energy (140 MeV for 180 MeV/nucleor 230 MeV for 400 MeV/nucleon). This data
together with other data in the paper by Kurosawal.indicate that the high-energy neutron component
produced in the forward direction by a break-upcpss and the momentum transfer from projectile to
target nuclei are higher for both lighter targetleuand higher projectile energy than for heataeget

nuclei and lower projectile energy.
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Figure 2.6. Neutron spectra from 180 MeV/nucleoioits incident on a C target (Kurosaetsal,

1999)
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Neutron spectra from 180 MeV/nuclean® incident on a Cu target (Kurosaeta
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Neutron spectra from 400 MeV/nucleo incident on a C target (Kurosaeitaal,
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2.3 Beam Losses and Sources of Radiation

During the operation of particle therapy facilitiéise interaction of the particles with beam-line
components and the patient results in the producioadiation with neutrons being the dominant
component. Typically the shielding thicknessesvmious parts of the facility may range from ab6it
cm to about 7 m of concrete. Effective shielding oaly be designed if the beam losses and soufces o0
radiation for the charged particle therapy fa@btare well understood. This requires knowleddeoof
the accelerators operate and deliver beam to ¢lgntent rooms. Specific details of beam losses,
duration, frequency, targets, and locations shbalgrovided by the equipment vendor so that all
sources of radiation are considered in the shigldesign. It is important to note that higher béasses
will occur during start-up and commissioning aslkeam is tuned and delivered to the final destnati

and should be planned for. Both cyclotrons and lssotoon-based systems are discussed below.

2.3.1 Cyclotrons

Cyclotrons are used for both proton and ion aca&tar and produce essentially continuous
beams. Fixed-energy machines are used for therapgr@ designed to operate at energies required to
reach deep-seated tumors (Coutrakron, 2007). Tiheijple of operation for a proton cyclotron is as
follows: protons are extracted from the ion sodooated at the center of the and are injectedtheo
cyclotron. The cyclotron is comprised of a largegmet (or several sector magnets) with an internal
vacuum region located between the poles of the gtégn The maximum radius of a commercial room-
temperature therapy cyclotron is about 1 m. Thezdaage D-shaped electrodes commonly referred to a
“dees.” A sinusoidal-alternating voltage with aguency equal to the revolution frequency of the

protons (or a multiple thereof) is applied acrdssdees as the protons travel in their orbit. Thaghe

59



PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

1281 protons cross a gap between the electrodes, tedyriiner accelerated and begin to spiral outwarts.
1282 orbit radius is determined by the magnetic fieliguFe 2.8 shows the inside view of the C-230 IBA
1283 cyclotron, which has four spiral-shaped electrodée protons are injected from the ion source below
1284 into the center of the cyclotron. The magnetiafief the cyclotron increases as the orbit radiossiases
1285 to compensate for the relativistic mass increase tlae turn-by-turn separation decreases at higher
1286 energies. All the particles travel at the same ltgian frequency, regardless of their energy oiitorb
1287 because the cyclotron is isochronous. The proteitghes cyclotron through a hole in the return yoke
1288 after passing through the electrostatic extragtiates.

1289

1290 During acceleration, continuous beam losses occtird cyclotron. Depending upon the beam
1291 optics, about 20 % to 50 % of the accelerated eanicles can be lost in the cyclotron. The magnet
1292 yoke is made of steel and provides significantskiélding, except in regions where there are holes
1293 through the yoke. These holes need to be considetéd shielding design. Losses at very low proton
1294 energies are not of concern for prompt radiatiaaldimg, but can contribute to activation of the

1295 cyclotron. The beam losses of concern in the simigldesign are those that occur at higher energres,
1296 those due to protons that are close to their etidraenergy (230 MeV to 250 MeV depending upon the
1297 cyclotron type) striking the dees and the extracieptum which are made of copper. These beanslosse

1298 also result in activation of the cyclotron.

60



PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

1299

1300
1301

1302

1303 Figure 2.9. Inside view of C-230 IBA cyclotron (Gtesy of IBA)
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2.3.1.1 Energy Selection System (ESSk-or the treatment of tumors at shallow depthes, th
proton energy extracted from the cyclotron hasetdolvered. This is typically achieved by using an
energy selection system (ESS) after extractiorurigi@.10 shows an ESS that is comprised of an gnerg
degrader, a tantalum collimator, nickel energysitd collimator, and a nickel beam stop. The gnerg
degrader consists of a variable-thickness mateyailcally graphite, arranged in a wheel that isted
into position, thus reducing the proton energy doathe energy of interest. In principle, the proto
beam energy can be reduced to 75 MeV in the equipdescribed here. However, sometimes range
shifters are used inside the nozzles in treatn@rhs to achieve these lower energies. The intensity
from the cyclotron has to be increased as the degranergy is decreased in order to maintain thne sa
dose rate at the patient. Thus, large amountsuifares are produced in the degrader, especiathyeat
lower energies, resulting in thicker local shietfrequirements in this area. The degrader scdlters
protons and increases the energy spread. Moseacditered beam from the degrader is collimated in
tantalum collimator, in order to reduce the beanttamce. A magnetic spectrometer and energy sis a
used to reduce the energy spread. Beam stopseddaigine the beam. Neutrons are also produced in

the collimator and slits. Losses in the ESS amgelaand they also result in activation.
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Degrader and
Collimators

1319
1320

1321 Figure 2.10. Energy Selection System (Courtedi3a)
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2.3.2 Synchrotrons

Synchrotrons are designed to accelerate protongasdo the exact energy needed for therapy,
thus eliminating the need for energy degraderss rhiurn results in less local shielding and atton
of beam-line components. Synchrotrons howeverpalged machines. For synchrotrons, the orbit radius
is held constant and the magnetic field is incréasethe particle energy increases. Maximum proton
energy for therapy is ~ 250 MeV with aboutiirotons/spill, while maximum carbon energies range
from (320 to 430) MeV/nucleon with (0.4 to 10)10°ions/spill. A spill typically lasts from 1 s to X

Thus, proton intensities can be up to 250 timekdrighan carbon intensities.

Figure 2.11 shows a typical injector system foyrchrotron. There are two ion sources
(ECRIS), one for protons and one for carbon. Prédoilities, of course, have only one ion source. A
switching magnet allows the selection of eitheboarions or protons. The particles are then acatddr
from 8 keV/nucleomy the RFQ (radiofrequency quadrupole) and by kth@rter digital H-type
structure) drift tube linear accelerator (linacjntmnation to 7 MeV/nucleon. The stripper foil prags
fully stripped ions, thus eliminating all contamtiioa, and the beam is delivered to the synchrotron.
Sources of radiation include x rays from the ioarse, x rays produced by back-streaming electrons
striking the linac structure; and neutrons produmgthe interaction of the ions with the linac sture
at the end of the linac. The target material iscigiby copper or iron. The production of x raysrfro
back-streaming electrons will depend upon the vacaonditions and the design of the accelerator
(NCRP, 1977). The use of a Faraday cup to interttepbeam downstream of the linac must also be

considered in the shielding design.
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1346 Figure 2.11. Typical injector for synchrotron (Cmsy ofGesellschaft fir Schwerionenforschiing
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Figure 2.12 shows the synchrotron , high energyrbeansport (HEBT), and transport to
treatment rooms for a typical Siemens particleapgifacility. The synchrotron is capable of
accelerating carbon ions to 430 MeV/nucleon andopioto 250 MeV. The synchrotron is filled using a
multi-turn injection scheme. The beam is acceler&tehe desired energy in less than 1 s. More than
200 beam energies can be requested from cyclecte. &y slow extraction technique is used to extract

the beam and the extraction time varies from 1Xte.
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1357 Figure 2.12. Synchrotron, HEBT, and transporteéatiment rooms (Courtesy of Siemens Medical

1358 Systems)
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1359 For synchrotrons in general, beam losses can altourg the injection process, RF capture and
1360 acceleration, and during extraction. Some of thesses may occur locally while others may be

1361 distributed around the synchrotron. The target ratis typically copper or iron. Losses will be

1362 machine-specific and therefore the equipment vesldould provide this information. Particles tha ar
1363 not used in a spill may be deflected on to a beampdor stopper and will need to be considereden th
1364 shielding design and activation analysis. In soases these particles are decelerated before being
1365 dumped and therefore are not of concern in thddhgedesign or activation analysis.

1366

1367 X rays are produced at the injection and extractepta due to the voltage applied across
1368 electrostatic deflectors, and may need to be censitin the exposure to personnel working in the
1369 vicinity of the synchrotron components during corssioning.

1370

1371 2.3.3 Beam Transport Line

1372
1373 For both cyclotron- and synchrotron-based systessels occur in the beam transport line. These

1374 losses are usually very low (~ 1 %) and distribwtkhg the beam line, but need to be considered for
1375 shielding design. The target material is typicaltypper or iron. During operation, the beam is sger
1376 onto Faraday cups, beam stoppers, and beam dulinpisyvaich need to be considered in the shielding
1377 design.

1378

1379 2.3.4 Treatment Rooms

1380

1381 The radiation produced from the beam impingindhenpatient (or phantom) is a dominant
1382 source for the treatment rooms. Thus, a thick-igauget should be assumed in computer simulations

1383 for shielding calculations. In addition, losseshe nozzle, beam-shaping, and range-shifting dsvice
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must also be considered in the shielding desige.cmtributions from adjacent areas, such as the

HEBT and other treatment rooms, should also beidered

Typically, the treatment rooms do not have shigldeors, and therefore the effectiveness of the
maze design is critical. A full computer simulatifmm the maze is recommended. Mazes are discussed i

more detail in Chapter 3. Treatment rooms eithgeliked beams rooms or gantries.

2.3.4.1 Fixed Beam Roomsln fixed beam rooms, either a single horizonta¢@ieam or dual
(horizontal and vertical or oblique) beams are uged a facility with both protons and carbon iobath
particles have to be considered for shielding desithough the proton intensity is much highentha
the carbon intensity for synchrotron-based faetitithe neutron dose rate in the forward direagton
higher for the carbon ions. Shielding walls in tbevard direction are much thicker than the lateral
walls and the walls in the backward direction. &igle angles and at the maze entrance, the newsen d
from protons is higher than that from carbon idfigure 2.13 shows a fixed beam room with a
horizontal and a 45° vertical beam. The Use Fatidis defined as the fraction of time that thenpary
proton or carbon ion beam is directed towards #reidr. For rooms with dual beams the Use Factor fo
the wall in the forward (0°) direction for each breahould be considered. This may be either 1/2 for
both beams or 2/3 for one beam and 1/3 for ther oBwg a single beam, the Use Factor is one for the

wall in the forward direction.
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1403

1404

1405

1406 Figure 2.13. Fixed beam room with dual beams (tésyrof Siemens Medical Systems)
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1407 2.3.4.2 Gantry Rooms.In gantry rooms, the beam is rotated about theptatOn average, it can
1408 be assumed that the Use Factor for each of thebfmuiers (two walls, floor and ceiling) is 0.26.dome
1409 designs, the gantry counterweight (made of largkiesses of steel) acts as a stopper in the fdrwar
1410 direction, but it covers a small angle and is aswytnim The ceiling, lateral walls, and floor arepesed
1411 to the forward-directed radiation. However, becanfdhe lower Use Factor, walls in the forward
1412 direction can be thinner than for fixed beam rooms.

1413

1414 2.3.5 Beam Shaping and Delivery

1415

1416 Various methods are used to shape and deliveregam bo the patient. They can be divided
1417 primarily into two categories: passive scatterind pencil beam scanning.

1418

1419 In passive scattering, a range modulation whealritge filter located in the nozzle is used to
1420 produce a spread-out Bragg peak (SOBP) (Smith,)2@e@tterers located downstream spread the beam
1421 out laterally. A single scatterer is usually useddmall fields and a double scatterer is usedbige
1422 fields. Between the nozzle exit and the patiertlamator (specific to the treatment field) is dde

1423 shape the field laterally, while a range compendataosed to correct for the shape of the patierfase,
1424 inhomogeneities in the tissues traversed by thenpaad the shape of the distal target volume. Since
1425 there are losses due to the incidence of the pyilmaam on the various delivery and shaping devies,
1426  much higher beam current is required at the naazteance when compared to the other delivery
1427 techniques. The efficiency of a passive scattesyggem is typically about 45 %. Therefore, more
1428 shielding is required for passive scattering aspamed to pencil beam scanning. This technique also
1429 results in higher secondary dose to the patiedisasissed in Chapter 7.

1430
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1431 In pencil beam scanning, horizontal and verticafjnes are used to scan the beam in a plane
1432 perpendicular to the beam axis. The range of thenkba the patient is adjusted by changing the beam
1433 energy. In synchrotrons, this is achieved by chamtiie accelerator energy. In cyclotrons, the ESS i
1434 used to change the energy. Additionally, energpdiess can also be used in the nozzle for range
1435 shifting and/or range modulation. However, andkenin passive scattering, there are fewer scatterer

1436 and therefore fewer beam losses; thus, the regyitioduction of secondary radiation is minimized.

1437

1438 2.4 New Technologies

1439

1440 There have been several advances in acceleratordiegy and some of these are summarized in

1441 a paper by Smith (2009). They include single-rogsteams: cyclotron- or synchrotron-based; Dielectric
1442 Wall Accelerator (DWA); Fixed-Field Alternating-Gieent Accelerators (FFAG); and Laser Accelerated
1443  Protons.

1444

1445  2.4.1 Single-Room Systems

1446

1447 Figure 2.14 shows a schematic of the proton ganfteysingle-room synchrocyclotron-based
1448 system that is now commercially available. The mmayn proton energy at the exit of the cyclotron is
1449 250 MeV. The 250 MeV beam is scattered or spreddenreatment room by the field shaping system,
1450 comprised of the firgnd second scatterers, energy degrader, and rasdydator, which are located in
1451 the gantry. Since the cyclotron is super-conduciing small and incorporated into the gantry hege
1452 gantry is capable of rotating = 90 degrees abaipttient plane. Therefore only the ceiling, onerid
1453 wall, and the floor intercept the forward-directediation, and each of these barriers can be asstone
1454  have a Use Factor of 1/3.

1455
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Figure 2.15 shows a 3-D rendition of a single-raxytiotron based facility. The room has two
levels with entrances: a patient treatment leved, @ sub-level. Thus, there are two entrance manes,
at each level. Both mazes will require shieldedrdalue to maze-scattered neutrons and neutronfeaptu
gamma rays. The beam losses to be considered entttedorimary beam stopped in the patient or
phantom, and leakage from the cyclotron and fielpeng systems located in the gantry head. The

thicknesses of the barriers range from about 1t& /0 m of concrete .

Figure 2.16 shows a synchrotron-based single r@mility.
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1481
1482 Figure 2.14. Proton therapy gantry including a siyacyclotron (Courtesy of Still River Systems,

1483 Littleton, MA)
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1484

1485
1486

1487 Figure 2.15. Architect’s 3-D rendition of a synctyolotron-based single-room facility (Courtesy diel

1488 Benham Companies, An SAIC Company, Oklahoma Cikjakibma)
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Figure 2.16. Schematic layout of single-room syatrion-based proton therapy system (Courtesy of

ProTominternational, Flower Mound, Texas)
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Conventional accelerator cavities have an accabgréield only in their gaps, which occupy only
a small fraction of the cavity length, and haveaaoelerating gradient of approximately 1 Me\n?
MeV/m. In contrast, dielectric wall accelerators/B) have the potential of producing gradients of
approximately 100 MeV/m (Caporasa, 2009). In a D\W¥, beam line is replaced by an insulating wall
so that protons can be accelerated uniformly dweentire length of the accelerator. Figure 2.16ivsh
the schematic of a compact proton DWA. Protonsbheaaccelerated to 200 MeV in 2 m. The linac is
modular and hence the energy of the protons cameged easily. The energy, intensity, and spathwid
can be varied from pulse to pulse with pulse widththe order of nanoseconds at a repetition res®o
Hz. Losses along the linac are minimal since thadiaperture is much larger than the beam size. The
primary source of secondary radiation is from thetgn beam incident on the patient or the phantom.
Since it is a traveling wave linac, bremsstahluognf back-streaming electrons is also not an iSBue.

linac has the capability of being rotated througleast 200°.
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1512

1513

1514

1515 Figure 2.17. Compact proton dielectric wall accatie@r (Caporaso, 2009)
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1516 2.4.2 FFAG

1517
1518 FFAG accelerators have fixed magnetic fields (asygiotrons) and pulsed acceleration (as in

1519 synchrotrons). For these accelerators, beam laésesssed in previous sections for synchrotrons and
1520 cyclotrons will apply.

1521

1522 2.4.3 Laser Acceleration

1523

1524 A laser pulse interacting with high-density hydmogesh material ionizes it, and subsequently
1525 interacts with the created plasma. Protons arderated by focusing a high-power laser (M cmi?)
1526  on a very thin target (~ 0 to 1um thick) with electron densities = 5 x 16° cm > (Fan, 2007;

1527 Smith, 2009). The resulting high peak power intgnsioduced by the extremely short pulse width@~ 5
1528 fs) creates a huge burst of ionization in the tarips expelling a large number of relativistieattons.
1529 The sudden loss of electrons results in a hightipestharge on the target. The transient positieie f
1530 accelerates protons to high energies, resultirrghroad energy spectrum and a large angular

1531 distribution. Protons with energies of 200 MeV ayhter can be produce8pecial particle selection and
1532 collimation devices are needed to generate theeteproton beams for treatment. Thus, a large numbe
1533 of unwanted protons and electrons are producedgllaser acceleration. For a laser-proton therapy
1534 unit, the target foil assembly and the beam seleaevice are placed inside the rotating gantrg. Th
1535 laser is transported to the gantry directly anthéotarget foil through a series of mirrors. Thecelon
1536 and proton emission from the target foil are fomvpeaked along the axis of the laser beam anddave
1537 wide angular spread. Most of the primary chargetighes are stopped in the primary collimator. Asdim
1538 fraction passes into the particle selection sysim.interaction of these high-energy protons whth
1539 selection and collimation devices results in thedpction of neutrons. The neutrons can furtheraue

1540 with the shielding to produce neutron capture gamaga. Bremsstrahlung radiation from electrons must
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also be considered in the shielding design sineglybalf of the incident laser energy transfers to
electrons, which have a maximum energy that is sirtie same as protons. Thus, the leakage radiation
consists of neutrons and photons. In additionakdge, the deposition of the proton beam in thiepiat

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

Georg Fehrenbacher and Nisy Elizabeth Ipe

3.1 Regulatory Requirements

The use of charged particle beams for therapygaapis associated with the generation of
ionizing radiation which might expose the facilggrsonnel or the public. Patients can also besego
to unintended radiation. As stated in previous t&@pneutrons are the main source of secondary
radiation to be considered in the shielding desigsuch facilities. The protection of the following

different groups of individuals exposed to secopdadiation has to be considered:

e Occupationally exposed workers
* Members of the public (visitors to the clinic ahe fpublic in the vicinity of the facility)

* Patients

Most of the national radiation protection regulai@are based on international guidelines or
standards. For example, standards are formulatédebipternational Commission on Radiological
Protection ICRP (ICRP, 1991; 2007), which are aeldjntto international rules such as the EURATOM
regulations (EURATOM, 1996) and then incorporat&d the European national regulations. The
international regulations set a minimum level @instards that can be surpassed by the corresponding
national laws. Thus, the national radiation pratectegulations are comparable for the countriethef

European Union.

In some countries, such as Germany, occupatiorappsed workers are further classified into

categories depending upon the annual effective t they receive: Category A (6 mSv per year)
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and Category B (20 mSv per year). In this chajtellyy the radiation protection for occupational
workers and the public are considered. Chaptenv@rsgatients. Dose limits are defined for the

exposure by external radiation and for the intakedionuclides leading to an internal exposure.

In the U.S., medical facilities are subject toestagulations. These regulations are based on

standards of protection issued by the U.S. NudRegulatory Commission (USNRC, 2009).

The dose limits enforced by national radiation @ctibn regulations are specified in the quantity,
effective dose (defined in Chapter 1). Furtherténaire applied for the exposure of single organs or
tissues like the lens of the eye or the skin (ICE#®1). Because regulations vary from country to
country, it is not possible to list all of therhlowever, it is up to each facility to comply wikteitr local,

state, or national regulation®\ few examples are given in the sections below.

3.1.1 Radiological Areas

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

Radiation Areameans any area accessible to individuals, in wfadration levels could
result in an individual receiving a dose equivalengxcess of 0.05 mSv in 1 hour at 30

centimeters from the source of radiation or from sunrface that the radiation penetrates.

High Radiation Areaneans an area accessible to individuals, in wiadfation levels from
radiation sources external to the body could reawdn individual receiving a dose equivalent
in excess of 1 mSv in 1 hour at 30 centimeters famy source of radiation or 30 centimeters

from any surface that the radiation penetrates.
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1595

1596 Very High Radiation Areaneans an area accessible to individuals, in wiadhation levels
1597 from radiation sources external to the body coa8llt in an individual receiving an absorbed
1598 dose in excess of 5 Gy in 1 hour at 1 meter frasowace of radiation or 1 meter from any
1599 surface that the radiation penetrates

1600

1601 In addition, radiological areas in the U.S. aressitied asControlled Areasvhen the access,

1602 occupancy, and working conditions are controlladréaliation protection purposes (NCRP, 2005). The
1603 personnel working in the areas are those who haga bpecifically trained in the use of ionizing

1604 radiation and who are individually monitorédirestricted Aregor Uncontrolled Areameans an area,
1605 access to which is neither limited nor controllgdlie licensee are areas that have no restriction o
1606 access, occupancy or working conditions. Thesesaeaoften referred to &blic Areas Individuals
1607 who occupyUncontrolled Areasnclude patients, visitors, service personnel, amgloyees who do not
1608 work routinely with or around radiation sourcesefiéfore, these individuals do not require individua
1609 monitoring. Restricted Areaneans an area, access to which is limited foptimpose of protecting

1610 individuals against undue risks from exposure that@on and radioactive materials.

1611

1612 In Germany, Italy, and Switzerland, the classifmatf radiological areas is based on the

1613 concepts formulated in the IAEA Safety Series Nib (IAEA, 1996). AControlled Areas any area in
1614  which specific protection measures and safety grons are or could be required for controlling nakrm
1615 exposures or preventing the spread of contaminalimimg normal working conditions, and preventing
1616 or limiting the extent of potential exposuresSApervised Aress any area not designated as a controlled
1617 area but for which occupational exposure conditionslkaet under review even though specific

1618 protective measures and safety provisions are oronally needed (IAEA, 1996; 2006). Theerdicted

1619 AreaorRestricted Areas defined as a part of the controlled area wherencreased dose rate level or
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contamination must be considered. Only in some t@msnis there an explicit definition of these ar@a
the radiation protection legislation. Interdictedas are usually determined by the local radiagefety
management. In some countries the concepttefmittent Areds used for the situations where the
same area changes the status; for example, them&etaroomsifterdictedduring use of the beam, and

Controlledor Supervisedhe rest of the time).

The radiological areas for a particle therapy fci(in Germany, Italy, and Switzerland) are
shown in Figure 3.1. All parts of the accelerattveve the particle beam is transported are inaduessi
areas (shown in dark blue) while there is bearhénareas. Areas surrounding the accelerator are
controlled areas (shown in light blue) or supemiaesas (shown in yellow). The dose limits for the

public may be applied outside the building (showgreen), which is usually accessible to the public
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Beam Shaping System

Treatment Room

Energy Selection

| Beam Shaping System

Beam Shaping System

Treatment Room

Treatment Room

Figure 3.1. Radiological areas for a particle thgracility (Courtesy of G. Fehrenbacher, J. Goglze

Knoll, GSI (2009)).
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3.1.2 Dose Limits for Various Countries

Table 3.1 shows the radiological areas and the kitogs for a few countries as an example. The
dose limits for the countries in the European Uritady and Germany) are similar for controlled,
supervised and public areas. In Germany, are&sdaie rates > 3 mSv/h are defined as restricessar
France further classifies the restricted areatiaa1s in the table. In the U.S., controlled areagehdose
limits which are much lower than the dose limitsdther countries. Thus, for example, while in ths.
the control room adjacent to the treatment roomah@assign dose limit of 5 mSv/yr, dose limits for
controlled areas in other countries are much highiéerefore, a cookie-cutter design originatingmne
country could potentially underestimate or overaate the shielding in some areas for a chargedtleart

therapy facility in another country assuming simpatient workload, usage, and beam parameters.

86



PTCOG Publications

Report 1

© 2010 PTCOG All rights reserved

1648 Table 3.1. Examples of classification of radiot@jiareas in some countries. Data sources are foited

1649 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:
regulation (RS® >100mSv/h
judgement)

Orange:
<2 t0100 mSv/H
Yellow:
<25 uSvto
2 mSv/h
Controlled | <5 mSvly <1 - <20 mSvly <3 mSv/h Green:
mSv/week 7.5t0 25 uSv /h

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

(area near months at mSv/week

controlled boundary of | (based on 20

area) controlled mSv/y for

area radiation
workers)
Public <1 mSvly, <250 uSv/3 | <1 mSvly <1lmSvly <1lmSvly <1 mSvly < 80 uSv /mont
20 uSvin 1 h| months Recommended
with T=1 (outside of operational limit
site boundary) =0.25 mSVl/y
1650
1651 *(RSO=Radiation Safety Officer)
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3.2 Primary and Secondary Shielding Barriers

In photon therapy, the radiation consists of pryreard secondary radiation (NCRP, 2005). The
primary radiation (also referred to as the useéar) is the radiation emitted directly from the
equipment that is used for patient therapy. Thea@ry barrier is a wall, ceiling, floor, or otherwtture
that will intercept the primary radiation emittededttly from the equipment. The secondary barrier
intercepts the leakage radiation from the protectivusing of the source, as well as any radiation

scattered by the patient or other objects.

For the purposes of this report, for charged partieerapy facilities, we will refer to the protons
or carbon ions as the “primary beam.” The “secopndadiation” will include all the radiation produte
by the interaction of the primary beam with aaget including the patient, leakage radiatiomfithe
machine, as well as any scattered radiation. Henpamary barrier is defined as a shielding wall,
ceiling, floor, or other structure toward which {m@mary proton or carbon beam is directed. The
primary barrier intercepts the 0° secondary ragiliroduced by the interaction of the primary beam
with any target, including the patient. If the pam beam is directed toward the corner of a wiaéint
the corner becomes the primary barrier. The secgrimarier is defined as any wall, floor, or cegin

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

3.3 Use Factors

For photon therapy, the “use factor” as a functbgantry angle [U(G)] gives the fraction of the
weekly workload for which the gantry or beam iseated in an angular interval centered about angle G
(NCRP, 2005). The IAEA defines the use factor fleoton therapy as the fraction of the time during

which the radiation under consideration is dire@ed particular barrier (IAEA, 2006). For charged
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particle therapy facilities, the use factor (U) nieeydefined as the fraction of beam operation tioméng
which the primary proton or carbon ion beam isated toward a primary barrier. For a gantry room
where the beam rotates 360° about an isocentedjgtréoution of gantry treatment angles will be
symmetrical and therefore one can assume a us® f#Hct/4 for each of the primary barrierg,, two
walls, ceiling, and floor which directly intercebie primary beam. For a gantry that rotates + $@ua
the isocenter, a use factor of 1/3 can be assuarezhth of the primary barrieiisg., one wall, ceiling,
and floor. For a horizontal fixed beam room, thienary beam direction is fixed, and the use factdt i
for the barrier toward which the primary beam i®died. Thus, the shielding thickness of each®f th
four primary barriers for a gantry room will bedatan the thickness required for a fixed beam

primary barrier, because the use factor is ordy 1/

3.4 Occupancy Factor

The occupancy factor (T) for an area is the awefeartion of the time that the maximally
exposed individual is present in the area whiletdam is on (NCRP, 2005). If the use of the macisine
spread out uniformly during the week, the occupdactor is the fraction of the working hours in the
week during which the individual occupies the afea.instance, corridors, stairways, bathrooms, or
outside areas have lower occupancy factors thacesffnurse's stations, wards, staff, or controhrs.
The occupancy factor for controlled areas is typiassumed to be 1, and is based on the premggeth
radiation worker works 100 % of the time in onetcolhed area or another. However, there can be
exceptions where access to a controlled areatigcted for a radiation worker when radiation israe
produced. In such a case, a lower occupancy fawgrbe deemed appropriate by the qualified expert
(defined in Section 3.11). The NCRP and IAEA tistupancy factors for various areas (IAEA 2006,

NCRP 2005).
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3.5 Workload

The concept of workload (W) for photon radiotherépglefined as the time integral of the

absorbed dose rate determined at the depth of alveémam absorbed dose in the patient, at a distahce

1 m from the source (NCRP, 2005). It is usuallyc#ipe as the absorbed dose from photons delivered

the isocenter in a week, is based on the projagedand is estimated from the average number of

patients (or fields) treated in a week and the diesbdose delivered per patient (or field). It also

includes the average weekly absorbed dose delivknadg calibrations, quality controls, and physics

measurements. This concept of workload cannotieettlr applied to charged particle therapy fa@hti

for the following reasons:

1.

In photon therapy, the workload is defined in tehthe primary beam photon dose rate
at the isocenter in a treatment room. Photoneutongroduced only when the incident
photon energy is higher than about 6 MV. The ayernergies of the photoneutrons are
1 MeV to 2 MeV. (NCRP, 2005). Photoneutrons arelpoed mainly in the accelerator
head and any external hightarget such as lead shieldirg¢ The photoneutron dose
equivalent rate (from neutrons produced in the laca®r head) is less than 0.1 % of the
primary beam photon dose at the isocenter. TheopHetkage dose rate from the
accelerator head is also less than 0.1 % of timegoyi photon beam dose rate at the
isocenter. The tenth value layer of the primargtphs and leakage photons is
significantly greater than tenth value layer & gfhotonneutrons. Therefore, if the
facility is shielded for photons with concretewitl be more than adequately shielded for
photoneutrons. For charged particle therapy, amget that intercepts the primary beam

becomes a source of secondary high-energy radmatich must be shielded. For
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1726 example, during treatment the proton or ion beaim@ry beam) is completely stopped
1727 in the patient tissue, and that then becomes &sairsecondary radiation. Further,
1728 secondary radiation production can also occur anbshaping devices and the beam
1729 nozzle. The secondary radiation dominated by higgrgy neutrons determines the
1730 shielding of the treatment room.

1731

1732 2. An important distinction needs to be made when aing photon therapy and charged
1733 particle therapy. For example, in a gantry roongrethough the dose is delivered to the
1734 patient (located at the isocenter of a gantry rodh® secondary radiation dose is defined
1735 at 1 m from the isocenter and not at the isoceateim photon therapy. Furthermore, in
1736 charged patrticle therapy the distribution of se@wpdadiation dose is forward-peaked
1737 and has an angular profile and spectra, unlikehotgn therapy, where the photoneutrons
1738 have an almost isotropic distribution.

1739

1740 3. Depending upon the chosen irradiation technigueettergy of the ion beam changes
1741 (e.g, the energy selection system (ESS) for protors frgclotrons or the use of

1742 synchrotrons for protons and heavy ions).

1743

1744 4. For photon therapy there is only one shieldeditneat room. For charged particle

1745 therapy, in addition to shielded treatment roorne,dyclotron or synchrotron, the beam
1746 transport lines, and the research rooms are alstiist. These areas may have beam
1747 when there is no beam in the treatment room.

1748
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1749 5. For charged particle therapy facilities, the digtilon of the type of primary particle type
1750 is important, because the different energy-angliktributions of the secondary neutrons
1751 influence the shielding design.

1752

1753 6. The time structure of the charged particle thefdaggm can be rather complicated in
1754 comparison to a photon therapy linear acceleratogrefore, one has to take into account
1755 the fact that the produced radiation may have hlyidiscontinuous time structure.

1756

1757 7. In charged particle therapy, the patient dose gessed in the unit Gy equivalent, with
1758 RBEs which have values higher than 1 for heavies igike carbon). The shielding

1759 design is essentially based on the (averaged)rgpeeiutron energy fluence weighted
1760 with dose conversion coefficients (spectral dosgritiution). The same dose value for the
1761 irradiated tissue can be associated with signifidéfering spectral dose distributions.
1762

1763 Thus, the workload must be used in a generic genselude for each treatment room, each

1764 particle type, each energy, the beam shaping methechumber of fractions per week and the tige p
1765 fraction, the dose per fraction, and the protonasbon ion current required to deliver a specibsel
1766 rate. Once the workload for the treatment roombeen established, one must work backwards to
1767 determine the energies and currents from the ayriair the synchrotron. The workload for the

1768 cyclotron or synchrotron can then be determinelde Wworkload for each facility will be site-specific
1769 Further the beam losses, targets and their locgteomd associated currents are equipment-speniic a
1770 will vary from one equipment vendor to the other.

1771

1772 3.5.1 Example for Workload Calculations and Usage gsumptions

1773
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An example for workload calculations and usageragsions, assuming 100 % uniform scanning
for a proton cyclotron facility with a maximum poot energy of 230 MeV, is shown below. The reader
is cautioned against blindly using the example Wwddecause it may not be applicable to his or her

facility.

In the following example, we assume a proton cyolofacility with one gantry room, one
inclined beam room, and one fixed beam room. I @d¢he three rooms, we assume a total of 25
treatments or fractions per 8 hour day. Treatmargperformed at different energies, and 100 %
uniform scanning is assumed. For each energy,rterpcurrent (in nA) required for a 2 Gy/min dose
rate in the patient is provided by the equipmemidez. We assume that each treatment delivers aalose
2 Gy, which corresponds to a 1 minute irradiatioret A stopping tissue target is assumed in each
treatment room. Based on the treatments, we deterthe fraction of time the cyclotron operatesaahe
energy. The beam losses and targets in the cynlagrergy selection system and target, and beam

transport line are provided by the equipment vendor

1. Gantry room and inclined beam rooms:
a) Beam-on time for 2 Gy = 25 fractions/8 h x 40 hélwe 1 min/fraction = 125 min/week
b) Treatments and beam parameters
i. 20 % of treatments at 180 MeV, 3.3 nA at 2 Gy/min
ii. 60 % of treatments at 130 MeV, 2.3 nA at 2 Gy/min

iii. 20 % of treatments at 88.75 MeV, 3.09 nA at 2 Gg/mi

2. Horizontal beam room:

a) Beam-on time for 2 Gy = 25 fractions/8 h x 40 héwe 1 min/fraction = 125 min/week
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1798 b) Treatments and beam parameters

1799 i. 80 % oftreatments at 216 MeV, 4 nA at 2 Gy/min
1800 ii. 20 % of treatments at 180 MeV, 3.3 nA at 2 Gy/min
1801

1802 3. Cyclotron

1803 a) Beam-on time = 20 h/week

1804 b) Beam energies

1805 i. 20 % at 216 MeV

1806 ii. 20 % at 180 MeV

1807 ii. 45 % at 130 MeV

1808 iv. 15 % at 130 MeV (88.75 MeV at patient)

1809 c) Beam losses in cyclotron

1810 I. Transmission efficiency = 35 %

1811 ii. Losses at 10 MeV (20 %), ignored because of losvgn(10 MeV)
1812 iii. 4 counter dees (20 % loss), 10 % at 230 MeV, 1 %0 MeV
1813 iv. Septum (35 % loss), all at 230 MeV

1814 V. 5 % loss between cyclotron and degrader

1815

1816 4. ESS (Energy selection system)

1817 a) Energies

1818 i. Carbon degrader: 230 MeV

1819 ii. Tantalum collimator: 216 MeV, 180 MeV, 130 MeV

1820 b) Beam loss varies depending upon energies requédtedmum beam loss occurs at ESS.
1821

1822 5. BTL (Beam transport line)
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a) Beam-on time = 20 h/week
b) Beam Loss =5 %
c) Beam Energies
i. 20 % operation at 230 MeV
ii. 20 % operation at 180 MeV
iii. 45 % operation at 130 MeV

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

3.5.2 Beam Parameters Used for Shielding Calculatis

Table 3.2 shows, for the above example, the beaanpers as provided by the equipment
vendor and the calculated parameters using theovesndhta that are required for shielding calcolasi
Column 1 shows the energy of the proton beam atd¢igeader. Column 2 shows the thickness of the
carbon degrader in the ESS. Column 3 shows theadegenergy. Column 4 shows the thickness of the
carbon range shifter in the nozzle. The rangeahidtused only to degrade 130 MeV to 88.75 MeV in
the nozzle. Column 5 shows the proton beam endrtheanozzle exit. Column 6 shows the range in
patient. Column 7 shows the beam size. Column &sltlee beam current at the cyclotron exit. Column
9 shows the ESS transmission obtained by interpglatata from the equipment vendor for uniform
scanning. Column 10 shows the beam currents atdhde entranceColumn 11 shows the beam
current in the BTL calculated backwards, dividing the currents in Column 10 by 0.95 to agudfor 5

% loss in the BTL. The columns in italics show imf@tion provided by the vendor.

For shielding calculations, the currents shown atu@in 8 are used for the cyclotron

calculations, while the currents shown in Columrai®used for treatment rooms and the currents
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shown in Column 11 are used for BTL. All the lossethe carbon degrader occur at 230 MeV but with
varying thicknesses as shown in Table 3.2. Fos#imtum and the counter dees, a copper stoppingf targ
is assumed. For losses in the counter dees, 50tBe ¢dsses occur at 230 MeV, while the remainidg 5

% occur at 150 MeV.

The contribution of multiple sources to dose at givgn location must be considered in the
shielding design. For example, a room in the vigiof one treatment room may also see dose from the

adjacent treatment room.
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1855 Table 3.2. An example of beam parameters usecdfeldéng calculations.

1856
Beam ESS Beam Carbon Beam Range | Beam Beam ESS Beam Beam
Energy at | Carbon Energy Range Energy | in Size (cm | Currentat | Transmission | Currentat | Currentin
Cyclotron | Degrader | at Tantalum Shifter at Patient | x cm) Cyclotron Nozzle BTL
Exit and Thickness | Collimator | Thicknes | Nozzle | (g/cnf) Exit Entrance Calculated
Degrader | (mm) and Nozzle | sin Exit (nA) (nA) Backwards
(MeV) Entrance Nozzle (MeV) Assuming 5
(MeV) (g/cnd) % Loss in
Iron Target
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 23 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 4 421
230 0.0 230 230 31.8 30x 30 4.72 0.446 3.77 3.97
1857
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1858 Table 3.3 shows a summary of a survey of beamdamsearious synchrotron and cyclotron

1859 particle therapy facilities.
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1860
1861 Table 3.3. Survey of beam losses at various sytramrand cyclotron particle therapy facilities. Bat

1862 sources are given for each survey.

1863
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 higher
HEBT (High ~ 5 % (Noda, 2004) ~5%
Energy Beam ~4to 7 % (Agosteo, 2001) 1% (Newhauser, 2002)
Transport)
Beam Shaping Active Passive Passive
ESS (Energy - 70 % (Noda, > 55 % (199 %)
Selection System) 2004) (Geisler, 2007), (Rinecker, 2005)
63 % (Newhauser, 2002)
1864
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3.6 Self-Shielding of Beam Line Components

The beam lines are comprised of massive beam agl#osents such as dipoles, quadrupoles,
sextupolesetc. As expected, beam losses may occur in these risaghen the particles deviate from
their predetermined path. The elements are typicaide of materials such as steel and copper which
provide a large amount of self-shielding. The exaxnbunt of beam losses in these magnets is usually
unknown, and the details of these magnets aresually provided by the equipment vendor. Self-
shielding of accelerator components can be takenaiccount by using known beam losses and a
(simplified) model of the magnets in Monte Carlécoéations. When self-shielding is neglected in
shielding calculations, the measured radiation slase significantly lower than calculated doses Th
cyclotron and the gantry also have a large amoluseléshielding. The self-shielding of the cyclartris
usually considered in the shielding design, exe¢pe location where there are openings in theneiag

yoke.

3.7 Calculational Methods

3.7.1 Analytical Methods

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

incorporate the following parameters and assumgtion

1. Point loss;

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

3. Angle of the incident beam (line) and the directiorthe reference poing);
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4. Angular specific source termgtE,0) which depends on the ion type and target type, as
well as E, the particle energy;

5. Exponential attenuation in shielding materiallo€kness g where d (d/sin@®) ) is the
slant thickness, arid0) is the attenuation length.depends on the anglebecause the

neutron energy distribution changes with the afgle

Figure 3.2 shows the geometry for the line-of-siglodel.
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1896

» g Particle Beam

— P >

1897 |Beam Loss Pomtl

1898
1899 Figure 3.2. Application of the line-of-sight modétssimple bulk shielding geometries (Courtesy of G

1900 Fehrenbacher, J. Goetze, T. Knoll, GSI (2009)).
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The dose (rate) at the reference point is deriveh the source termd-ind geometrical

quantities. The dose H{H, 0) at the reference point can then be estimated|iasvs:
H(E,.d,8) = Hy(E,,8) B expl- 7%;) (3.1)

In 1961, Burton Moyer developed a semi-empiricalhmod for the shield design of the 6 GeV
proton Bevatron (NCRP, 2003). Design studies ofpttadon synchrotron at Fermi National Accelerator
Laboratory (FNAL, Batavia, lllinois) and the Supg&oton Synchrotron (SPS, CERN, Geneva) led to the
improvement of the Moyer model. This model is oapplicable to angles close to 90° and the transvers
shielding for a high-energy proton acceleratoreedmined using the following simple form of the

Moyer model (Thomas, 1993):

_ H[E ] [ d
H = r—z{E—o} exr{ J (3.2)

whereH = maximum dose equivalent rate at a given ratisgance ) from the targetgd = shield

thicknessEp = proton energyEo = 1 GeV, Hy = 2.6 x 10 Sv nf, anda is about 0.8.

This model is effective in the GeV region becaulmerteutron dose attenuation lengthi¢
nearly constant regardless of energy (see Fig. H8wever, the model is restricted to the deteatnm
of neutron dose equivalent produced at an angledsst 60° to 120°. At proton energies in the
therapeutic range of interest, the neutron attémudtngth increases considerably with energy asveh
in Fig. 1.3. Clearly, such empirical models areitigd in their use because they are limited to trarse

shielding, and do not account for changes in enenggle of production, target material and dimemsjo
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1924 and concrete material composition and densityhénpast, the Moyer model has been used in the
1925 shielding design of some proton therapy facilitieswever, it is not appropriate for such use.

1926

1927 Kato and Nakamura have developed a modified versiohe Moyer model which includes
1928 changes in attenuation length with shield thicknasd also includes a correction for oblique pextien
1929 through the shield (Kato, 2001). Tesch has als@ld@ed a model for proton energies from 50 MeV to 1
1930 GeV (Tesch, 1985). In the past, high-energy acatles were shielded using analytical methods.
1931 However, with the advent of powerful computers aaphisticated Monte Carlo codes, computational
1932 methods have superseded analytical methods. Acallytiethods may be used for the planning of the
1933 bulk shielding, but do not provide a very precisediction of the dose rate levels outside the dinigl
1934 The advantages of analytical methods are their @asse and the comparatively high efficiency in
1935 obtaining results. Their drawbacks are the veryp#stic assumptions, limited applicability to sirapl
1936 planar geometries, and limitations of target materand geometry.

1937

1938 3.7.2 Monte Carlo Calculations

1939

1940 Monte Carlo codes are described in detail in Chightand are used extensively for shielding
1941 calculations. These codes can be used to do sifialilation, modeling the accelerator or beam ling a
1942 the room geometry in its entirety. They can alsaibed to derive computational models as discuased
1943 the next section. Monte Carlo codes have beenfosethielding design of rooms or mazes at several
1944 facilities (Agostecet al, 1996b; Averyet al, 2008; Dittrich and Hansmann, 2006; Hofmann and
1945 Dittrich, 2005; Kimet al, 2003; Portat al, 2005; Stichelbaut, 2009). Monte Carlo codeshmnsed
1946 to generate isodose curves (dose contours), whhahde a visualization of the secondary radiatietdf
1947 that helps facilitate the shielding design (Hofmama Dittrich, 2005). It is important to note thdten

1948 comparing Monte Carlo calculations to experimedtdh, the actual experimental configuration should

104



1949

1950

1951

1952

1953

1954

1955

1956

1957

1958

1959

1960

1961

1962

1963

1964

1965

1966

1967

1968

1969

1970

1971

1972

1973

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

be modeled, including the instrument response @adancrete composition. Further, the experiment
should have been performed using the appropriateumentation. If there are any deviations from the
above conditions, there will be large discrepanbetsveen measurements and simulations.
Unfortunately, there is hardly any published datacharged particle therapy facilities that medts a

these conditions.

3.7.3 Monte Carlo Computational Models

Monte Carlo computational models that are indepenhdegeometry typically consist of a source
term and an exponential term that describes teawtion of the radiation. Both the source termtaed
attenuation length are a dependent on particle aypleare a function of energy and angle. Agostead.
(19960Db) first derived such models using experimefdable differential neutron spectra, but the data
now obsolete (Agosteo, 2007). Ipe and Fasso (208 published source terms and attenuation lengths
for composite barriers with 430 MeV carbon iongdeat on a 30 cm ICRU sphere. As discussed in
Chapter 1, computational models are useful espgciafing the schematic phase of the facility dasig
when the design undergoes several changes, tordie¢ethe bulk shielding. In this case, the ento@em
geometry is not modeled but usually spherical shadlshielding material are placed around the targe
and dose is scored at given angular intervals mme@ch shell of shielding material. The dose aheac
angle can be plotted as a function of shieldingkimess and the data can be fitted to obtain sdaroes
and attenuation lengths as a function of angle aarnlde energies of interest, with the approptiatget
using Monte Carlo methods. The source terms dedution lengths will depend upon the composition
and density of the shielding material. A stoppiagét can be used to determine dose rates from the
beam incident on the patient. However, the usestbpping target is not necessarily conservatiwalin
cases, because for a thin target, the hadron cascag propagate in the downstream shielding. Ray

traces can be performed at various angles andtlreesterms and attenuation lengths can be used for
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dose calculations. These models are also useidéntifying thin shielding and facilitates improved
shield design. The qualified expert should not melypublished models but should derive computationa

models for energies, targets and concrete composihat are site specific.

3.7.3.1 Carbon lons.Ipe and Fasso (2006) describe Monte Carlo cdloasperformed using
FLUKA to derive computational models for 430 Me\Garbon ions incident on tissue. The simulations
were performed so that source terms and attenulgingths in concrete and composite barriers (coacre
plus iron) could be determined for 430 MeV/u carlmrs incident on an ICRU tissue sphere (15 cm
radius, 76.2 % O, 10.1 % H, 11.1 % C, and 2.6 %INg concrete was assumed to be Portland cement

with a density of 2.35 g cth

Figure 3.3 shows the total ambient dose equivatearh all particles in picosieverts per carbon
ion normalized to a distance of 1 m from the tar(ESv-nf) as a function of shielding thickness. The
dose at any distanckfrom the tissue target is obtained by dividing dose at 1 m byl Also shown is
the dose equivalent in vacuum. It is importamate that there is a dose build-up in the first fayers
of the shielding before attenuation takes placerdlore, dose equivalent rates in vacuum should@ot
used to determine shielding thicknesses. The earersot shown but are typically within 20 %he
attenuation length., changes with shielding depth and reaches equitibafter about 1.35 m of
shielding thickness. The data in Figure 3.3 wdtediwith the classical two parameter formula asash
in Equation 1.1. The equilibrium attenuation lén@t, is given by the reciprocal of the exponent. The
results are shown in Table 3.4 together with thaupaters for two other polar angles (10° to 30° and
40° to 50°). The source terms and attenuation kengte valid for shielding thicknesses greater th&hb
m. The attenuation lengths shown are the dose alguivattenuation lengths for all particles andjost
for neutrons. The attenuation length in the 108@®range is higher than in the forward directian.

similar observation was made by Agosét@l. (1996b) for 400 MeV/u carbon ion data. This may be
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attributed to the fact that head-on collisionsdarbon ions are less frequent than grazing cafissio

(Raju, 1980).

In general, it can be observed that the additidd0acm of iron provides a reduction in the
source term by a factor of about 2. In the forwdirdction (0O to 30°) there is a softening of the
spectrunwith the addition of iron, as can be observed lgyadhange in attenuation length. At large
angles (40° to 60°), the iron does not appeardgige any significant softening of the spectrums It
important to note that the source terms and atteorukengths will depend upon the particle enetbg,
material and dimensions of the target, the angl@aduction, the fluence to dose equivalent conears
factors, and the composition and density of theldlig material. Additionally the source terms and
attenuation lengths will also depend on how goedfitiis. There is no other published data on seur

terms and attenuation lengths (computational oeemypental) for 430 MeV/u carbon ions.
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2014 Figure 3.3Dose equivalent per carbon ion (0° to 10°) as atfan of shielding thickness for 430 MeV/u

2015 carbon ions incident on ICRU tissue sphere for ausiip shield (Ipe and Fasso, 2006).
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2016 Table 3.4 Computational models for concrete andpmsite shield (concrete and iron) for 430 MeV/u
2017 carbon ions incident on ICRU tissue sphere (15anius) valid for shielding thickness > 1.35 m (Ipe
2018 and Fasso, 2006
2019
Iron 0°to 10° 10° to 30° 40° to 60°
Thickness
(cm)
Ho e (g/cn) Ho L (g/cnt) | Ho e (g/cnT)
(Sv-nffion) (Sv-ntfion) (Sv-nffion)
0 (3.02 £0.04)123.81 + 0.48] (4.81 £0.04$)L33.09 + (4.71£0.21) |117.64 +1.32
x 10 x 10 0.74 x 10"
30 (1.25+£0.02)123.12 £ 0.38| (2.44 £ 0.08)129.64. + (1.91+£0.08) |119.38 +0.48
x 10%2 x 10 0.36 x 10
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" x 10 0.70 10"
90 (2.77 £0.09)119.58 £ 1.25| (5.27 £ 0.29)1126.09 + (3.29 £0.69) x|119.14 + 1.34
x 10" x 10* 0.80 10"
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" x 10* 0.94 10"
2020
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Figures 3.4 and 3.5 show the dose per carbon ipitosieverts per particle normalized to 1 m
(pSv-nf) as a function of concrete thickness for both ifiée) target and tissue targets in the 0° to 10°
and 80° to 100° directions. In the forward diregtithe doses in vacuum and concrete are highéhéor
tissue target when compared to the iron targetyedseat the large angles, the doses are lowenédor t
tissue target when compared to the iron targes Bribecause the high-energy neutron components
produced in the forward direction by a break-upcpss and the momentum transfer from projectile to
target nuclei are higher for both lighter nu¢dgets and higher projectile energy than for heravi
nuclei targets and lower projectile energy (Gunkéatx et al, 2004). Thus, more forward-directed
neutrons will be produced in a stopping tissuedftigan in a stopping iron target. For both targbtsre
is a build up in dose in the first few layers of toncrete shield. The attenuation lengths reach

equilibrium only after about a meter or more of c@te in the forward direction.
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Figure 3.6 shows the relative dose equivalent dmutions of the various particles for 0° to 10° at
1 m from the target. Neutrons are the largest dumutor to the total dose. At a depth of 15 cm in
concrete, about 66 % of the dose is from neutrainsut 32 % from protons, less than 2 % from phqtons
and less than 0.2 % from charged pions. The newatratribution increases to about 95 % at greater
depths. At large angles (not shown in the figuited,neutron contribution remains fairly constardlat
depths (96 %), while the proton contribution inaesfrom less than 1 % to about 2 % with increasing

depths. Thus, neutrons dominate the dose outsidghilelding at all angles.
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2047 Figure 3.6. Relative dose equivalent contributian8° to 10° per carbon ion at 1 m from ICRU tissue

2048 sphere (Ipe and Fasso, 2006).
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Figure 3.7 shows the neutron spectra from 430 Me&dfbon ions incident on tissue at the
concrete surface, for 0° to10° and for 80° to 90fe errors are not shown but are typically within%2.
The fluence is in lethargy unitse., E x dp/dE, where E is the neutron energy apddé is the
differential fluence. The neutron fluence in theadard direction (0° to 10°) is much greater tham th
neutron fluence at the large angles (80° to 100f)eaconcrete surface. The neutron spectrum in the
forward direction extends up to about 1 GeV in ggewhile the spectrum at the large angle exteads t
about 0.4 GeV. In both spectra, the oxygen rasmmpeaks (from concrete) at 500 keV and the
evaporation neutron peaks at about 2.3 MeV arerebdeA high-energy neutron peak is observed at
about 340 MeV in the forward direction, while a &dgeak is observed between about 20 and 50 MeV

at the large angles.
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2061 Figure 3.7. Neutron energy spectra incident at macsurface for 430 MeV/u carbon ions incident on

2062 ICRU tissue sphere (Ipe and Fasso, 2006).
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3.7.3.2 Protons Agosteocet al. (2007) have derived computational models forceete for 100,
150, 200, and 250 MeV protons incident on a tivick target using the Monte Carlo code FLUKA,
using the TSF 5.5 concrete with a density of 2.8g and a water content of 5.5 %. A single
exponential fit was used for the data in the foohdirection, and a double exponential fit was usted
large angles (> 40°). The results are shown ind8B. They have also made an extensive comparison
of their Monte Carlo computational data with pubéd experimental and computational data and
conclude that “there is wide range of variabilitythe results, which reflects the large differencehe
geometrical configurations (experimental or compatel), material composition and techniques used.
The concrete composition may have a substantishdingn the attenuation properties of a barrier”
(Agosteoet al.,2007). Teichmann (2006) has published computatimaalels for 72 MeV and 250 MeV
protons incident on a thick iron target, using bhente Carlo code MCNPX (Pelowitz, 2005) for the
TSF 5.5 concrete. Attenuation lengths calculatett WLUKA and MCNPX agree to within 10 %,
whereas the source terms are significantly differéar example, MCNPX source term is 1.5 times
lower than the FLUKA source term at 250 MeV in @%¢o 10° interval. Ipe (2008) has published the
equilibrium attenuation lengths for 250 MeV protansident on a tissue target for composite (iramspl
concrete) barriers. Tayanehal. (2002) have published source terms and attenukstiyths based on
MCNPX for concrete, for 52 MeV, 113 MeV and 256 Mpkéotons incident on a thick iron target.
Tayamaet al. (2002) also compare experimental source termsataduation lengths measured by
Siebers (1993) for 230 MeV with MCNPX calculatioitie calculated source term and attenuation

length are within a factor of 2 and 35 %, respatyivof the measured values.
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2083 Table 3.5. Source term parameter and attenuatigtidor proton beams stopped in a thick iron targe

2084 The attenuation is computed for normal concretéd~5%) (Agosteo, 2007).

2085
Energy (MeV)  Angular Bin k{(10) per M H,(10) per Ao
proton (Sv ) (gcm®  Proton (Sv ) (g cmi?)

100 0° to 10° (89+04)x1® 59.7+0.2
40° to 50° (5.9 +1.3) x 1§ 475+27 (1.5+01)x1§ 57.2+0.3
80° to 90° (5.3+0.8) x 16 33.7+1.2 (1.1+0.3)x10 52.6+0.7
130° to 140° (4.7 £0.4) x 18 30.7+05 (8.0+51)x18 46.1+28

150 0° to 10° (3.0+£02)x1® 80.4+05
40° to 50° (1.2+0.2) x 18 578+34 (3.3x0.8)x1§ 743+1.4
80° to 90° (10.0+2.2)x16  37.4+27 (1.2+03)x16 708+1.3
130° to 140° (7.8 £2.0) x 16 32.1+15 (21+06)x18 61.8+1.1

200 0° to 10° (5.6 +0.4)x1® 96.6+0.8
40° to 50° (1.9+0.3)x 16 68.3+59 (6.8+05)x15 86.4+05
80° to 90° (1.3+0.4)x 16 438+4.4 (3.7+0.8)x10 783+13
130° to 140° (1.3+0.3)x 16 328+16 (28+24)x1 70.0=x4.1

250 0° to 10° (9.8+1.0)x1® 105.4+1.4
40° to 50° (2.3+0.5) x 18 77079 (1.2+0.1)x10 935+0.5
80° to 90° (1.4 +0.4) x 16 49.7+57 (9.0+25)x10 83.7+20
130° to 140° (1.9 +0.6) x 16 344+34 (65x26)x1 79.1+£34

2086
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3.7.4 Other codes

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

University facilities.

The BULK-I code is a Microsoft Excel applicationcardeveloped at the accelerator laboratory
KEK in Japan (Tayama, 2004). The tool is applicdbigproton beams in the energy range from 50 MeV
to 500 MeV. The shielding can be computed not doyconcrete but also for iron or combinations of

both.

The BULK C-12 code, developed at the UniversityApplied Science in Zittau, Germany, in
cooperation with AREVA, Erlangen, Germany (Norokin2006), is capable of estimating neutron and
photon effective dose rates from medium energyomo{50 MeV to 500 MeV) or carbon ions (155
MeV/u to 430 MeV/u). Shielding materials considenethe code are concrete walls or a combination of

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

3.8 Shielding Materials and Transmission

3.8.1 Shielding Materials

Earth, concrete, and steel are typically used &otigie accelerator shielding (NCRP, 2003).

Other materials such as polyethylene and leadswé 10 a limited extent. As previously stated, reng

are the dominant secondary radiation, and whergusael a layer of hydrogenous material, must be

used in conjunction with the steel.
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3.8.1.1 Earth. Earth is often used as shielding material at tgrdend accelerator facilities and
must be compacted to minimize cracks and voidghEsiprimarily composed of silicon dioxide (SO
which makes it suitable for shielding of both ganmadiation and neutrons (NCRP, 2003). It contains
water which improves the shielding of neutrons.&mse the water content (0% to 30%) of the earth and
its density (1.7 g/cfito 2.2 g/cm) can vary quite a bit, the soil characteristicshef site must be
determined to ensure effective shielding desigm dttivation of the ground water must also be
considered for underground facilities. Partial eattielding is used at some particle therapy faesli
(HIT facility in Heidelberg, CNAO in Pavia, Italgnd Gunma University in Japan). The only cost

associated with earth is its transportation offsite

3.8.1.2 Concrete and Heavy ConcreteConcrete is a mixture of cement, coarse and fine
aggregates, water, and sometimes supplementaryntiegenaterials and/or chemical admixtures (see
http://www.cement.org/tech/faq_unit_weights.asp)e Tensity of concrete varies depending on the
amount and density of the aggregate, the amouant tfiat is entrapped or purposely entrained, hed t
water and cement contents (which in turn are imiteel by the maximum size of the aggregate).

Ordinary concrete has a density that varies bet@2and 2.4 g cth

Concrete has many advantages compared to dtiedding materials (NCRP, 2005). It can be
poured in almost any configuration and provideglsimg for both photons and neutrons. It is rekliiv
inexpensive. Because of its structural strengthyread-in-place concrete can be used to support the
building and any additional shielding. Concreteckkare also available. Water exists in concretaen
free and bound form. The water content of conqoktgs a significant role in the shielding of neuatso
With time, the free water evaporates, but the cetecalso hydrates (absorbs moisture from the
surrounding environment) until it reaches some ldgjiim. About 3 % of the water may evaporate in

the first 30 days or so. For neutron shieldingaéawmwcontent of about 5 % is recommended.
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In the U.S., ordinary concrete is usually conside¢rehave a density of 2.35 g rlL47 Ib feet
%), Concrete used for floor slabs in buildings gygdally lightweight with a density that varies ixeien

1.6 and 1.7 g cih

The poured-in-place concrete is usually reinfoneéti steel rebar, which makes it more effective
for neutrons. Because the steel rebar is not ieclud the concrete composition, measured radiation
doses with heavily reinforced concrete will be lowean calculated doses. The disadvantage of ctancre
is that takes months to pour. The typical compas#iof various types of concrete are shown in Table

3.6.

High-Z aggregates or small pieces of scrap steel orarersometimes added to concrete to
increase its density and effectiéeThese concretes are known as heavy concretesiti2srof up to
about 4.8 g ciican be achieved. However, the pouring of such-Eighhanced concrete is a special
skill and should not be undertaken by an ordinaryceete contractor because of settling, handlind, a
structural issues (NCRP, 2005). Ordinary concretags are not capable of handling such dense
concrete. The higl-aggregates could sink to the bottom resultingmo@-uniform composition and
density. Concrete trucks with greater capacity balrequired for transportation. Heavy concretedana
locally at the construction site may not be subjecehdustrial standards and will need to be chdcke
Prefabricated heavy concretes are subject to nigostandards and are available as blocks or
interlocking blocks. The higl-aggregate enhanced concrete is also sold in thedbeither
interlocking or non-interlocking modular blocksidtpreferable to use the interlocking blocks toidv
the streaming of radiation. Concrete enhanced wothore is particularly effective for the shieldiof

relativistic neutrons. .
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Ledite® is manufactured by Atomic Internationaleéerick, Pennsylvania, and is a modular pre-
engineered interlocking high density block whicls ahigh iron content. It is currently used in the
shielding of photon therapy linear acceleratorsatt be placed in existing structures and can be
relocated and reused. Its use results in consitietiale savings. Pouring of concrete takes months,
whereas Ledite can be stacked in weeks. In ordstiutdy the space savings that could result fronusige
of Ledite, the transmission of three different asitions were investigated: Proshield Ledite 306 (
4.77 g cn?) which is was marketed by the manufacturer fotiglartherapy, and two previous
compositions referred to as Ledite 293= 4.77 g crit) and Ledite 247(p = 3.95 g crif). The results

are discussed in Section 3.8.2.

An important consideration in the choice of shiejdmaterials is their susceptibility to
radioactivation by neutrons, which can last foradbs. Activation of concrete is discussed in Chapte
It has been observed that for short-lived radieégti*Na (T.,= 15 h) is dominant, and for longer-lived
radioactivity,”Na (Ty»= 2.6 a) and®*Eu (Ty»,= 12 a) are dominant. The steel rebars can also get
activated. Higher activation may occur with somavyeconcrete like barites (which are barium
containing). Radioactive isotopes such#Ba (Ty,= 10.7 a).*'Cs (Ty= 30.0 a)*'Ba (Tyo= 12 d),
and**‘Cs (Ty»= 2.1 a) can contribute significantly to the extmiose rates (Sullivan, 1992). Studies by

Ipe (2009b) indicate that activation in Lediten@t significantly greater than activation in cortere

2 Marketed as XN-288

3 Marketed as XN-240
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2180 Table 3.6.Typical compositions of various types of concrdteracuring (Chiltoret al, 1984; NCRP,
2181 2003). The sum of partial densities is not exaetahtire density of concrete due to missing element

2182 proportions.

2183
Concrete Type Ordinary Barytes® Magnetite-Steel
Density (g/cn?) 2.35 3.35 4.64
Element Partial Density (g/cnt)
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 - - -
Sodium 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 -

2184 ®Barytes with BaSQore as aggregate
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3.8.1.3 Steel.Steel is an iron alloy and is useful for shietdphotons and high-energy neutrons.
The high density of steel (~ 7.4 g/@nogether with its physical properties leads tithevalue thickness
for high-energy neutrons of about 41 cm (Sullive®92). Therefore, steel is often used when spaat is
a premium. Steel or iron are usually availablehmform of blocks (NCRP, 2003). Natural iron is
comprised of 91.7 %°Fe, 2.2 % of ‘Fe, and 0.3 % ofFe. The lowest inelastic energy levePfe is
847 keV. Neutrons above 847 keV will lose theiergy by inelastic scattering, while neutrons below
847 keV can lose their energy only by elastic scetg) which is a very inefficient process for iron.
Therefore, there is a build up of neutrons below émergy. This is also the energy region where the
neutrons have the highest weighting factor. Natuoal also has two energy regions where the minimum
cross section is very low because of the resonaréee. They are at 27.7 keV (0.5 barn) and at 73.9
keV (0.6 barn). Thus, the attenuation length is tieigion is about 50 % higher than the high-energy
attenuation length. Therefore, large fluxes of reng can be found outside steel shielding. For fowe
energy neutrons, only the elastic scattering psocasses neutron energy degradation. As stated in
Chapter 1, if steel is used for the shielding gihkénergy neutrons, it must be followed by a

hydrogenous material for shielding the low-energytrons which are generated.

Due to the large variety of nuclear processesudicg neutron capture reactions of thermalized
neutrons, steel can be highly activated. It is riggbthat the following radionuclides are produoed
steel or iron by protons and neutrorfs**>Mn, *4485¢, 2572858 48y 4951y 2223, and Fe
(Freytag, 1972; Numaijiri, 2007). Thermal neutroasse>Fe and®Co activation. It is obvious that steel

with less cobalt can reduce the production of dabatopes.

3.8.1.4 Polyethylene and Paraffin.Polyethylene (Ch), and paraffin have the same percentage
of hydrogen. Paraffin is less expensive but hamet density and is flammable (NCRP, 2005).

Therefore, polyethylene is preferred for neutroielsing even though it is more expensive. Atterurati
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curves in polyethylene of neutrons from 72 MeV prst incident on a thick iron target are reported by
Teichmann (2006). The thermal neutron capture Ipgtoylene yields a 2.2 MeV gamma ray which is
quite penetrating. Therefore, boron-loaded polyletiny can be used. Thermal neutron capture in boron
yields a 0.475 MeV gamma ray. Borated polyethylesre be used for shielding of doors and ducts and

other penetrations.

3.8.1.5 Lead.Lead has a very high density (11.35 g%mnd is used mainly for the shielding of
photons. Lead is available in bricks, sheets, datkp. Lead is malleable (NCRP, 2005) and therefore
cannot be stacked to large heights because inaifilsupport its own weight. Therefore, it will reca
secondary support system. Lead is transparenstméutrons and it should not be used for do eil
thresholds for particle therapy facilities where@®ary neutrons dominate the radiation field. Hoave
it does decrease the energy of higher energy neibp inelastic scattering down to about 5 MeV.
Below this, the inelastic cross section for newrdrops sharply. Lead is toxic and should be ewmciase

steel or other materials, or protected by paint.

3.8.2 Transmission

The transmission of a given thickness of shieldiragerial is defined as the ratio of the dose at a
given angle with shielding to the dose at the sangde without shielding. Transmission curves c#so a

be used to determine shielding thicknesses.

Figures 3.8 through 3.10 show the total particleedequivalent transmission (based on FLUKA
calculations) of three different compositions cédite®, composite shields, and iron and concrete as
function of shielding thickness for various anghdsen for 430 MeV/u carbon ions incident on a 30 cm

ICU tissue sphere (Ipe, 2009). Figures 3.11 thraidB show similar data for 250 MeV protons. These
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transmission curves can be used to determine tn@asite shielding thickness that can be used to
replace large concrete thicknesses in the forwmedttibn in the treatment room and thus save spfeme.
example, from Fig. 3.8 it can be observed that 64 concrete provides about the same attenuaon
about 2.6 m of Ledite 293 or 3.3 m of Proshielditeedr 120 cm of iron plus 165 cm of concrete glot
shielding thickness = 2.85 m). Thus, a space sawn@.05 m is obtained with Ledite 293; 1.65 m is
obtained with Proshield Ledite 300; and 1.85 mhitamed with composite shielding of 120 cm of iron
plus concrete. From the figures it can also be eskthat Ledite 293 is more effective then Le@dg
and Proshield Ledite 300 in the forward directieven though Proshield Ledite has a higher denisay t

Ledite 293. Thus, both composition and densityhadlging material impact transmission.
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2245  Figure 3.8. Transmission curves for 430 MeV/u carioeident on 30 cm ICRU sphere (0° to 10°) (Ipe,

2246 2009a) (Copyright 8 September 09 by the Americaal®ar Society, La Grange Park, lllinois).
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2249 Figure 3.9. Transmission curves for 430 MeV/u carimzident on ICRU sphere (40° to 60°) (Ipe,

2250 2009a) (Copyright 8 September 09 by the Americaol®éar Society, La Grange Park, lllinois).
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2252  Figure 3.10. Transmission curves for 430 MeV/u oarimcident on ICRU sphere (80° to 90°) (Ipe,

2253 2009b).
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2255 Figure 3.11. Transmission curves for 250 MeV pmstimcident on ICRU sphere (0° t010°) (Ipe, 2009a)

2256 (Copyright 8 September 09 by the American Nuclemi&y, La Grange Park, lllinois.)
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2260 Figure 3.12. Transmission curves for 250 MeV pretmident on ICRU sphere (40° to 60°) (Ipe, 2009a)

2261 (Copyright 8 September 09 by the American Nuclemi@y, La Grange Park, Illinois).
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2264 Figure 3.13. Transmission curves for 250 MeV pretmeident on ICRU sphere (80° to 100°) (Ipe,

2265 2009b).
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2266 3.8.3 Verification of Density and Composition

2267

2268 The transmission of the shielding material deperms both density and composition.

2269 Therefore, it is important to determine density anchposition.

2270

2271 3.8.3.1 Density. The density of concrete is a function of mixtpreportions, air content, water
2272 demand, and the specific density and moisture abwofehe aggregate (ASTM, 2003). Decrease in
2273 density is due to moisture loss that, in turn, igrection of aggregate moisture content, ambient

2274  conditions, and the ratio of the surface area¢ovthiume of the concrete member. For most congretes
2275 equilibrium density is approached at about 90 0 d8ys. Extensive tests demonstrate that despite
2276 variations in the initial moisture content of liglgight aggregate, the equilibrium density will be

2277 approximately 0.05 g cf(3.0 Ib ft%) greater than the oven-dry density. Thereforeemeination of

2278 oven-dry density will be the most conservative apph. Because the water in concrete does evaporate
2279 with time, the use of “wet” density is not consdiva. On-site density testing should be performed.
2280

2281 3.8.3.2 Composition. The composition of concrete is usually determinsithg x-ray

2282 fluorescence (XRF). Fourteen elements can be ag@dl{&i, Al, Fe, Ca, Mg, S, Na, K, Ti, P, Mn, Sr,,Zn
2283 and Cr). However, this method does not identifyredats below sodium, which require combustion
2284 tests. The hydrogen content is of great importameeeutron shielding; therefore, additional testechto
2285 Dbe performed. Other tests include the determinaifacarbon, hydrogen, and nitrogen with the Perkin
2286 Elmer 2400 CHN Elemental Analyzer (ASTM, 2003). @&y can be determined with the Carlo Erba
2287 1108 or LECO 932 analyzer. Elements which interfeitt oxygen analysis are silicon, boron, and
2288 fluorine (high content). Oxygen can also be analyméh the ICP (inductive coupled plasma) method.

2289 Carbon and sulfur can be analyzed using a LECOya@alin the XRF test results, the elements are
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usually reported as oxides. Therefore, a speciplast must be made up front in order to get thetitna

by weight of the raw elements.

3.8.4 Joints, Cracks, and Voids

Joints between the same shielding materials shmiktaggered to ensure integrity of the
shielding. If shielding blocks are used, they stbdaé interlocking. If grout is used, it should hake

same density as the shielding material.

For concrete pours, vibration of concrete shouldd®d to ensure that there are no voids in the
concrete. Continuous pours are preferred for tmem@te walls and ceiling. For non-continuous
concrete, appropriate measures (such as sarndglaspoured surface before pouring the next patti
use of keyways, staggered joirg$:) should be in place to ensure that there aréincspots at the cold

joint. For non-continuous pours, the ceiling shdogdnotched into lateral walls.

3.8.5 Rebar and Form Ties

Rebar is made of steel and while its use varigsc#jly it occupies less than 5 % of the barrier
area. The density of steel (7.8 g&nis much higher than concrete (2.35 g¥9nand its mass
attenuation coefficient for photons below ~ 800 kae\d above ~ 3 MeV is greater than that of concrete
But because of its higher density, in all casésat better photon shield. As stated before, $tdlelwed

by concrete is also effective for the shieldinghefitrons.

Form ties completely penetrate the shielding, gpdtally they are heavy double wires or steel

rods with a diameter of about 2.5 cm. Thus, thenfte acts as a very long duct, but most of theémes
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will scatter out of the steel. Sometimes conesuaeasl at the end of the form ties. The holes lethley

cones should be filled with grout of the same dgres the concrete.

3.9 Special Topics

3.9.1 Mazes

Mazes are used to reduce the radiation dose ainthance to the shielded room so that a massive

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

required, or a thin shielded door may be requiféxd typical approach is to avoid the direct propaga

of radiation to the entrance of the maze as showsgure 3.14.
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2327

2328 Figure 3.14. Example for the maze of a treatmentravith fixed beam geometry (left) and for a gantry
2329 geometry with a rotating radiation cone (right) eTl$hielding walls are made of normal concreteyyea
2330 concrete (HC), and concrete reinforced with stagtils (Fe). The maze for the attenuation of seegnda
2331 radiation has four legs. The legs are most effectiien the bends are 90 degrees as shown (Cooftesy
2332 G. Fehrenbacher, J. Goetze, T. Knoll, GSI (2009)).

2333
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2334 Two basic rules must be considered in the designroéze: the forward-directed radiation from
2335 the target should never be directed toward the paambthe sum of the thicknesses of each maze wall
2336 should be equal to the thickness of the directidagewall. The effectiveness of a maze depends upon

2337 the following characteristics:

2338

2339 » As the number of legs increases, the attenuaticeases. The legs are normally

2340 perpendicular to each other. The effect of the c&dn of the radiation levels in the first
2341 leg is less pronounced than in the consecutive leg

2342 » Because the forward-directed radiation does nt#reéhe maze, only the attenuation of
2343 scattered radiation, with an energy distributioiftet toward lower energies in

2344 comparison to the forward-directed spectrum condingctly from the target, should be
2345 considered for the planning of the single maze sall

2346 » During the propagation of neutron radiation aldmg taze and the continuous production
2347 of thermal neutrons, a permanent source of gamdiatian is present because it is
2348 caused by (i) reactions. Therefore, the attenuation of gamrdati@n must be taken
2349 into account.

2350

2351 Radiation levels inside a maze can be estimatdud amalytical methods, Monte Carlo

2352 calculations, or experimental data. Tesch (198@yiges an approximation that is easy to use anédas
2353 on experimental data from an Am-Be neutron sounceaaconcrete-lined labyrinth. The equations are
2354 defined for the first leg (Equation 3.3) and sepeyafor the second leg and all further legs (Eoprat
2355 3.4):

2356

2357 H(r,) =2 ,(r,) E(HZ for the first leg (3.3)
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H(r) = (GXF(—O;S) + 0.022[A" @XF{_%)

H_ h i
1+0.022[RA" j o, for the " leg (i >1) (3.4)

where :
Ho = dose at the first mouth of the maze;
ro= distance from the source to the first mouth mnaze (unit in m);
r; = center line distance of first leg (m);
ri = center line distance df leg (m);
A = cross sectional area of tHerhouth of the'f leg (nf);

Hoi = dose equivalent at the entrance to thieg.

The measured dose rates and the correspondindatattwalues with Equations 3.3 and 3.4
agree reasonably well. Increasing the length ohthee and decreasing its cross-sectional arezagese
the attenuation. Other methods can be found ifitdrature (Dinter, 1993; Gdbel al, 1975; Sullivan,

1992).
3.9.2 Penetrations and Ducts

Ducts and penetrations in the shielding wall acued for the routing of air conditioning,
cooling water, electrical conduits, physicist’s daits,etc Direct penetration of the shielded walls must
be avoided. Oblique penetrations as shown in Figur®a increase the radiation path length, andéyenc
the attenuation. However the forward-directed raoiteshould not point in the direction of the
penetration. Another effective method is the idtrction of bends and arcs, as shown in Figure$3.15
3.15¢, and 3.15d. The reduction of the radiati@m@lthe duct is accomplished at the bends where the
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2382 radiation is scattered. In some cases when anusbpgnetration of the duct is not feasible, shanh@ask
2383 shielding such as shown in Figure 3.15d can be.udsahlly the cables filling the penetrations pdevi

2384 some minimal shielding.

138



2385

2386
2387

2388

2389

2390

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

I
fﬁ':

x|/

Figure 3.15. Various types of ducts and penetratisith different methods for the reduction of radia
propagation along the duct: a) Extension of the tergth, b) and c) use of a bend, d) use of twalbe
and e) covering of the penetration with a shieldu@esy of G. Fehrenbacher, J. Goetze, T. Knoll, GS

(2009)).
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The DUCT Il (Tayameet al., 2001) code, based upon a semi-empirical metiodyitable for
duct calculations (cylindrical, rectangular, araruband slit) for gamma radiation and neutron wit

energies up to 10 MeV and 3 GeV, respectively. DT Il code is available through the NEA.

3.9.3 Skyshine and Groundshine

Some facilities may be designed with little shietglin the ceiling above the accelerator or
treatment room when the area above the ceilingti®ccupied. Secondary radiation may then be
scattered down by the atmosphere to the groundl [Ekes is referred to as “skyshine” and illustichia
Figure 3.16. A treatment room is shown with subtshbeam depositions in a targetg, the tissue of
the patient. Similarly, “groundshine” refers to i@tbn escaping the floor slab, reaching the eaattq

scattering upwards.
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2403
Skyshine
“gct))izirvation
2404

2405 Figure 3.16. Examples of skyshine and groundshiSecondary radiation produced in a treatment room
2406 can partially escape through the roof (or the flelab) and cause non negligible dose rates at the

2407 observation point (Courtesy of G. Fehrenbachegogtze, T. Knoll, GSI (2009)).
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Skyshine results from the scattering of lower-epaergutrons (NCRP, 2003). High-energy
neutrons that penetrate the ceiling shielding uyal@relastic collisions with the air to generatereno
low-energy neutrons. Therefore, it is necessaikntaw the intensities as well as the energy and langu
distributions of neutrons entering the sky abowedgiling of the shielded room. Stevenson and Tlsoma
(Stevenson, 1984) developed a method for the Gloal of skyshine that are valid at distances-of

100 m to 1000 m from the source. The following agstions and simplifications were made:

» A differential neutron energy spectrum of the fdtfa (whereE is the energy)
extending up to a maximum neutron energy (callgueupnergy of the neutron
spectrum) is used. The highly penetrating neutmmponent is overestimated in this
assumption.

* The neutrons are emitted into a cone with a semieat angle of about 75°. This
assumption leads to an overestimation of the dblsgge distances for neutron

emissions with small semi-vertical angles.

The neutron dose equivalent per source neutrorpggrthe roof shielding is given by:
H(r) :riz[exp(—ﬁ), (3.5)

wherer is the distance from the source to the observagtmnt (m),«x is a constant with a value
between 1.5E-15 Svand 3E-15 Sv-fmand is the effective absorption length in the airltué t
maximum neutron energy. The values.@fre given in Figure 3.17 for the energy range fioMeV to

10 GeV.
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2431
2432 Figure 3.17. Absorption length of neutrons escafriog the ceiling and causing skyshine. Calculated

2433 by G. Fehrenbacher based on formula cited in NC/RP(LICRP, 2003).
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2434 Equation 3.5 was further modified by Staple&tral. (1994) with the introduction of more
2435 realistic neutron spectra, the angular dependehttyemeutron emission, and weighting of the high-
2436 energy neutrons. The modified expression is giwen

2437

2438 H(r) = 75 lexd-5) (3.6)

2439
2440 wherex’ =2 x 10" Sv nf per neutron and h = 40 m. Equation 3.5 is an éogbisummary of

2441 experimental and theoretical data, and may usddseitne constraints.

2442

2443 3.10 Examples for Existing Facilities

2444

2445 This section provides examples of the shieldinggitesf various facilities.
2446

2447 3.10.1 Facilities for Proton Therapy

2448

2449 3.10.1.1 Loma Linda, CA, USA.The Loma Linda University Medical Center (LLUM@G)the
2450 first hospital-based proton treatment facility binl the world. Figure 3.18 shows a layout of taeility
2451 which is comprised of a 7-m diameter synchrotroith(\a 2 MeV RFQ for pre-acceleration), three gantry
2452 rooms, and one fixed beam room. The energy ranggeafynchrotron is 70 MeV to 250 MeV. The

2453  design intensity is T0 protons/sec. The beam extraction efficiency isieighan 95 % (Coutrakon,

2454  1990; Scharf, 2001; Slater, 1991). The beam-shapasgive systems include ridge filters, scattering
2455 foils, and a wobbler. A total of 1000 to 2000 patsecan be treated per year, with a maximum of 150
2456 treatments per day.

2457
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Awschalom (1987) collected shielding data for 258\Wproton beams in preparation for
construction planning. The facility was built belgnound level, which allowed relatively thin outer
walls. The main radiation safety calculations waeeformed by Hagaat al. (1988). Secondary
radiation production by protons with energies frbs® MeV to 250 MeV was computed with the Monte
Carlo code HETC (Cloth, 1981) for iron and wategéts. The subsequent transportation of the
produced neutron radiation was performed with theSWN code (Engle, 1967) for a spherical geometry.
Attenuation curves were derived for concrete thedges in the range up to 650 cm. An experimental
assembly of the synchrotron was set up at the Rdational Accelerator Laboratory. Holes were ddll
in the concrete shielding and TEPC detectors (de=tin Chapter 4) were positioned outside thesiole
Experimental attenuation curves were derived ferahgular range from 0° to 90° and served as a

benchmark for the theoretical attenuation curvésh@s, 1990; 1993).

145



PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

2469

2470

2471 Figure 3.18Proton therapy facility at the Loma Linda Univeydiledical Center. The installation has a
2472 synchrotron, three rooms for treatments with aryaand a fixed beam branch with two beam lines (1)
2473 and a fixed beam line for calibration measurem@&jt§¢Courtesy of G. Fehrenbacher, J. Goetze, T.

2474  Knoll, GSI (2009)).
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3.10.1.2 Massachusetts General Hospital (MGH), Boston, MAJSA. Figure 3.19 shows a
layout of Massachusetts General Hospital (MGH). dbeelerator is an IBA 230 MeV cyclotron. There
are two gantry rooms, a horizontal beam line farlactreatments, and an experimental beam line. The
beam-shaping system consists of a passive scat®ygtem and a wobbler. The accelerator and the

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

The basic layout was designed using analyticaletsoilom Tesch for both the bulk shielding
(Tesch, 1985) and the mazes (Tesch, 1982). Salfeshg of the beam conducting elements was
neglected except for the cyclotron. The facilityswmuilt below ground, which allowed relatively thin
outer walls. The final design was verified aftenswuction using MCNPX (Newhauser, 2005; Titt,

2005).
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‘-‘

Figure 3.19. Northeast Proton Therapy Center (NPat@e Massachusetts General Hospital (MGH) in
Boston. The facility is comprised of two gantry neg one with a horizontal geometry, and an

experimental room (Courtesy of G. Fehrenbach&soétze, T. Knoll, GSI (2009)).

148



2491

2492

2493

2494

2495

2496

2497

2498

2499

2500

2501

2502

2503

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

3.10.1.3 National Cancer Center (NCC), Republic of Ko Figure 3.20 shows the National
Cancer Center (NCC) in Korea. The accelerator iB3&n230 MeV cyclotron. The facility is comprised
of three treatment rooms: two gantry rooms andfoeel beam room. An area is planned for
experiments. Initially, the scattering method wasdiand the wobbling method was expected to be used

in the later stages. The raster scan techniquédeilised in the future.

Shielding calculation were performed initially ugiiesch’s analytical model (Tesch, 1985) and
later using MCNPX. The facility is shielded withrawete of density 2.3 g/ciriThe assumptions used
for shielding calculations are a maximum beam-oretof 30 min per hour, 2 Gy/fraction, and 50 h
treatment time per week for 50 weeks per year.l@gal dose limits are shown in Table 3.1. Itis
interesting to note that the maze walls for th@glifiy are 2.9 m thick, compared to the NPTC mazdisv
which are only 1.9 m thick. As stated previouslyrkioads, usage assumptions, and regulatory

requirements vary from facility to facility; thewe, shield designs differ.
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2504

2505

2506 Figure 3.20. Layout of the proton therapy facilitykKyonggi, South Korea. The facility comprisesetr
2507 treatment rooms and an area for experiments (B .atkelerator is a cyclotron from IBA in Belgium.

2508 (Courtesy of G. Fehrenbacher, J. Goetze, T. K@&sl (2009)).
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3.10.1.4 Rinecker Proton Therapy Center, Munich, Germay. Figure 3.21 shows the
Rinecker Proton Therapy Center in Munich. The facdonsists of a 250 MeV superconducting
cyclotron with a maximum proton current of 500 Aere are four gantry rooms and one fixed beam

room.

Shielding calculations were based on a 250 MeVagorbeam incident on a graphite degrader
thick enough to reduce the energy to 70 MeV (Hofmand Dittrich, 2005). Annual dose limits of 5
mSv and 1 mSv were used for occupationally expasaéiers and the public, respectively. Ordinary
concrete and heavy concrete (mainly for the degrads) were used for shielding the facility. Sthieg)
calculations were performed with MCNPX. The introtlon of variance reduction techniques was
necessary to obtain results with comparable stalstrrors for all considered regions. Optimizatio
studies for the degrader shielding were perforrreglre 3.21 (right side) shows the isodose curves

and the spatial development of the radiation prapag in and around the shielding walls and rooms.
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2522

2523 Figure 3.21. Left: Building of the Rinecker Protdbherapy Center in Munich. Right: The dose
2524  distribution of the area near the cyclotron andehergy selection system is shown here. The highest

2525 dose rates occur in this area (Hofmann and Ditt2€105).

152



2526

2527

2528

2529

2530

2531

2532

2533

2534

2535

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

3.10.1.5 Paul Scherrer Institute (PSI), Switzerland.Figure 3.22 shows the proton treatment
facility at the Paul Scherrer Institute (PSI). Taeility is comprised of a 250 MeV{x< 500 nA)
superconducting cyclotron, two gantry rooms, adikeam room, and a research room. The shielding
design is essentially based on computational mddeishmann, 2006). Concrete, heavy concrete, and
steel were used for shielding. The design goalsewedose rates less than 1 uSv/h for laterdswa)
dose rates less than 10 uSv/h on top of the raeldsihg, and c) dose rates less than 1to 10 p®v/h i
accessible areas adjacent to the areas with beazauBe existing concrete blocks were used, antbdue
structural issues, walls are in some cases ackehthan necessary from a shielding point of viéhe
thickness of the roof of the degrader area is aBdiuin; of the cyclotron area it is about 2.5 ng &me

gantry rooms have a roof of about 1 m.

153



PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

2536

'

2537

2538 Figure 3.22. Treatment facility at PSI, Switzerlamith two gantry rooms and a fixed beam room

2539 (Courtesy of G. Fehrenbacher, J. Goetze, T. K@l (2009)).
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3.10.1.6 Proton Medical Research Center, Tsukuba, Japarkigure 3.23 shows the proton
medical research center in Tsukuba. The faciligoimprised of a 23 m circumference synchrotron, two
gantry rooms, and a research room. The injectosists of a Duoplasmatron ion source (30 keV beam
energy), a radiofrequency quadrupole RFQ (3.5 Ma¥{l an Alvarez unit (7 MeV). The synchrotron
accelerates protons to energies that range froMerdto 250 MeV. The proton beam intensity is 6.1x
10" particles per second (pps), and the total acdekécharge per week is 258 uC. The shielding design
was developed on the basis of experimental datgumned at the Los Alamos Meson Physics Facility
(Meier, 1990). Double differential distributions fine produced neutron radiation in thick target
approximation (carbon, iron, and others) were mesaishy means of the time-of-flight technique. Prnoto
beams with energy of 256 MeV were used. The angalages of the measured neutrons were 30°, 60°,
120° and 150°. The transport of the source neutn@ssperformed by using the ANISN code (Engle,

1967) in combination with DLC-119B/HILO86R/J3 groopnstants of the cross sections.
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Figure 3.23. Layout of the Proton Medical Rese&@ehter at the University of Tsukuba (Courtesy of G.

Fehrenbacher, J. Goetze, T. Knoll, GSI (2009)).
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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), &pan. At HIMAC (Hirao et
al., 1992) a large variety of ions can be acceleratedh as p, He, C, Ne, Si and Ar ions. However,
carbon ions are mainly used for patient treatmme. facility is shown in Figure 3.24 and is comeds
of two synchrotrons, one horizontal (H) treatmeam, one vertical (V) treatment room, one horiabn
and vertical combination treatment room (H&V), &pies and general-purpose irradiation room, a
medium energy beam irradiation room, and a roonbi@ogical irradiations. The combination treatment
room can be operated with two different beams fbatih synchrotrons (see the red beam lines in Fig.

3.24).
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Figure 3.24. Schematic of the HIMAC facility (Coesy of G. Fehrenbacher, J. Goetze, T. Knoll, GSI

(2009)).
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The extracted beam intensity for carbon ions frbmgynchrotron is 2 x #Gons per second
(Uwamino, 2007). Beam loss distributions are regmbfor 500 MeV/u He ions (energy higher than
needed for therapy) (Uwamino, 2007). About 5 % bé@sses occur during extraction, 10 % beam
losses occur during the acceleration along the dibdo beam losses occur at the ring scrapersl@nd
% beam losses at the vertical beam transfer lifi@s.beam loss data and the estimated time pefiod o
weekly operation per week (synchrotron, 108 h/wéagtment rooms, 11to 18 h/week) served as a basis
for the shielding calculations. The results of KHEKFA calculations (Cloth, 1981) were used to
develop an approximate formula for the calculabbsecondary neutron fluence produced by He ions
and other ion types with the capability to compieneutron fluence as a function of the ion eperg
(Ban, 1982). The attenuation of the neutron raoimitn the bulk shield is calculated and the
corresponding dose values are derived (Ban, 198®) results for the shielding calculations are giwe
Table 3.7 for some essential areas in HIMAC. Theldimg walls are partially augmented by iron. In
Table 3.7 (3rd column), the values for the thicleessof the combined concrete-iron shields are
converted into effective values for concrete lay&ree thickness of the shielding around the syrichno
is 1.5 m. At the extraction area there is an adidgi 2.5 m of shielding (Figure 3.24 left). Theeetive
shield thicknesses for the treatment rooms in ¢inedrd and lateral direction are 3.2 m and 2.5 m,
respectively. Shielding thicknesses for the highrgg beam transfer line, the roof shielding, arel th

floor shield are also given in Table 3.7.
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Table 3.7: Shielding measures of the HIMAC fa@ktifor some areas: synchrotron, therapy A, B, C,

roof, floor, HEBT and Linac (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

treatment room (H&V) Fe) Maze 2.75

C Vertical treatment

room V

Roof

Floor

HEBT

Linac

25/1.6, Maze 1.2

15
2.4
15-20

15
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3.10.2.2 Gunma University, Japan.Figure 3.25 shows a layout of the Gunma fagilitigich is
comprised of a synchrotron and three treatment so@me horizontal beam line, one vertical beam, lin
and one H&V beam line). A fourth room with a vealibeam line is provided for the development of
new irradiation methods (Nods al, 2006a). The maximum carbon ion energy is 400 MeXbout

600 patients are expected to be treated per year.

The desired beam intensity at the irradiation ®it2 x18 pps, which yields 3.6 x £@ons per
second for patient treatment (Noetaal, 2006a). An overview on beam intensities and bless
distributions is given in Table 3.8 at differera@s of the acceleration process. For the shiettksgn,
it was assumed that unused ion beams are decelémnatee accelerator before being dumped (Netda
al., 2006a) and consequently, the neutron productdiation is reduced. The dose rates are calculated

as follows:

» The source distributions of the produced neutraiietaon are taken from the Kurosawa
measurements (Kurosawa, 1999; Uwamino, 2007).

* The beam loss distributions were determined by Naa@d (2006a) and are listed in
Table 3.8.

* The dose rates outside the shielding were compugied) the ANISN code (Engle, 1967)
and the cross sections from the JAERI (Kotegata, 1993).

* ltis also reported that certain areas of the itscire designed using the PHITS-code

(lwase, 2002; Uwamino, 2007) described in Chapter 6

The shielding thicknesses are shown in Figure 3\2Some locations, the concrete shielding is
augmented by iron shielding. The synchrotron walés3 m to 5 m thick. The horizontal treatment
rooms are shielded with 3 m thick walls in the fard/direction (1.9 m concrete and 1.1 m iron, which
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results in an effective thickness of 4.6 m congratel 1.5 m to 2.5 m in the lateral direction.. Tihac
walls are 1.0 m to 2.5 m thick. The floor slab hakickness of 2.5 m. The roof shielding thickness
varies from 1.1 m to 2.2 m thickness. The wallkhesses of the fourth irradiation room (V) rangenir
1.1 mto 1.7 m, and are obviously reduced in comparto the other treatment rooms due to shorter
estimated irradiation time periods. Table 3.8 sunwea beam loss distributions and absolute beam

intensities..
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Table 3.8. Beam loss distributions and absolutenbegensities for the Gunma facility, calculated by
Nodaet al. (2006a). Efficiency, gives the ion beam transfer efficiency at différglages of the
acceleration and transfer process. The beam ityaegiiven in the quantity particles per pulsegppr

in the quantity particles per sec (pps).

Section Efficiencyy Beam Intensity
Injection 0.4 2E10 ppp
Synchrotron 0.64 5E9 ppp
Extraction 0.9 1.3E9 pps
HEBT 0.95 1.2E9 pps

Treatment Room 0.3 3.6E8 pps
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2631

2632
2633 Figure 3.25. Layout of the Gunma ion irradiatioaqility with the LINAC, the synchrotron (ring

2634 accelerator), and the treatment rooms (Courtesy. dfehrenbacher, J. Goetze, T. Knoll, GSI (2009)).

164



2635

2636

2637

2638

2639

2640

2641

2642

2643

2644

2645

2646

2647

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

3.10.2.3 CNAO, Pavia, Italy.Figure 3.26 shows the first stage of the CNAGHity which is
comprised of a synchrotron, two horizontal bearattreent rooms, and one horizontal-vertical
combination treatment room. Two gantry rooms waldzlded in the second stage. The facility is capabl
of accelerating protons to 250 MeV and carbon tor400 MeV. Preliminary shielding studies were
performed by Agosteo (1996b). The most recent dimgldesign was carried by Podal. (2005) and
Ferrarini (2007). The synchrotron is shielded &/ thick concrete wall (for the most part) whish i
augmented by earth layers (5 mto 7 m for theipw@vka). Inside the synchrotron there are addition
local concrete shields. The treatment rooms akddgd such that the adjoining rooms are kept a¢ dos
rate levels lower than 0.5 pSv/h (annual dosetlems 2 mSy, including the radiation sources from th
synchrotron). The lateral shield thicknesses rdraga 2 m to 3.1 m and the forward shield walls have
thicknesses of 4.2 m to 4.8 m with an effectivekhess of up to 8 m because of the oblique inciel@fic
the neutrons relative to the shielding walls. Tloerf shielding is 3.1 m and the roof shielding rasg

froml1l.1 mto2m.
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2648

2649

2650 Figure 3.26. Overview of the CNAO facility (Couryesf G. Fehrenbacher, J. Goetze, T. Knoll, GSI

2651  (2009)).
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3.10.2.4 HIT, Heidelberg, Germany.Figure 3.27 shows part of the HIT facility whiish
comprised of a synchrotron, two horizontal trezttrooms (H), a carbon ion gantry room, and a
research room. The facility is capable of accelleggbrotons as well as carbon, oxygen, and helmwms.i
The energies of the ions are so adapted that tkheérmam range in water is about 40 cm for protons and
helium ions, 30 cm for carbon ions, and 23 cm forgen ions. The beam parameters for HIT are 4 x

10" ppp for protons (220 MeV) or 1x 1@pp for carbon ions (430 MeV/u).
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| shielding wall

shielding

Figure 3.27. Left: Part of the HIT facility in Hi&lberg. Right: The dose distribution in the honizd
beam treatment rooms are also shown for carbobeams (Fehrenbacher, 2007). The isodose values
(yellow) are given in the units of pSv/h. The valuange from 10pSv/h (red) over FQuSv/h to 16
uSv/h (blue) with increments of a factor of 10 (@esy of G. Fehrenbacher, J. Goetze, T. Knoll, GSI

(2009)).
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The shielding design was developed on the baglsedkurosawa neutron spectra of the 400
MeV/u of carbon ions (Kurosawet al, 1999). A line-of-sight model was used to deteeriiose rates of
the neutron radiation outside the shield (Fehreindaat al, 2001). The model considers the angular
dependence of the neutron production (0° to 988 angular dependent neutron energy distributign (E
> 5 MeV), the neutron energy dependent absorptemdgval cross section), and the build-up effect of
the neutron radiation in matter. For angles greai@n 90° relative to the incoming ion beam, the
neutron source distribution at 90° was used. M@sado calculations with FLUKA (Fassa al, 1997)
were also performed for the horizontal treatmentns using the 2000 version of FLUKA and the
Kurosawa neutron spectra (Fehrenbadter., 2002a; Kurosawa, 1999) as well as for the gamtoyn
(Fehrenbachest al, 2002b). The results of the treatment room catmria are shown on the right in
Figure 3.27 for carbon ion beams with 400 MeV/u ard.( ions/sec deposited in a graphite target
(Fehrenbacher, 2007). Further specific studies wermrmed with FLUKA to study the impact of
recesses in the floor shielding for the horizotr@htment rooms for the installation of robots. Wiige
heavy ion version of FLUKA (Fasst al, 2005) was released, a full simulation was perémwith
FLUKA and the results were compared with the simoilausing the Kurosawa neutron source spectra

as the input for FLUKA. Reasonable agreement (wi® %) was obtained for the simulations.

The shielding design is based on the annual dostsigiven in the Table 3.1 of Section 3.1.2.
An additional dose rate guideline of 3 pSv/h wasdusutside the interlocked area for 10-min irradrat
periods. The shielding design is based on a 10&mHbesses at local (specific) areas, such asdamb
extraction point, and a 10 % beam losses in thelelimagnets. Additional local concrete shieldingwa
added in the synchrotron and beam transfer lineause the exact beam loss distribution in thesesare

was unknown.
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For the horizontal beam treatment rooms, theldihig of the three walls in the entrance maze,
perpendicular to the beam direction that inter¢le@tO° beam, is comprised of 1.5 m steel and 5.5 m
concrete (total effective concrete thickness 06 #r§. The lateral concrete thickness is 2 m. Therga
room has a wall thickness of 2 m. For the gantomr@alculations, the iron counterweight of 1 m
thickness was taken into account, because thisugttes the main neutron cone substantially in the
angular range +/- 25° relative to the ion beam.|&gplication of the use factor for the gantry room
reduces the thickness. The roof shielding (2 nthefhorizontal treatment rooms is partially augtedn
with 0.5 m of steel (total effective concrete Hmess of 2.72 m). The synchrotron is shielded bhyban
thick concrete wall and partially by earth on tixéeeior. Earth (and other bulk materials) covews th
concrete roof of the synchrotron and treatment maorhe floor slab is 1.5 m to 1.8 m thick and ety

the activation of soil and ground water.

3.11 Qualified Expert

In the case of charged patrticle therapy faciliteegualified expert is a physicist who has
expertise and proven experience in the shieldirsigdeand radiological aspects of high-energy plartic
accelerators, particularly in the shielding of tiatic neutrons. The individual must also be dapaf
performing Monte Carlo calculations. Various coiegmay have different requirements for qualified
experts. In the U.S., most of the states requaettie qualified expert is either registered cerised in

the state.

The qualified expert should be involved in thedaling phases of the facility design and

construction, so that costly mistakes can be prtedeand 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 sydhe layout of the facility is determined, and a
preliminary design is generated. The qualified ptigsshould be invited to attend meetings with the
owner and architect. Occupancy factors should tabkshed. Adjacent buildings and multi-storied
structures should be identified. The use of spagst lve evaluated. The highest radiation levelsiocc
near the treatment rooms and the accelerator. fidrerdiigh occupancy rooms such as nurse’s stations
offices, and examination rooms should be locatefdraaway as possible, while low occupancy rooms
such as storage areas may be located closer. Tlypmantrol rooms, patient preparation roore; are

in the immediate vicinity of the treatment rooms.

Workloads should be established. The owner shawdge information on the types of particles
to be used, the energies of the particles, the eumwitreatments per hour, the beam-shaping methods
that are to be usedic If an equipment vendor has been selected, théoreshould provide the
information regarding beam losses, locations argkta, and currents for various beam-shaping
methods, as well as other information requestethéexpert. The concrete composition and density
should be provided at this phase so that the pisysian perform Monte Carlo calculations. The
architect should provide the expert with scaleduilngs including both plans and sections. All
dimensions and details must be called out on tawidgs. The drawings should show the equipment in
place and the location of the isocenter. The gedliéxpert should work with the owner and archjtect
suggesting the most cost-effective and space-agtignidesign, shielding configurations and materials
and preliminary thicknesses. The preliminary thetses will be based on site-specific workload,lloca
regulations, and other assumptions. The archstemtild incorporate the shielding thicknesses inéo t

drawings, and the revised drawings should be sethtet expert for review. A few iterations may take
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place. The qualified expert should carefully revigne architect’s drawings. The qualified expertiddo

write a preliminary shielding report that includdkthe assumptions and specifies the requireddgshge

3.11.2 Design Development

In this phase, rooms, sizes, and locations wili&ermined to a greater detail (NCRP, 2005),
and the design will be finalized. The mechanicicteical, and plumbing details will be worked oahd
sizes of penetration, conduits, du&t; will be determined. The architect should incogterall the new
information into the drawings so that the expert datermine the required shielding for all the
penetrations. Once the shielding has been fingltbtedexpert should write the final shielding repor
which can be submitted to the pertinent regulatmgncy. The report should show doses at all logstio

and verify regulatory dose compliance. Contenthefreport are discussed in Section 3.12.

3.11.3 Construction Documentation

During this phase, all the construction drawings@repared. Details of the project are finalized
in preparation for construction. The shieldinghe tonstruction drawings should be identical ta tha
which is shown in the shielding report. The quadfexpert should review all drawings and all
submittals (drawings and information submitted blgcontractors) related to concrete density and
composition, door shielding, penetration shieldizxgg other special shielding materials. The quelifi
expert will also respond to request for informat{®#I) from the contractor. Prior to constructitime
qualified expert should participate in a meetinghwviihe owner, architect, contractor, and all othedes
to finalize the shielding items. During this phéisere may be changes in shielding configurationtdue

constructability issues. The qualified expert sdaeliew all such changes.
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2762 3.11.4 Construction Inspection

2763

2764 During construction, the qualified expert shouldfgen site visits and inspections to ensure that
2765 the shielding is implemented as specified in thelding report. The qualified expert should carkful
2766 review the shielding to ensure that there are aoks or thin spots. The dimensions, materials, and
2767 configuration of the room shielding, as well a®dand penetration shielding, should be verified.

2768 Inspection reports should be provided by the expery instances of noncompliance should be reported

2769 and corrected by the contractor or subcontractor.

2770

2771 3.12 Shielding Report

2772

2773 A copy of the shielding report should be maintaibgdhe facility. The shielding report should

2774 include but is not limited to:

2775 1. Names and contact information for qualified physicarchitect, and responsible person at
2776 the facility

2777 2. Name and address of facility

2778 3. A brief description of accelerator, beam transpods, treatment rooms

2779 4. Beam parameters, loss scenarios, targets, anddicat

2780 5. Workload and usage assumptions

2781 6. Occupancy factors

2782 7. Regulatory and design limits

2783 8. Concrete composition and density

2784 9. Drawings, including plans and sections of all steel rooms with dimensions called out,
2785 doors, penetrationgtc and locations at which doses are calculated
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10.Dose and dose rate compliance with regulatorytdimiter application of occupancy and

use factors

11. Additional instructions for architects and contmaston shielding, such as concrete pours,

the use of keyways, interlocking blocks, site dgrgsting,etc

3.13 Shielding Integrity Radiation Survey

Radiation surveys are performed to verify the intggf the shielding and dose compliance with

design and regulatory limits. Preliminary neutrowl @hoton radiation surveys should be performed as

the accelerator is made operational, and when lie&ansported to the treatment rooms. A final

radiation survey should be performed once theifgéd completely operational. Regulatory agencies

also typically require shielding integrity radiatisurveys during start up. Instruments that candeel

for radiation surveys are described in Chapterh Jurvey results should then be used to veriflyttiea

doses obtained with the workload assumptions acenmpliance with design and regulatory limits. A

repetition of the shielding integrity radiation gey must be repeated when there are changes in the

shielding (such as dismantling and reassemblingyl@n there are changes in beam operating

parameters. A copy of the survey report should Bmtained by the facility. The report should incud

but is not limited to:

1.

2.

Names of individuals performing the survey

Name of facility

Dates of survey

Machine conditions and beam operating parameters

Details of phantoms used in treatment room

Instruments used, including type, model, serial bemand calibration certificate

(calibration must be current)
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7. Beam parameters, loss scenarios, targets, andoocat
8. Workload and usage assumptions

9. Occupancy factors

10.Doses in occupied areas

11.Compliance with design and regulatory limits.
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4. Radiation Monitoring

Yoshitomo Uwamino and Georg Fehrenbacher

4.1 Introduction

The different types of radiation which are of camctor individual exposure at a particle therapy
facility are prompt radiation during beam operatéomd residual radiation after the beam is turnéd of
The prompt radiation is comprised of neutrons amatg@ns behind thick shields of treatment rooms or
accelerator vaults, while the residual radiationsists of photons and beta rays from induced
radioactivity. Neutron and photon exposure of thggmt in the treatment room are also of interese (

Chapter 7).

Many valuable references on the basics and priesipl radiation detection are available in the
literature (Ahmed, 2007; Knoll, 1999; Leroy and Raita, 2005; Tsoulfanidis, 1995). ICRU Report 47
(ICRU, 1992a) provides details on the measuren@msoton and electron dose equivalents, while
ICRU Report 66 (ICRU, 2001) covers neutron measergm This chapter provides an overview of
radiation monitoring and commercially availabletrnsentation for particle therapy facilities. Since
radiation protection regulations vary from courtycountry, and in some countries from state ttesta
each facility must ensure that radiation survegsparformed in compliance with the regulations

applicable to their specific facility.

4.1.1 Operational Quantities

The quantities to be measured are ambient dosgagui at 10 mm deptl*(10), for area

monitoring, and personal dose equivalent at 10 raptlgH,(10), for individual monitoring. The
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shallow doses$1,(0.07) andHy(3), at a depths of 0.07 mm, and 3 mm, respectiaeb/usually not as
important at particle therapy facilities when comgghto the strongly penetrating radiation which
dominates the dose outside the shielding. Figureskows the fluence-to-dose-equivalent conversion
coefficients (see Section 1.2.2 for details) asretion of particle energy (ICRP, 1996). Also shaave
the fluence-to-effective-dose conversion coeffitseior Anterior—Posterior irradiation geometB(AP),
including the recommended datak{AP) by the Atomic Energy Society of Japan (AESIN4 for
high-energy particles. The neutron data providetheyiCRP are limited to energies of 20 MeV and
below forHy(10) and 180 MeV and below fét*(10), respectively. The photon data is limited to
energies of 10 MeV and below. Because the conveefficient forH*(10) for neutrons becomes
smaller than that fdE(AP) above 50 MeV, measurementfAP) may be considered appropriate for
high-energy neutron$i*(10) is not always a conservative estimate fordffective dose, especially for
E(AP). This argument also applies for photons. Twilts of several studies performed for high-energy
neutrons and photons are reported in the litergfeeeariet al, 1996; 1997; Marest al, 1997,
Sakamoteet al, 2003; Satet al, 1999; Suttoret al, 2001). The conversion coefficient lB(AP)
becomes smaller than that for Posterior-Anteri@diation geometry£(PA), at neutron energies above
50 MeV. However, the integrated dose from therneaitrons to high-energy neutrons is highest for AP

geometry, and therefore orlfAP) is considered here.
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Figure 4.1. Dose conversion coefficients fromipletfluence to ambient dose equivaldit(10),

2862 personal dose equivaletity(10), and effective dose with AP geometyAP).
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4.2 Prompt Radiation Monitoring

4.2.1 Characteristics of Prompt Radiation Field

4.2.1.1 Mixed Field. High-energy protons and ions produce high-enaggrons and photons
through nuclear interactions with the componenthefaccelerator and the energy selection system,
beam delivery nozzle, and the patient tissue. $¥kerds of light ions are produced by the
fragmentation process of the primary heavy iond,taese light ions also produce neutrons and plsoton
High-energy neutrons are slowed down by nucledtestiag and are finally absorbed by matter. Photon

emissions accompany these nuclear reactions.

Photons produced by primary charged particles as#dyeabsorbed by the thick room shielding;
however, high-energy neutrons can penetrate tieddsfg. These neutrons produce secondary photons
during transmission, resulting in neutrons and phetutside of the shielded area. Neutrons having
energies lower than several tens of MeV are eabi$prbed. Peaks at about 100 MeV and several MeV
appear in the neutron energy spectrum at the sutéce of the shielding. Figure 4.2 shows the Emgu
and energy distributions of neutrons producedwater phantom of 10 cm diameter and 25 cm
thickness irradiated by 400 MeV/nuclet€ ions, and the neutron and photon spectra in¢aenb

direction behind a 2 m thick ordinary concrete Ilnnay.

Figure 4.3 shows the ratio of the cumulative dasa function of energy to the total dose
calculated with the spectra shown in Fig. 4.2. ptastons, almost 100 % of the dose can be measured
with a detector, which is sensitive up to 10 MeNd anost conventional detectors meet this criterin.

neutrons, however, typical dosimeters, which ansisge up to about 15 MeV, may give only one third
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2887 of the true value dose in the forward beam directiotside a thick concrete shield. In the lateral

2888 directions, their readings are more reliable.
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2890 Figure 4.2. Angular and energy distributions of T{hick Target Yield) neutrons from a 10 cm
2891 diameter by 25 cm thickness water phantom irradibe400 MeV/nucleor’C ions are shown on the
2892 upper right with the right ordinate. Neutron anaam spectra behind a 2 m thick ordinary concrete
2893 shield in the beam direction are also shown wighléft ordinate. These spectra were calculatedjusin

2894 the heavy ion Monte Carlo code, PHITS (lwasal, 2002).
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2896 Figure 4.3. The ordinate @OEEa,(AP)qa(E)dE/jOEE”;(XAP)qa(E)dEjWhereE is particle energyE4AP) is the

2897 dose conversion coefficients from particle fluetzeffective dose for AP geometry (AESJ, 2004), and

2898 @(E) is the particle energy fluence shown in Fig. 4.2.
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Since a neutron detector, such as a rem meteygngdow sensitivity to photons, it is considered
photon insensitive for charged particle therapylitaes. Photon detectors are also somewhat sgadibi
neutrons, but the estimation of the neutron coutidim is difficult. Because neglecting this contriion
results in conservative measurements, the neugnositsvity is usually ignored for the purpose of

radiation protection.

Primary charged particles are stopped in the pati¢gavy ions, however, produce lighter
particles such as protons and deuterons througmgatation reactions before stopping. These lighter
particles have longer ranges, and some of themtggé@e¢he patient. When detectors are placed in the
vicinity of a phantom to estimate the neutron ahdtpn exposure to a patient, veto counters opemted

anticoincidence mode may be necessary to elimihate lighter particles from being recorded.

4.2.1.2 Pulsed Field.A detector that counts pulsed signals has amsiisee period after
counting, and this period is called dead time ephéng time, which usually lies between abouf %0

and 10 s.

A cyclotron accelerates particles every?Hor so, and this acceleration interval is neahorter

than the dead time, and, therefore, the cycloteanbis considered to be continuous.

The acceleration interval of a synchrotron, ondtieer hand, is between 1@ and 10 s, and thus
its beam has the characteristics of pulsed radiabDairing a pulse, a very large amount of radiatson
delivered in a very short time period. Even if gal@articles of radiation hit a detector withia dead
time, the detector produces only one pulsed sidias counting loss is a serious problem in a pllse

radiation field.
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The effect of pulsed field is serious near a ragiasource because there is hardly any time delay
between the irradiation of primary particles anel detection of secondary neutrons and photons. The
time structure of the neutrons outside the shigldim the other hand, spreads owing to the difteren
time-of-flight, e.g, the time-of-flight for 1 m distance is 8 ns fd@QLMeV neutrons and 0.5 ms for

thermal neutrons.

If one observes the characteristics of pulsed sgnam a detector placed in a pulsed field, on an
oscilloscope, it can be determined whether theingad correct or not. That is, if the pulse repeti
rate is coincident with the beam extraction rdte,reading of the detector is not correct. A detect
measuring an electric current such as an ionizati@mber is not usually affected by the pulsedifiel
However, saturation effects due to the recombinaticthe dense electrons and ions at high peakeel do

rate may become important.

In a particle therapy synchrotron, however, thesbrated particles are extracted slowly because
the irradiation dose must be precisely controlldte extracted beam, therefore, usually has the
characteristics of continuous radiation. For examnat the HIMAC (Heavy lon Medical Accelerator in
Chiba) of the National Institute of Radiologicali&tces, the acceleration period is 3.3 s and thatidn

of extraction is about 2 s.

4.2.1.3 Noise.An accelerator uses high-power, high-frequendiage for acceleration, which is
a very strong source of background noise, thustifig measurements with active detectors. The kigna
cables of the detectors should be separated freradbelerator power cables. Wiring in a grounded
metal pipe is effective for noise reduction. Usepfical fibers is costly but very reliable for
discrimination against noise. Optical fibers, hoeware susceptible to mechanical shock and bending

and lose transparency at high radiation exposures.
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4.2.1.4 Magnetic Field. Accelerators and beam transport systems usenmagmetic fields for
bending and focusing the beam. Magnetic fieldsgfisoaffect photomultiplier tubes, thus a usual
scintillation survey meter cannot be used arouedtiagnetic apparatus. Even if the electric curnsent
switched off, the residual magnetic field due tetkeyesis may affect detectors located near magnets.
However, a scintillator coupled to a photo diodbasdly affected by a magnetic field. An analog
indicator using an ammeter does not respond cdyrieca magnetic field. A liquid crystal indicate

much more reliable.

4.2.1.5 Radiations Unrelated to Beam AccelerationDevices operating under high-
radiofrequency power, such as an accelerationycawnd a klystron, emit intense x rays even if tharh
is not accelerated. Leakage of radiation occugsaats windows and bellows, which are made of low
atomic number materials or thin metal. X-ray leak&igm an Electron Cyclotron Resonance (ECR) ion

source is also significant.

4.2.2 Survey Meters

Handheld survey meters are typically used to measstantaneous dose rates and to map the

dose rate distribution outside the shielding. Stheeradiation field around a particle therapylfacis

comprised of neutrons and photons, the simultanaseiswo types of survey meters is required.

4.2.2.1 Neutron Survey Meters

4.2.2.1.1 Rem Meter.A rem meter (or a rem counter) is the most papudaitron dose-

equivalent survey meter. It consists of a therneaitron detector such as afgBoron trifluoride) orHe
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(helium) proportional counter or°ai (lithium) glass scintillation counter that isrsounded by a

specially designed polyethylene neutron moderdioe. moderator slows down fast and intermediate
energy neutrons, which are then detected by threndleneutron detector. Because an ordinary remmete
Is practically insensitive to neutrons of energibsve 15 MeV, it underestimates the result by ashmu
as a factor of 3 when used outside a shield ofticfgtherapy facility as shown in Fig.4.3. Impeay

rem meters are also available. These consist bfdtigmic number inserts such as lead or tungstémein
polyethylene moderator (Birattaet al, 1990; Olsheet al, 2000). The interaction of high-energy
neutrons with this inserted material causes neutrohtiplication and energy degrading reactions sagh
(n, 2n), thus improving the sensitivity to high-egpeneutrons. These improved rem meters are togyhea
to be handheld, but give reliable results. An exanop such a commercially available rem meter, FHT
762 Wendi-2, is shown in Fig. 4.4. This instrumieas an excellent energy response from thermal to 5

GeV, and the response function is shown in Fig. 4.5
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Figure 4.4. FHT 762 Wendi-2 rem meter has an imguloenergy response to high-energy neutrons.

(Courtesy of Thermo Scientific

4 Thermo Scientific, 27 Forge Parkway, Franklin, Madaisetts 02038 U.S.A.
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4.2.2.1.2 Proton Recolil Scintillation Counter.A complex detector consisting of two types of
sensors for fast neutrons and thermal neutrongaitable as Prescila rem meter (Olskeal, 2004).
The fast-neutron sensor consists of a mixture &(2&qg) scintillation powder and epoxy glue and a
Lucite-sheet light guide. The thermal-neutron seisa’Li+ZnS(Ag) scintillator. By using filters of
cadmium and lead, this counter has a responseidanghose shape is similar to the conversion
coefficient for neutron fluence-to-dose equivalamid is sensitive to neutrons above 20 MeV. Its
sensitivity is about 10 times higher than the caotiomal moderator-based rem meter, and its weght i

about 2 kg.

4.2.2.2 Photon Survey Meters

4.2.2.2.1 lonization Chamber.The ionization chamber is the most useful phctawvey meter
because it almost energy-independent (usually witHiO % of unity) between 30 keV and a few MeV.
The lower detection limit is aboutlSv/h; thus, one cannot measure the dose ratestoldise
background level. Some types of ionization chamhax& removable caps that enable the measurements
of very soft x rays. Since the ionization chamhewey meter measures a very weak current of therord
of femtoamperes (fA) when placed in a field of salgSv/h, it takes several minutes until the detector

becomes stable after being switched on.

4.2.2.2.2 Nal(TI) Scintillator. Scintillators of high atomic number, such as sodiodide (Nal )
and cesium iodide (Csl), have poor energy respfmrdbe measurement of dose equivalent. However,
some scintillation survey meters that have compe@rsaircuits show good energy response similar to

ionization chambers. Scintillation survey metess @ostly insensitive to photons of energies below 5
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keV and not appropriate for low-energy x-ray field®wever, an instrument of NHC3yhich is

sensitive down to about 8 keV, is currently avddab

4.2.3 Spectrometers

4.2.3.1 Photon SpectrometerHigh purity germanium (Ge) detectors have an kxaeenergy
resolution and are commonly used for photon spewtoy in research work. Since the Ge detector must
be cooled down to liquid-nitrogen temperatures ihot suitable for routine measurements. Handheld
scintillation survey meters designed for photornctiigé measurements are commercially available, such
as InSpector™ 106@nd identiFINDER™. Handheld survey meters with cerium-doped lanthanum
bromide (LaBg(Ce)) scintillators are also available. The laktas better energy resolution than the
conventional thallium-doped sodium iodide (Nal(®gintillator. An unfolding process is required for

the conversion from the light-output distributiobtained by the detector to the photon energy spectr

4.2.3.2 Neutron Spectrometer.Measurements of light-output or time-of-flighsttibutions are
common techniques for obtaining high-energy neusqmectra with good energy resolution. For a simple
measurement, a set of neutron detectors with mtaderaf different thicknesses, the so-called Bonner
spheres, can be used (Awschalom and Sanna, 198geWind Alevra, 2002). Wiegel and Alevra used
copper and lead in the moderators, and their spmetter, NEMUS, can be used to measure high-energy
neutrons up to 10 GeV. Figures 4.6 and 4.7 showegonses of the NEMUS spheres as a function of

neutron energy. The difference of the importantreuenergies of each sphere gives the spectrum

® Fuji Electric Systems Co. Ltd., 1-11-2, Osaki,r@tgawa, Tokyo 141-0032 Japan
® Canberra Industries, Inc., 800 Research Parkwayiddn, Connecticut 06450 U.S.A.
" ICx Radiation Inc., 100 Midland Road, Oak Ridgenfiessee 37830 U.S.A.

8 Centronic Limited, King Henry's Drive, Croydon,say CR9 0BG, UK
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3041 information. The set of the results of these detsas converted to the neutron energy spectruim ant
3042 unfolding computer program. An initial assumed $pau that is properly obtained by calculations or

3043 theories is necessary to initiate the unfoldingcpss.
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Figure 4.6. Responses of the NEMUS Bonner sph&heslengths in inches show the diameters of

polyethylene moderators (Wiegel and Alevra, 2002).
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Figure 4.7. Responses of the extended NEMUS Bmspleeres. “4P5_7”, for example, means that the
He counter is placed in a 4-inch polyethylene spltevered by a 0.5-inch-thick Pb shell (the diamete
therefore is 5 in) and all are imbedded in a 7-ipolyethylene sphere. The photo shows the opened
configuration. “4C5_7" means that the inserted lskedf 0.5-inch-thick Cu. Six response functioriis 0

the pure polyethylene moderators are also showed&iand Alevra, 2002).
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4.2.3.3 LET Spectrometer.The tissue-equivalent proportional counter (TER@asures an LET
(linear energy transfer) spectrum of secondarygathparticles produced by neutrons and photons, and
the spectrum is converted into dose equivalentfecteve dose for both types of radiation. The TERC
applicable to any type of radiation because ofiéasurement principle, and the total dose in a dnixe
field is obtained. Several systems have been dpedland used (Alberts, 1989; Maeékl, 1997). The
TEPC, however, has the disadvantage of susceptitnlimechanical shocks, thus preventing its

widespread use for routine measurements as a smety.

4.2.4 Area Monitors

An area monitoring system consists of pairs of reuand photon dosimeters and a central control
unit. For neutron detection, rem meters are usuaéd. lonization chambers, scintillation detegtors
semiconductor detectors are selected for photacteh depending upon the radiation intensities.
Stations having local radiation level indicators also available. The central control unit showadr
graphs of radiation levels of each station, andnés data in a server. The system is of high perdoice

and expensive (see Fig. 4.8).
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(@) (b)
Figure 4.8. An example of a monitoring stationgadl a central control unit, MSR-3000, (b). The

station has a neutron rem meter and a photon detg@burtesy of ALOKA)

® ALOKA Co., Ltd., 6-22-1, Mure, Mitaka, Tokyo 181-88 Japan
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Before determining the monitoring locations, theeldistribution in and around the facility must
be thoroughly studied. Monitoring stations are tedavhere high radiation dose rates are expected or
where radiation levels are important for safetysozes. However, high dose-rate radiation inside the

irradiation room, for example, sometimes cause®akuown of an intelligent monitoring station.

At accelerator facilities for physics researchaarenitors are typically included in safety systems
and are interlocked so that they turn the beamnwb#n measured radiation levels outside shieldeasare
exceed a preset value, either considering instantanor integrated values. However, at particleaghe
facilities, interruption of the beam is not desleabecause the beam is used to treat the patients.
Therefore the systems must be designed robustlygtnihat no false alarms are given. It depend$ien t

local regulations what type of action needs to é&dgomed when an alarm is given.

As the above monitoring system is expensive,diffscult to distribute many stations. Because the
neutron dose is usually dominant around a parideapy facility, it is possible to place many meuat
rem meters, described in Section 4.2.2.1.1, whoabkg outputs are read by a programmable logic
controller (PLC) of a safety system (Uwamigtoal, 2005). When the analog output is logarithmic, the
PLC reads the dose rate with a wide dynamic rahgeooe than 5 decades. If the analog output is a

voltage signal, it can be converted into a cursggnal for a reliable transmission.

4.2.5 Passive Monitoring

Passive detectors that were originally developedhfividual monitoring, described in Section

4.4.3, can be also used for environmental radiationitoring. Though real-time results cannot be

obtained with passive detectors, they are veryuldefcause of their low cost. They directly give
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integrated doses over an appropriate time periodh&rmore, passive monitors are hardly influertmgd

the time structure of a pulsed radiation fieldc#ie noise from lightning, and mechanical shocks.

Since individual monitors are calibrated on a pbantthey cannot be used directly for

environmental measurements. The monitors must ld@ated in free air as described in Section 4.5.2.

Hranitzkyet al. (2002) developed ad*(10) photon dosimeter with a LiF thermoluminesaenc
dosimeter (TLD) and filters. It showed good enedgpendence, with less than 5 % deviation between

30 keV and 2.5 MeV.

For x-ray dose measurements near linacs and ECBoiamrces, ail*(10) dosimeter was
developed using LiF TLD chips (Fehrenbacéeal, 2008). Each dosimeter has four TLD chips, and
two chips are covered with copper filter. The weésghaverage of readings of these tips gives good
responses over the energy range from 10 keV totabMeV;i.e., the deviations of the relative

sensitivity from theH*(10) response are lower than 25 %.

By using a pair of thermoluminescence dosimetef&iéfand’LiF and a specially designed
moderator, Fehrenbachetral (2007b; 2007c) developed B (10) dosimeter for a wide spectrum of

neutrons ranging up to several hundreds of MeV.

In high-intensity neutron fields, activation fodse also applicable. Capture reactions of Mn, Co,
Ag, In, Dy, and Au are useful for thermal neutroeasurement. For fast neutrons, threshold reactibns
12C(n, 2n¥'C, #’Al(n, a)**Na, #’Al(n, 2na)*Na,*Co(n,a)**Mn, **’Au(n, 2n)*Au, 2°Bi(n, xn)***Bi
(x=4 to 12).etc are useful. A combination of these reactionsgiga a neutron spectrum in the MeV

region. Indium activation detectors inserted atd@eter of spherical polyethylene moderators can be
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3124 used for neutron spectrometry for the energy rdoegereen thermal and 20 MeV (Uwamino and

3125 Nakamura, 1985).

3126

3127 4.3 Measurement of Residual Radioactivity

3128

3129 4.3.1 Introduction

3130

3131 Residual radioactivity is sometimes significantoatations where the beam losses are high, such as
3132 the beam extraction device, beam dump, energytg®@iexystem, components in a passive scattering
3133 treatment port, and delivery nozzle that interédeptbeam. Measurement of the radiation intensity at
3134 locations where maintenance work may be done isiitapt in order to avoid any excess personnel
3135 exposure.

3136

3137 Collimators, ridge filters, and range modulatorkjck are fixed at the treatment port of a passive
3138 irradiation facility, are significantly activateHowever, the bolus and the patient collimator facle

3139 patient are irradiated for a short time, and tlsgdieal activities last only for a relatively shpdriod

3140 after irradiation because of the short half-lives,] of the induced radioactive isotopes, for exampi@,
3141 (Ty2= 20.4 min) in bolus an@f™Co (T12= 13.9 min) in collimator (Tujiet al, 2009; Yashimat al,

3142 2003). Thus, the exposure of the treatment staff hdndle these patient-specific devices is lowi{&ij
3143 al., 2009). However, at most facilities that use passcattering techniques, these devices are stored
3144 up to 2 to 3 months before they are shipped othefacility. At a scanning irradiation facility thi a

3145 synchrotron, activation problems are hardly obsgatethe treatment port.

3146 Compared to the activation at accelerator laboigdor physics research, the activation situation
3147 in particle therapy facilities can be quite diffieteln patient treatment rooms, the level is usuadit

3148 very high In facilities with a cyclotron, however, the stg@st activity is in the degraders and the
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following emittance defining collimators, that tee energy selection system. Usually this system is
located in the beam line directly from the cyclotend here more than 90 % of the beam intenslosts
in the degrader and on collimators. This systenisée be accessed for maintenance or repairs odly a
can be shielded properly. In the cyclotron itselfexal hot spots are present due to beam losseseTh

can be taken care of by local shielding or remo¥ahe hot components.

Measurement of residual radioactivity is importahien the accelerator components, beam

delivery nozzle, and patient-specific irradiatie@vites are classified as “radioactive” or “not

radioactive” for waste management.

4.3.2 lonization Chamber

lonization chamber survey meters are the mostldeitend reliable detectors for the measurement

of ambient dose rate due to residual radioacti8tyme detectors have removable windows on the

chambers, and they can measure the beta-ray datsmdly be important for the estimation of skin dose

4.3.3 Nal(TI) Scintillators

Nal(TI) scintillation survey meters with correctioircuits for energy dependency give accurate

results of ambient dose rate, similar to an iomrathamber. The lower detection limits are low @yto

for background measurements and they can alsodaefasthe measurement of radioactive waste.

Handheld photon spectrometers described in SedtihB.1, which function also as dosimeters,

may be used for nuclide analysis of residual agtiBecause of their limited energy resolution,
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complicated spectra cannot be resolved. For aggeaialysis, high purity germanium (Ge) detectogs a

recommended.

4.3.4 Geiger-Muller Tube

A Geiger-Miiller survey meter with a thin window helmost 100 % sensitivity to the incoming

beta rays, and it is very useful in classifying en@ls as radioactive or not.

A survey meter having an extendable rod with a k@eiger-Mdller counter installed at its tip is

useful for the measurement of high dose rate froenete position.

4.3.5 Other Survey Meters for Contamination Measuremat

Detectors such as proportional counters, plasintiBators, and semiconductor detectors are used
in survey meters for contamination measurementssdlsurvey meters are also useful in classifying
materials as “radioactive” or “not radioactive.” like the Geiger-Mdller tube, the properties of thes

detectors hardly deteriorate with time.

A hand-foot-clothes monitor is useful equipmentdontamination tests of a body. Geiger-Muller

tubes, proportional counters, and plastic scititleare often used as sensors. Most sensorsresiéivee

to beta and gamma rays. Some sensors simultanegeisist alpha-emitter contamination. The monitors

are usually placed at the entrances of controltedsa

4.4 Individual Monitoring
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4.4.1 Introduction

Individual personnel exposure is classified asregleand internal exposures. Internal exposure is
usually important for unsealed-radioisotope harmgjland should be considered when highly activated
accelerator devices, such as targets and chardpaege stripper foils, are handled. If a cyclotrasdx
particle therapy facility using passive irradiat&ystems has many treatment ports and is operatied w
high duty factors, this kind of internal exposuraynbe important. Although internal exposure is llgua
not important at particle therapy facilities, om®sld be cautious with removal of dust from some ho
spots €.g, degrader region in a cyclotron facility), coolimgter which may have been contaminated by
neutron or proton exposure, and activated airéncytlotron/degrader vault, shortly after switchoffy

the beam.

Dose equivalents{,(10) andHy(0.07), are measured for the estimation of theviddal external
exposure. The former is important for the effectise estimation and the latter is used for the
equivalent-dose estimation for skin and eye lenbggically, a single personal dosimeter is used, ian
is normally worn on the chest for males or on theéamen for females. If a strong non-uniform expesur

is expected, supplementary dosimeters are worh@pxitremities such as the finger or head.

If accelerator or energy selection devices havigh hesidual activity require hands-on
maintenance, a ring badge worn on a finger is resentded, as the exposure of hands is normally much
higher than that of the torso. Because the expasiutes palm is usually higher than that of thekbac

the hand, wearing a ring badge with the sensitaré facing inside is recommended.

4.4.2 Active Dosimeter
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Many types of active personal dosimeters using c@mauctor detectors or small Geigekillér
tubes are available. These detectors usually measuar display the accumulated exposure after being

switched on.

Several different types of dosimeters are availablarm meters provide an alarm when the
accumulated exposure exceeds a preset value. Sumeadly meters indicate the dose rate. Others make
audible clicking sounds with a frequency that cgpands to the dose rate. Some record the trerigkof t

exposure and the data are transmitted to compiateamalysis.

Many products are commercially available; for exampOSICARD® PDM,* and Thermo
EPD!? The last one has all the functions described absvevel example is PM1208/,which is a
wristwatch that includes a gamma-ray dosimeter. B0¥Fcan be connected to the personal access

control system, which records the time of entry exid and the corresponding exposure.

Though small batteries power these dosimeters, masiyneters work continuously for a week or

several months. Radio waves of a cellular phone aff@gt the responses of some of these dosimeters.

4.4.3 Passive Dosimeter

10 Canberra Industries, Inc., 800 Research Parkwayidete, Connecticut 06450 U.S.A.
11 ALOKA Co., Ltd., 6-22-1, Mure, Mitaka, Tokyo 181-88Japan

2 Thermo Fisher Scientific Inc., Bath Road, BeenhBerding, Berkshire RG7 5PR, UK
13 polimaster Ltd., 51, Skoriny str., Minsk 22014 &pRblic of Belarus

14 Fuyji Electric Systems Co. Ltd., 1-11-2, Osaki, Sigawa, Tokyo 141-0032 Japan
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Passive dosimeters measure the integrated dog@enedore do not provide any information on
the real-time exposure. However, these dosimetersraall, noise-free, and not susceptible to
mechanical shock. Their measurements are indepeatihe time structure of a radiation field in

contrast to the active dosimeters, which may giveraderestimated value in a strong-pulsed field.

4.4.3.1 Thermoluminescence Dosimeter (TLD)ANn exposed TLD element, such as calcium
sulfate doped with thulium (Cag@m), emits light when it is heated. The intensifythe light emission
is a measure of the exposure. The TLD reader caalsed on a desk, and therefore in-house dosimetry
is common. A TLD dosimeter for measuring both phstand beta rays is available. This consists of
several elements having different filters, and Béy(lL0) andH(0.07) can be measured with one

dosimeter.

Since the size of TLD is small, it can also be usealring badge that measures the exposure to the

hands.

4.4.3.2 Optically Stimulated Luminescence (OSL) DosimeterAn exposed OSL element, such
as carbon-doped aluminum oxide {84:C) emits blue light when it is irradiated by agndaser light. A
dosimeter badge consisting of an OSL element dteadj which is used for photons and beta rays, is
commercially available: LUXCEL OSt> A company® provides dosimetry service; that is, the company
distributes dosimeter badges consisting of OSL efds) and, after use, it reads and evaluates the
exposure. An OSL reader that can be placed onlkaisledso available, and thus in-house dosimetry is

also possible. The dosimeter is applicable for giesrbetween 5 keV and 10 MeV for photons and

151 andauer Inc., 2 Science Road, Glenwood, IlliGfi425-1586 U.S.A.

16 | andauer Inc., 2 Science Road, Glenwood, lllirf&ti425-1586 U.S.A.
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between 150 keV and 10 MeV for beta rays. The fgaddose ranges betweend®v and 10 Sv for

photons and 10QSv and 10 Sv for beta rays.

4.4.3.3 Glass DosimeterAn exposed chip of silver-doped phosphate glagtseorange light
when it is irradiated with ultraviolet laser ligl8everal glass elements and filters, assembleghstan
and beta-ray dosimeter badge, is commercially abkgt’ In-house dosimetry and an external-company
servicé® are both available. Reading of the glass elemees dot reset the dosimeter, and the long-term
accumulated dose can be obtained directly. Therdder is reset by annealing at high temperatures.

Performance of the glass dosimeter is almost tinee s the OSL dosimeter.

4.4.3.4 Direct lon Storage (DIS) Dosimeterln a DIS dosimeter, a charge stored in a
semiconductor is discharged by the current of aizagion chamber. The discharge is read as thegehan
in conductivity. The RADOS DIS-1 dosimet®has a good energy response to photons. The aplglica
energy range is between 15 keV and 9 MeV for plgtand 60 keV and 0.8 MeV for beta rays. Photon
doses between1Sv and 40 Sv, and beta-ray doses betweguSiOand 40 Sv can be read with this
dosimeter. In-house dosimetry is common. It cao besused as an active dosimeter by attaching bk sma

reader to the detector.

4.4.3.5 Solid State Nuclear Track DetectorRecoil protons, which are produced in a
polyethylene radiator by fast neutrons, create kdaathage tracks on a plastic chip of Allyl Diglycol

Carbonate (ADC or PADC, [Poly]), which is commeligiavailable as CR-3&’ The damage tracks can

7 Chiyoda Technol Corp., 1-7-12, Yushima, Bunkyodkyin113-8681 Japan
18 Chiyoda Technol Corp., 1-7-12, Yushima, Bunkyo, yio&13-8681 Japan

19 RADOS Technology Oy, PO Box 506, FIN-20101 Turkinland

20 PPG Industries, One PPG Place, Pittsburgh, Ransa 15272 USA
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be revealed by a suitable etching process (chemickectrochemical). The tracks can be counted and
the track density can be related to the neutroe eégsiivalent. A boron converter can be used instéad
the radiator, to detect thermal neutrons througt#(n, a) reactions. Commercially available
dosimeters include the Landauer Neutrak?t#hich comprises the fast and thermal options Wik

39. The lower detection limit of the detector igtrely high, which is about 0.1 mSv for thermal
neutrons and 0.2 mSy for fast neutrons. The enengge for fast neutrons is 40 keV to 35 MeV. Use of

external-comparfy dosimetry services is usual.

4.4.3.6 Film Dosimeter.A film badge dosimeter consists of photographio &nd filters. The
film is developed after irradiation, and the photgahic density is compared with that of the contfifod,
which is kept far from radiation sources. A rougtiraate of the photon or beta-ray energy can be
obtained by using a combination of filters. Thermaltron exposure is measured with a cadmium filter
Observation of recoil nuclear tracks with a micagse gives the exposure of fast neutrons. External-
company dosimetry services are usually used. ke gipithese features, the film badge dosimeter is
disappearing quickly because of the following disadages: higher detection limit of about 108V for
photons and beta rays and of several hundregSwfor neutrons; and fading phenomenon that makes
the measurement impossible if the dosimeter iddefseveral months without development after

irradiation.

4.5 Calibration

4.5.1 Introduction

21 Landauer Inc., 2 Science Road, Glenwood, lllirgti425-1586 U.S.A.

22 Landauer Inc., 2 Science Road, Glenwood, Illifkti425-1586 U.S.A.
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Calibration involves the comparison between thdirepof a dosimeter with the dose rate in a
standard radiation field that is traceable to @mnal standard field, and a description of thetreteship
between them. Details of the calibration proceduesprecisely explained in the ICRU reports for

photon dosimeters (ICRU, 1992a) and for neutronndeiers (ICRU, 2001).

The calibration factony, is given by:
N=H/M (4.1)
whereH is the dose rate of the standard field, Bhid the reading of the detector after necessary

corrections are applied, for example, with atmosigh@essure and with temperature.

There are two kinds of calibration: one is to obtéie detector characteristics of energy, angular
and dose-rate dependencies, and the other iseéotat the changes in the detector performance with
time, such as absolute sensitivity. The manufacusaally does the former calibration with adheeenc
to national industrial standards. Users do thedathce or twice a year. The latter calibrationedby the

user is described below.

4.5.2 Calibration of Ambient Dose Monitor

4.5.2.1 Calibration of Photon Monitor. A standard field can be achieved by using a stahd

gamma-ray source 8fCo or**Cs. The standard dose ratk,is obtained with the following formula:
H=XIf 4.2
whereX is the given exposure rate at a 1 m distance fhenstandard source, ahid the conversion

factor of exposure to ambient dose equivalefi(l0) , for the gamma-ray energy of the sourcéhdf
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detector is not placed at 1 m distance from thecgyuhenX should be corrected according to the

inverse-square-law of the distance, assuming & pource of radiation.

If a standard exposure dosimeter, which is caldar@ a field having traceability to the national

standard field, is used, then the standard dosgHas given by:
H=N[f[Mg 4.3)

whereMs is the reading of the standard dosimeter afteessary corrections are appliéd; is its

calibration factor, anélis the conversion factor of exposure to ambiessedequivalenti*(10).

The photons reaching the calibration point aftattecing from the walls, floor, and roof are
ignored in Equation 4.2. In Equation 4.3, the cleaofphoton energy through the scattering is also
ignored. Thus, the detector must not be placettdan the source. On the other hand, if the detastor
placed too close to the source, non-uniform irrdalieof the detector is caused and a further
consequence is a larger relative uncertainty irdte&nce. Therefore, in order to assume a pounicgo
of radiation, the distance should be greater thamés the detector diameter, and smaller thanif2ime
source is not collimated. The detector and thecsinhould be located at least 1.2 m away from the

floor, and 2 m away from the wall and the roof.

4.5.2.2 Calibration of Neutron Monitor. ?>°Cf (average energy = 2.2 MeV) affdAm-Be
(average energy = 4.5 MeV) sources are used fdoratibn. Since scattering significantly affects th
dose rate for neutrons, it cannot be reduced tbgilelg levels. The calibration factaN, for a standard

source with a given neutron emission rate, canibbaimed with the following formula:

N=—— 4.4
=W, (4.4)
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whereH is the dose rate calculated with the product efsthurce emission rate and the conversion factor
of neutron fluence to dose equivalévi; is the reading of the detector irradiated by disex scattered
neutrons, anilg is the background reading of the detector irradianly by scattered neutrons, in

which case the direct neutrons are shielded bydask cone placed between the source and the detecto

Shielding of the direct neutrons needs a massidecastly shadow cone. Instead of using
Equation 4.4, the following procedure is also aggilie. Since the angular dependence of the neutron
detector sensitivity is usually small, the dose it including the scattered neutrons at the calibrati
point, can be determined with a standard referelosemeter. A detector to be calibrated is also
irradiated with the direct and scattered neutransg, the calibration factol, is simply obtained with
Equation 4.1 and Equation 4.3, whérie unity if the standard reference dosimeter readbkient dose

equivalent.

If the neutron rem meter is of the conventionaktgnd responds to neutrons below 15 MeV, the
rem meter calibrated using the above proceduresgwerrect value only in a neutron field of energy
below 15 MeV. High-energy neutrons are dominarat particle therapy facility and a conventional rem
meter may give only one third of the true dose aatélescribed in Section 4.2.1.1. To estimate the

correct dose rate, the neutron energy flueg¢g), at the field has to be determined. However, the

absolute value o&(E) is not necessary here. The energy-corrected a#ibbrfactor Nc, is estimated by:

jOEE”;a(XAP)qa( E)dE

Ne =N (4.5)

E max
J.OR(E)ga(E)dE
whereE is particle energyEAP) is the dose conversion coefficients from péetiluence to effective

dose for AP geometry, arR(E) is the detector response. When the reading afetimemeterM, is
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multiplied byNg, the correct effective dose is obtairfé®n the other hand, if the rem meter has an

improved energy response to high-energy neutrogs/es also a correct value at high-energy field.

4.5.3 Calibration of Individual Monitors

Individual monitors are worn on and close to thdyydhus, the contribution of the scattered
photons and neutrons is high. Therefore, the cidm is typically performed with the individual
monitor placed on a water phantom of 30 cm widtl3@yxm height by 15 cm thickness. The monitor

should be placed more than 10 cm away from the efitfee phantom.

The dose rate at the detector position withouptientomH, is calculated using Equation 4.2
with the conversion factor of exposure to Hi€10) dose ratd, In the case of neutrond,is calculated
by the product of the given neutron emission ratle® source and the conversion factor of fluecte
Hp(10) dose rate. The calibration facth,is obtained using Equation 4.1 with the standimse rateH,

and the reading of the monitd,

The directional personal 10 mm depth dose equivadeexpressed a&$-(10, a), wherea is the
angle between the normal direction of the phantorfase and the direction of radiation. The raRpof
Hp(10, a) to Hp(10, 0°) is close to unity (0.8R< 1 for a > 75°) for photons of energies above 0.4 MeV
and for neutrons of energies above 5 MeV. From &8 it can be observed that high-energy particles
are the dominant contributors to the doses, andnigalar distribution of the radiation does noi@mesly

affect the individual exposure. If the angular degence of the individual monitor is significantly

%3 Since theH*(10) dose is much smaller than the effective dosdigh-energy neutrons as described in Sectitri4.
evaluation of the effective dose is discusse#i*(fl0) is estimated, the dose conversion coefficdat EAP) are replaced

by the dose conversion coefficients F1(10).
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3398 different from that oHp(10, a) even at higher energies, the reading of the rapistnot reliable. The

3399 calibration factorN, for angular incidence should also be considered.
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5. Activation

Y oshitomo Uwamino

5.1 Introduction

Induced radioactivity produced in an acceleratat issmbeam-line components may cause
exposure of maintenance workers, and makes theshipf activated components difficult. Further,
radioactivity in the vicinity of the treatment pobieam shaping, and delivery systems may resthigin
exposure of medical staff. This exposure may notdagigible at a facility that does not use a saagn
irradiation system. At a cyclotron facility, induteadioactivity of the energy selection system (ESS

significant.

Accelerated particles exiting the vacuum windoveiiatt by nuclear reactions in the air path
upstream of the patient, causing activation. Thésalso activated by the secondary neutronsatet
produced by nuclear reactions of charged partiolése equipment and on the patient. These secgndar

neutrons also produce radioactivity in equipmemtiog water and possibly in groundwater.

Treatment with high-energy charged particles isigally activates the diseased part of the
patient. Tujiiet al. (2009) irradiated a phantom with proton and cafbeams at therapy facilities and
measured the activation. The estimated exposumeedical staffs and family members of the patierg wa
negligibly small, and the concentration of radidatt in the excreta of the patient was insignifita

when the dilution at a lavatory was taken into aeto

A comprehensive book on induced radioactivity waisten by Barbier (1969), and useful data

was published by the International Atomic EnergyeAgy (IAEA, 1987). Activation-associated safety
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aspects of high-energy particle accelerators a®udsed in several boolesd, IAEA, 1988; Sullivan,

1992).

Induced radioactivity and its resulting radiatiegld can be estimated by using a single Monte
Carlo program starting with the primary acceleraiadicles (Ferrari, 2005). Several Monte Carloexod
calculate the production of residual radioactivagd post-processing programs follow the decaynchai
of the radioactivity and calculate the gamma-rapsport and the dose rate. Chapter 6 explains Monte
Carlo methods in detail, while in this chaptercoddtion and measurement techniques to determine

activation of equipment, buildings, water, andaag described.

5.1.1 Activation Reactions

Since neutrons are not affected by the Coulombdyasf the nuclei, neutrons of any energy react
with nuclei. Thermal neutrons mostly intera (n, y) reactions. However, with some nuclides, such as
®Li, they producéH through the (ng) reaction. Neutrons of energy higher than thetegdevel of the
target nucleus provoke (n, n’) reactions. Usudhg, excited nucleus immediately transits to itugcbh
state accompanied by gamma-ray emission. Wheneathigeam energy is sufficiently high enough to
cause particle emission, many types of activatgaetions, such as (n, p), (0, (n, 2n),etc occur.
Relativistic high-energy neutrons cause spallatgattions that emit any type of nuclide lightemthiae

target nucleus.

Charged particles with energy lower than the Cobldvarrier do not effectively react with
nuclei. Coulomb excitation causes x-ray emissiahfession in special cases, such as in uraniumsé@he
phenomena, however, can be usually ignored bedheseray energy is low and not penetrative, and

because the fission probability is very small. WHemparticle energy becomes higher than the Cdulom
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3450 barrier, particles produce compound nuclei. Depamdipon the excitation energy of the compound
3451 nuclei, (x,y) reactions (where x is the incident charged piajti@and particle-emitting reactions, such as
3452 (x, n), (X, p) and (x¢1) reactions, occur and often result in the produrctf radioactive nuclides. The
3453 high-energy charged patrticles can also cause sipall@actions.

3454

3455 Examples of reaction cross sections are showngs. B.1 and 5.2. Figure 5.1 is the neutron
3456 capture cross section fBiCo. The capture cross sections are generally ptiopat to 1¥ (v is the

3457 neutron velocity) oa/\/E, whereE is the energy. They fluctuate at the resonanceggmegion

3458 according to the characteristics of the nuclidee 80(n,y)®°Co reaction is important for the activation
3459 of stainless steel by thermal neutrons. The cressoms of threshold activation reactions @l are

3460 shown in Fig. 5.2. The threshold energies are 1e¥M8.2 MeV and 13.5 MeV for tHéAl(n, p)*'Mg,

3461 ?’Al(n, a)*Na, and?’Al(n, 2n)¥°Al reactions, respectively. In general, cross sestifor threshold

3462 reactions rapidly increase beyond the thresholdggrend have a peak. They decrease beyond the peak
3463 energy, since other reaction channels open witinitrease of energy.

3464

3465 Figure 5.3 shows the nuclides produced by varieastions of neutrons and protons. The heavy

3466 ion reactions are more complex and, therefors, difficult to show a similar kind of figure.
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3469 Figure 5.1. Cross section for fff€o(n,y)*°Co activation reaction as a function of energy (@tiak et

3470  al., 2006).
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3473 Figure 5.2. Cross sections for tHal(n, p)>’Mg, >’Al(n, a)**Na, and?’Al(n, 2nY°Al activation reactions

3474

as a function of energy (Chadwiekal, 2006).
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3475
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3476 >

»  Number of Neutrons
3477 Figure 5.3. Nuclides produced by various nucleactions. (n, d) reaction includes (n, pn) reactaom

3478 (n, t) reaction includes (n, dn) and (n, p2n) reas, and so on.
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5.1.2 Activation and Decay

The production rate of a radioactive nucliB€s?), is calculated by the following formula:
R=@o NV (5.1)
where @ (cm? s%) is the radiation fluence rate averaged over thadiation field, o (cnf) is the

activation cross section averaged over the radiaigergy N (cni®) is the atomic density of the nuclide

to be activated, and (cnt) is the volume of the irradiation field.

The radioactivity A(Tr) (Bq), immediately after an irradiation time petiof Tr (S) is given by

the following formula:
A(T,) =R@-e"™) (5.2)
whereA (s?) is the decay constant of the radioactive nuclRles the saturation activity. [f is much

longer than the half-lifeT, (= In2/4), A(Tr) becomes equal 1.

The radioactivity aftefp seconds have elapsed after the irradiation &¢ik +Tp) (BQ), is given

by the following formula:
A(Tg +Tp) = R~ e )e (5.3)

Equation 5.3 is shown in Fig. 5.4 with the thickiddine.
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3499 Figure 5.4. Change of radioactivity during irrdtha and decay. The thick solid line shows the gaine
3500 case, the dotted and dashed line shows the cadedfhalf-life Tr >> T1/2), and the dashed line shows

3501 the case of long half-lifeTg << T, andTp << Typ).
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If Tr is much longer than the half-lifg; >>T,,, the radioactivity is saturated at the end of
irradiation, and the radioactivity after the irratilon is approximated by the following formula:
AT, +T,)=Re "™ (5.4)
The radioactivity reaches a maximum (saturationvig}, and decays in a short time after the

irradiation. This is shown by the dotted and dadhedin Fig. 5.4.

If TR andTp are much shorter than the half-life, the produtioactivity accumulates almost
without any disintegration. The amount of radioattiis much smaller than the saturation value sTiki

shown by the dashed line in Fig. 5.4.

AT, +T,) = ART, (5.5)

Compared with the high-energy, high-intensity aecabrs used for physics research, the beam
intensity of the particle therapy facility is lovand therefore, saturation radioactivity is also .low
Moreover, the irradiation time is short at a thgrégility, and the cumulated radioactivity of lohglf-
life nuclides is usually low. Therefore, the exp@sof maintenance workers and medical staff is not
usually of major concern at a facility dedicatechbarged particle therapy. However, the activatibair
may become significant level in a treatment roord Bnan enclosure of equipment where high beam

loss occurs.

5.2 Accelerator Components

5.2.1 Residual Activity Induced by Primary Particles
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Radioactive nuclides are mostly produced by printeegms in the accelerator and beam-line
components, including beam shaping and deliverycdsyand the energy selection system (ESS). The
accelerator and beam-line components are mainleragdluminum, stainless steel (nickel, chromium
and iron), iron, and copper. Residual activitiesiaduced by spallation reactions occurring between

these materials and the projectile particles.

Because of high melting point and high densitygaien and tantalum are often used in
acceleratorsg.g.at an extraction septum of a cyclotron and at bs@mmpers. They are not only
activated, but also have a tendency to evaporatécacontaminate the surfaces of the surrounding

materials.

5.2.1.1 Residual Activities in Al, Cr, Fe, Ni, Cu.Various radionuclides are produced from
spallation reactions. Reaction cross sections dliages produced in Cu, Ni, Fe, Cr, and Al for 400
MeV/nucleon*C ion irradiation were measured at HIMAC and shamvhig. 5.5. In Fig. 5.5, a strong
target mass number dependency is not observethdratis a wider distribution of the produced

nuclides with increasing target mass number.
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3543 Figure 5.5. Reaction cross sections of nuclideslyeced in Cu, Ni, Fe, Cr, and Al for 400MeV/nucleon

3544

12C ion irradiation (Yashimat al, 2004a).
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5.2.1.2 Mass-Yield Distribution of Residual Activities in Cu The mass-yield (isobaric-yield)
distributions of nuclides produced in Cu for vasqurojectiles and energies are shown in Fig. 5hé. T
product nuclides can be divided into the three gsoaf (I) to (11l) as shown in Fig. 5.6; (1) target
fragmentation occurring from a reaction of smalpant parameter or projectile fragmentation of avkiea
projectile, (Il) target fragmentation occurringpfn a reaction in which the impact parameter is almo
equal to the sum of projectile radius and the targdius, (11) target fragmentation occurring fram

reaction in which the impact parameter lies betw@eand (111).

It is evident from Fig. 5.6 that the cross sectiohsobaric yields initially decrease with
increasing mass number difference between Cu angrtduct nuclide. However, the production cross
sections increase for light nuclides of groupgiice light nuclides likéBe are produced not only by
heavy disintegrations of the target nuclei throsgfall-impact-parameter reactions, but also as small
fragments of light disintegrations. These lightlides are also produced by projectile fragmentation

heavy particles.
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3561 Figure 5.6. Mass-yield (isobaric-yield) distrilbaris of nuclides produced in Cu for various projecti
3562 particles and energies. The distributions are dithto three groups as explained in the text (Waah

3563 etal, 2002; 2004a).
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5.2.1.3 Spatial Distribution of Residual Activities with Cu Target Depth. The spatial
distributions of residual activities dBe, *Na, **Cl, *°Cr, *®Mn, and®’Cu induced in Cu are shown in
Fig. 5.7(a) to (f) , where the target depth is esped in units of the projectile range. In thisti®acand
the following two Sections (5.2.1.4 and 5.2.1.B§ tesidual activities produced in the vicinitytioé
primary ion trajectory are discussed. Whereas thigites are mostly produced by the primary ions,
they include the productions of secondary chargetigles and neutrons. Figures 5.7(a) to (f) can be
understood and summarized as follows. When the masber difference between Cu and the produced
nuclide is largei.e., the produced nuclide belongs to group (1) in Bi@, the nuclides are produced
dominantly by the primary projectile reaction. Mo$the reaction cross sections therefore slowly
decrease with target depth, according to the adtémuof projectile flux through the target. Whée t
mass number difference between Cu and the produgdiie is smallj.e., the nuclides produced
belonging to group (1) or (1) in Fig. 5.6, theaiction of nuclides produced by reactions with seleoy
particles is large. With increasing mass numbehefproduced nuclides and the projectile energy, th
residual activity increases with the depth of thet@rget due to the increasing contribution of seleoy
particle reactions. In Fig. 5.7(a), 5.7(b), and&),7the residual activity increases steeply near t
projectile range in some cases; for examfBe, production by 100 MeV/nucledfC, ?*Na production
by 800 MeV/nucleori®si, and®**Cl production by 230 MeV/nucledfiAr. This is attributed to the
projectile fragmentation during flight. Since a jadile fragment has the similar velocity and diiec
to the projectile ion, the projectile fragment s@t a slightly deeper point than the projectilegea

Similar phenomenon are expectedi@ production by*C irradiation.
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Figure 5.7. Spatial distribution of residual atties with Cu target depth for various projectypes and

energies (Yashimat al, 2004b).
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5.2.1.4 Total Residual Activity Estimation Induced in Culrarget. Cooling down of the total
residual activity induced in Cu target, which watiraated from the above-mentioned measured spatial
distribution, is shown in Fig. 5.8 (a) and 5.8(b) & short irradiation time and a long irradiattone (10
months and 30 years, respectively) under the condif 6.2 x 16 particles/sed,e., 1 particleuA (1

puA) beam intensity. Notice that the x-axis unitégsnd for Fig. 5.8(a), and day for Fig. 5.8(b).
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3594 Figure 5.8. Total residual activity induced in tauget irradiated by 14pA ions (Yashimaet al, 2004Db).
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The total residual activity produced in a thickgerat the end of irradiation is shown as a
function of the total projectile energy in Fig. @R The projectile particles are same as thosegfs.8.
The total activity for the same projectile energy pucleon decreases with increasing projectilesmas
number except for 230 MeV proton irradiation. Téas be explained as follows. Because the production
cross sections of these nuclides do not dependgdyron the projectile mass number having the same
energy per nucleon (Yashineaal., 2002; 2004a), the residual activities are lawgéhn lighter
projectiles, which have longer ranges. 230 MeV @methave the same range as 230 MeV/nucleon He
and have smaller cross sections as shown in FBgTherefore, the total activity produced by pratas
smaller than that by He. When the total activitggqurced by a specific particle is compared, it inses

with increasing projectile energy per nucleon.

The majority of the residual activities is domirgatey *-°Cu, >"*Co, *Mn, *'Cr, and’Be at the
end of irradiation®zn, °**"*€o, *Mn, and®Cr at a cooling time of two months; affiCo and*Ti
after 30 years of cooling, respectively. The fraictdof these nuclides produced by reactions with
secondary patrticles is also large. The residualiaet are therefore larger with higher energy
projectiles, which produce more secondary particlég specific residual activity per unit mass of C
target is shown as a function of total projectibergy in Fig. 5.9(b). The target is a Cu cylindaving a
cross section of 1 chand a length equal to the projectile range. In ig(b), the specific residual

activity increases with increasing the total prajeenergy.
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3630 Figure 5.9. Projectile energy dependence of tetsitlual activity and specific residual activitguced

3631

in Cu target immediately after the 10 monthAgrradiation (Yashimaet al, 2004b).
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5.2.1.5 Gamma-Ray Dose Estimation from Residual Actiwitin Cu Target. The decay of the
gamma-ray effective-dose rate at the point locataddistant from the Cu target is shown in Fig0%a)
and (b) for a short irradiation time and a longdiiation time (10 months and 30 years, respecively
The contribution of annihilation photons is incldde the dose rate. The dose rate at the end of
irradiation is shown as a function of total proilecenergy in Fig. 5.11. The energy and projectile

dependence of gamma-ray dose is similar to thegsifiual activity.
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3639 Figure 5.10. Gamma-ray dose from total residutaiVities induced in Cu target irradiated by fiApions

3640

(Yashimaet al, 2004b).
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3642 Figure 5.11. Projectile dependence of gamma-rigtfe dose from total residual activity induced i

3643 Cu target immediately after the 10 monthydAgrradiation (Yashimaet al, 2004b).
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5.2.2 Residual Activities Induced by Secondary Neutrons

Radioactive nuclides are also induced by secongleuyrons, the energies of which extend up to
the primary proton energy, and in the case of héavy, up to about double the primary particle gger

per nucleon.

Because of high permeability, neutron activatiowidely distributed, while the activation by
charged patrticles is limited to within the particéege. The intensity of secondary high-energynoast
is strongly forward-peaked along the primary-péetdirection, and decreases with the inverse squfare

the distance from the effective source.

Neutron-induced reaction cross section data angsaarce above 20 MeV. It is often assumed
that the cross sections have the same value ampiraduced cross sections above 100 MeV. As an
example, a comparison of cross section€'6t(n, xf°Co and™Cu(p, xJ®Co reactions is shown in Fig.
5.12. In Fig. 5.12, neutron-induced reaction cemgions are slightly larger than proton-induced

reaction cross sections above 80 MeV.
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3661 Figure 5.12. Cross sections of tH€u(n, xfCo and thd®Cu(p, xJ®Co reactions (Kinet al, 1999;

3662 Michel et al, 1997; Sistersoat al., 2005).
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Thermal neutrons are almost uniformly distributeside an accelerator enclosure. The flugpce

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

formula (Ishikawa, 1991):

i, -89 (5.6)

S
whereC is a constant estimated to b&Xis the number of total produced neutrons, &islthe total

inside surface area of an enclosure, includinguwéiés, the floor, and the roof.

Table 5.1 shows the characteristic radionuclideslypced in metals by thermal neutrons. Mn and
Co are impurities in iron and stainless st&#lin is also produced by fast neutrons in tffe(n, p)
reaction. Brass is an alloy of Cu and Zn. Leadksreometimes contain Sb to improve the mechanical

characteristics.
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Table 5.1 Characteristic radionuclides produceahé@tals by thermal-neutron capture. Gamma rays of

which emission probabilities are larger than 1 ®leted (Firestone, 1999; Sullivan 1992).

Fertile nuclide, abundance,

Radionuclide Half-life Decay mode y-ray (emission)
and capture cross section
847 keV (98.9%)
>Mn 2.58 hour B 100% 1811 keV (27.2%) *Mn, 100%, 13.3b
2113 keV (14.3%)
o0 ] 1173 keV (100%) 66
Co 5.27 year [3: 100% Co, 100%, 37.2b
1332 keV (100%)
EC: 43.6%
®cu 12.7hour B 17.4% 511 keV @Y ®Cu, 69.2%, 4.5b
B: 39.0%
. EC: 98.6% 1116 keV (50.6%) 3
Zn 244.3 day . . “Zn, 48.6%, 0.76b
B 1.4% 511 keV B
9mzn 13.8 hour IT: 100% 439 keV (94.8%)  %%zn, 18.8%, 0.07b
T 97.6% 564 keV (70.7%
1225p 2.72 day g ( ) 125, 57.4%, 5.9b
EC: 2.4% 693 keV  (3.9%)
603 keV (98.0%)
646 keV  (7.3%)
723 keV (11.3%
1245 60.2day B 100% ( ) 12gh, 42.6%, 4.1b
1691 keV (48.5%)
2091 keV  (5.7%)

etc
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5.3 Concrete

The amount of induced radioactivity and activityjwcentration in concrete used for shielding is
smaller than that in the accelerator componentsatteadirectly irradiated by the primary accelerato
beams. After accelerator operation has ceased aennkside the shielded room are exposed by gamma
rays from?*Na (half-life = 15 hours) in the concrete. Aftecalerator decommissioning, the shielding
barriers are also dismantled. In this case, speai@ must be taken because of long-lived residual

radioactivity.

Measured and calculated secondary neutron spadin&ck shields are shown in Fig. 5.13.

Neutron spectra do not change much, and high-enmeegyions are still important at locations deep

within the shields. Radioactivity decreases exptakywith concrete depth.
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3693 Figure 5.13. Measured and calculated secondanyarespectra in thick concrete or iron shields

3694 irradiated by 140 MeV p-Li neutron source at RCIKRiaraet al, 2008).
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Several measurements were made in 4 m thick censh#lds of a neutron irradiation facility
using a 500 MeV proton synchrotron (Oigtial, 2005), in 0.5 m thick shields of several proton
cyclotrons (Masumotet al, 2008; Wanget al, 2004), and in 6 m thick 12 GeV proton synchrotron
shields (Kinoshitat al, 2008). Typical radionuclides present in conceref*Na, ‘Be, *H, *°Sc,>Mn,
®0Co,*1Cs, and™?Eu. When concrete comes into contact with groundiy&Na and®H are dissolved in

the water, though the amount of radioactivity ie tater is usually very small.

The most important long-lived radioactive nucligésoncern in decommissioning &féla,
9Co, and*>Eu.%%Co and*>’Eu are produced by thermal neutron capture reactigih Co and Eu
impurities in the concrete. The amounts of thegeuities are small, but tHéCo(n,y) and**'Eu(n,y)
cross sections are large. Howe8Na is produced by nuclear spallation reactionsigti{energy
neutrons. Exemption concentration levels (IAEA, @98re 10 Bq g for these nuclide§°Co activities

in iron reinforcing rods in concrete are importaataus&°Co impurities are large in iron.

Because the amounts of impurities®o and™>'Eu depend upon the concrete composition, it is
difficult to estimate the activities. Typically,ghactivity of°H is about ten times higher than thaf%o
and™’Eu (Masumotet al, 2008), although the exemption level fetis much larger, 10Bq g*. *H are

produced by both nuclear spallation reactions aedwal-neutron capture.

The depth profile of activity in the concrete stigebf a 12 GeV proton synchrotron facility (Fig.
5.14) were measured. Samples of concrete coresol&med by boring holes up to depths of 4 m to 6
m in the walls. Gamma activity was measured usirgn@nium detectors, aftNa, **Mn, *°Co, and
15%Euy-rays were identified. The concrete sample wasddeaind tritium was collected in a cold trap.
Beta activity was measured using liquid scintibatcounters. The results are shown in Fig. 5.18. Th

radioactivity of nuclides produced by high-energgations, such &Na, decrease exponentially as the
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3720 penetration depth in the shield increases. Theigctf radionuclides produced by neutron capture
3721 reactions, such &Co and"®%u, increase from the inner surface up to the dep#bout 20 cm, then

3722 decrease with increasing the depth (Kinoséital, 2008).
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3723
3724 Figure 5.14. Plan view of concrete shields neaRhtargets in a 12 GeV proton synchrotron facilit

3725 (Kinoshitaet al, 2008). Sampling locations of radioactivity arewh at core 1 to 7.

241



PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

10 ' il gl
' ' ' (a)core 1 ° "
10! Hio*
: & HNa-22 =
10" A Mn-54 2 it f-:]"
36 i35 L
10! e g o
M Co-60 g
w0t O:Ewl2 Hw™ =
=
-1z 2
i o g

lo-l..l

Activity (Bg/g)
3

1 : 1014
100 {:h:} core 6 n
1P W:H-3 |
®:MNa-22
1ot A Mo [
103 S Co-60 1
O:Eu-152
10 1
107 -
1t
3726 Depth (cm)

3727 Figure 5.15. Depth profile of radioactivity in 6tliick concrete shields near the platinum targets

3728 irradiated in a 12 GeV proton synchrotron facibtyown in Fig. 5.14 (Kinoshitet al, 2008).
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It is easier if the concentration of radioactivin be estimated from the measured surface dose
rates. Dose rates from concrete were calculatddamtassumption that the activity is uniformly
distributed in several sizes of rectangular pagipeds. With a dose rate oftbv/h at 10 cm distance
from the surface, the total amount and concentraifaadioactivity were calculated and the resatts
shown in Fig. 5.16 (Baat al, 2004). Both the concentration and total quamitgctivity do not exceed
IAEA exemption levels (IAEA, 1996) at the same tirffilae activity concentration and the total activity
of the exemption levels are 10 Bg/g and 1 %¥Bq for?*Na, 10 Bg/g and 1 x £®q for ®Co, and 10

Bqg/g and 1 x 19Bq for *%Eu.
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3739 Figure 5.16. Total activity and concentration ierd thick rectangular parallelepiped made of cormcret
3740 when the ambient dose equivalétit(10 mm) rate at 10 cm distant isyBv/h. Activity is uniformly

3741 distributed in concrete (Baet al, 2004).
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Usually it is difficult to calculate radioactiviiy concrete shields because irradiation conditions
and the composition of the concrete are not wallm Benchmark calculations were done at the KENS
spallation neutron source facility (Oig#ti al, 2005). Source neutrons from a tungsten targeboded
by 500 MeV protons were calculated using the NMPBAXode (Niita, 2001). Neutron-induced
activities in 4 m thick concrete were calculatethggthe NMTC/JAM code at neutron energies above 20
MeV, and using the MCNP5 code below 20 MeV. Gooeament to within factors of 2 to 5 were
obtained for the nuclides that were not producethinay the spallation reactions, though there were

large differences fo¥Mg, >*Mn, 'Be, and*®Co.

5.4 Cooling and Groundwater

5.4.1 Activation Cross Sections

Cooling water for magnets, slits and stoppers énddam transport line, and the energy selection
system (ESSktc is activated by secondary neutrons produced byndesses of the accelerated
particles. However, at slits and stoppers andeaetttraction deflector of a cyclotron, the accakata
particles may directly hit and activate the coolmater. High-energy secondary neutrons produced by

beam losses and treatment irradiations may peadtratshielding and activate the groundwater.

High-energy neutrons produtt®, *0, N, *!C, ‘Be, and®H through spallation reactions of
oxygen. These production cross sections are showable 5.2 (Sullivan, 1992). The cross sections

shown are for neutrons above 20 MeV.

The activation cross sections of protons that gassigh the cooling water are thought to be equal

to those of neutrons, and Table 5.2 is applicabléé¢ proton reactions. Natural oxygen contain6%.2

245



3767

3768

3769

3770

3771

3772

3773

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

% of 0. If protons hit water, positron-emittifgF, with a half-life of 1.83 hours, is produced byt

%0(p, n) reaction. These reaction cross sectionstaen in Fig. 5.17.

On the other hand, since the mass numb&fs large, the reaction cross section&6fare
also large. If the geometrical cross section issiered, the cross section of #i@+“C reaction is
assumed to be 1.87 times larger than th&t®@#p reaction. Thé’C cross sections thus obtained are also

shown in Table 5.2.
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3774 Table 5.2. Water activation cross sections for mestand protons. The parenthesized values aréGor

3775 ions. (Firestone, 1999; Sullivan, 1992)

Decay Modey-ray Energy Cross Section
Nuclide Half-life
and Emission Probability =~ Oxygen (mb) Water (cn) ®
*H 12.3 year 3 30 (56) 1.0x17 (1.9x10%)
Be 53.3day EC, 0.478MeWy 10.5% 5 (9) 1.7x10" (3.1x10%
e 20.4 min B 5 (9) 1.7x1¢ (3.1x10%
13N 9.97 min B 9 (17) 3.0x10 (5.6x10%
Yo 1.18 min B*, 2.3MeVy 99.4% 1(2) 3.3x10 (6.2x10°)
0 2.04 min B 40 (75) 1.3x10 (2.5x10%)
3776 21 mb =1x107°b = 1x10% cn?
3777 b Atomic densities are H: 6.67x¥am?, O: 3.34x16% cm®.

247



PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

10°
lSO(p, n)lSF
_ 10 N T f
o) 1 1
é i
c
o)
3]
o)
0
7))
%)
) +
O 10t L L. .
t i
&
f x  T.J.Ruth,A.P.Wolf
. ¢ |L.Marquez
R + E.Hessetal.
& S.Takacs et al.
o S.W.Kitwanga et al.
100 \ |
10° 10 10° 10°
3778 Proton Energy (MeV)

3779 Figure 5.17. Cross sections’8®(p, n)°F activation reaction (Hes al, 2001; Kitwangaet al, 1990;

3780 Marquez, 1952; Ruth and Wolf, 1979; Takatsl, 2003).
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3781 5.4.2 Effects of Water Activation

3782

3783 The radioactivity of*0, *0, *N ,and*'C, all of which have short half-lives, reaches ssttan in
3784 a short irradiation time. The annihilation photpmeduced by these positron-emitting nuclides ineeea
3785 the dose rate around cooling-water pipes and i@hange resin tanks. The dose rate around a cooling-
3786 water pipe of infinite length is given by the folllmg formula, when the self-absorption of photogs b

3787 the water and the pipe wall is ignored:

3788 E:% (uSv/h) (5.7)
3789 where

3790 E is the effective dose ratpgv/h);

3791 ye is the effective dose rate factor (0.0018V/h BG" cmi? for positron-emitting nuclide);
3792 r is the radius of the cooling-water pipe (cm);

3793 cis the concentration of positron-emitting nuclidiesvater (Bq crif); and

3794 d is the distance between the cooling-water pipethagboint of interest (cm).

3795

3796 The radioactivity of*0, 0, **N, and™'C rapidly decreases after the end of irradiatiow, tae

3797 dose rate also decreases. However, the accumifatadd’Be in the ion-exchange resin result in
3798 measurable dose rates. If the proton beam dirpethgtrates the water, the dose rate dd&rtanay be
3799 significant for about a dayBe should be taken care of when the ion-excharsje i®replaced. Its half-
3800 life, however, is 53 days, afiBe disappears after 2 or 3 yedts.(T) stays in water in the form of HTO,
3801 and accumulates because of its long half-life (32&s). The concentration should be measured
3802 periodically. However, the beam intensity at a iplerttherapy facility is low, and the concentratisn
3803 usually much lower than the limit for disposal inthe sewer system.

3804
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The groundwater may be used for drinking purposed,therefore, the activation must be kept
low. Radioactivity produced in the ground can tfanso the water. Unless there is a well closénto t
accelerator facility, the activated water is nommediately used for drinking purposes, but can enter
drinking water supplies after it migrates in thewgnd. Therefore, radionuclides of short half-ldach as
140, 120, 13N, and™C, and those of small mobility, such @, usually do not affect the groundwater,
while ®H may affect it. The groundwater activation shdoédconsidered at the design stage. If the water
concentration of radioactivity outside the shialchot negligible, the concentration at the welabthe
site boundary should be estimated. If the speept@mfndwater is high, the accumulation of long Hhiédf-
nuclides is low. If the speed is low, decay of tloelides is significant. Considering these phenamnen

the concentration can be estimated with the foll@adormula:

b ke

C=C,l-e V)e v (Bgcm’) (5.8)
where
C is the concentration at the given point (Bggm
Co is the saturated concentration at the irradiagi@a (Bq crii);
A is the decay constant of the nuclidé)(s
L1 is the length of the irradiation area outsideghield (cm);
v is the velocity of the groundwater (cif)sand

L, is the distance between the irradiation area had¢donsidering point (cm).

5.5 Air

5.5.1 Activation Cross Sections
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Activation of air is caused by the secondary nedrat a particle therapy facility; however, it is
also caused by the primary particles in the ain p&tween the accelerator vacuum system and the

patient position.

A detailed estimation of the air activation cando@e with Monte Carlo codes as shown in
Chapter 6. At most particle therapy facilities, lewer, the air activation is much lower than the
regulation levels, and a rough estimation is ugwallough, as is is explained in the following tékthe

estimated value is close to the regulation levektailed estimation should be done.

The airborne radionuclides produced by high-eneetrons are mainfH, ‘Be, *'C, N, 0,
and®0. Thermal neutrons produt®r. The production cross sections of these nuclatedisted in

Table 5.3 (Sullivan, 1992). Cross sections showriNfand O are for neutrons above 20 MeV.

The cross sections of N and O for protons can bsidered equal to those for neutrons, and
Table 5.3 is applicable to protons. The geometidoass section dfN+%C is 1.90 times larger than that
of “*N+p, and that of°0+'“C is 1.87 times larger than that'860+p. The cross sections fc ions

obtained using the previously mentioned ratiosaése shown in Table 5.3 in parentheses.
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3845 Table 5.3. Air activation cross sections for nensrand protons. The parenthesized values arédor

3846 ions. (Firestone, 1999; Sullivan, 1992)

Emission of Cross Section
Nuclide Half-life

beta, gamma Nitrogen (mif) Oxygen (mb) Air (cm™)®

*H 12.3 year 3 30 (57) 30 (56) 1.5x10(2.8x10°
Be 53.3day EC, 0.478MeW 10.5% 10 (19) 5 (9) 4.4x10 (8.4x10")
e 20.4 min B 10 (19) 5 (9) 4.4x10 (8.4x10")
13N 9.97 min B 10 (19) 9 (17) 4.9x10(9.2x107
o 1.18 min B, 2.3MeVy 99.4% 0 (0) 1(2) 1.1x18 (2.0x10%)
o) 2.04 min B 0 (0) 40 (75) 4.2x10 (7.8x10")
“Ar 1.82hour B, 1.3MeVy99.1% 610 (for“°Ar) 1.42x10’

3847 2 1 mb =1x10"°b = 1x10 ¥ cn?

3848 b Atomic densities are N: 3.91xfxm?; O: 1.05x16° cm®; *°Ar:2.32x103" cm®.
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5.5.2 Estimation of Concentration of Air Activation

Several formulae for the estimation of radionuckdacentration in the air are shown below
(RIBF, 2005). The air in a room is assumed to béoumly mixed.
Explanatory notes for the symbols are as follows:
Ao saturated activity (Bq) produced in a room, whigkqual tdR of Eq. (5.1)

2: decay constant (¥

V:  volume of the room (cf
v:  ventilation speed of the room (&5t
va:  Vventilation speed at the stack of the facilityn{cs™)
¢ 1 penetration rate of the filter if a purificatisgstem is installed (1.0 except f&@e)
Tr: irradiation time (s)
Tp:  decay time between the end of irradiation andsthet of ventilation (s)
Te:  working time of persons in the room (s)
Tw: time between the end of irradiation and the sihthe next irradiation (s)
The air concentrations in the room and at the ssackild be estimated at the planning stage of

the facility and compared with the regulatory lisaiT hen the required ventilation can be determined.

5.5.2.1 Radionuclide Concentrations of Exhaust Air. Case 1: Average concentration at the
stack during one irradiation cycles., between the start of the first and second irtauia, under the

condition of continuous ventilatio€;

) P FRLAL S PRAN ¢
C, = o Mg - 1 f1-e "V e V"

VWA TR +Tw)  A+g

] (5.9)
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Case 2: Average concentration at the stack dunegirradiation cycle under the condition that
the ventilation is stopped during the irradiation started at tim& after the irradiation is stoppe@;

(Average value during the ventilating timeTa§-Tp)

& _ _ ~(A+ ) (T =To)
C,= a A-eR)e Mg " V" P

vV (A +5)(TW -Tp)

} (5.10)
5.5.2.2. Radionuclide Concentrations of Room Air.Case 3: Air concentration of the

continuously ventilated treatment room at the ttheeirradiation is stoppes

-+,

C,=— MgV
\'
V(A+—
(A+)

(5.11)

Case 4: Average air concentration in a room dutiegwvorking time offg under the condition

that work and the ventilation are started simultarsty at a timép after the irradiation was stopped;

Ci=— T g-emyeop-e VT (5.12)

V(A +§)TE

This condition can be applied to an acceleratotosnce, for example, where persons enter only

at maintenance time.
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6. Monte Carlo Codes for Particle Therapy

Stefan Roesler

6.1 General-Purpose Codes

Nowadays the use of general-purpose particledaotemn and transport Monte Carlo codes is
often the most accurate and efficient choice togmegarticle therapy facilities. Due to the widessgul
use of such codes in all areas of particle phyaicsthe associated extensive benchmarking with
experimental data, the modeling has reached arecegented level of accuracy. Furthermore, most
codes allow the user to simulate all aspects afla-énergy particle cascade in one and the same run
from the first interaction of a TeV nucleus ovee thansport and re-interactions (hadronic and
electromagnetic) of the secondaries produced, taildd nuclear fragmentation, the calculation of
radioactive decays, and even of the electromagebtwer caused by the radiation from such decays.
Consequently, there is no longer any need for goresuming multi-step calculations employing
different Monte Carlo codes that significantly ieases the consistency of the results and grealhces

the uncertainties related to the subsequent ud#éfefent codes.

At the same time, computing power has increaspdrentially, allowing one to perform
complex simulations with low statistical uncertgim a few hours or days. Often the time speneto s
up a simulation and to post-process its resultsifstgntly exceeds the actual computation timepdes
the fact that many general-purpose codes now catheuser-friendly graphical interfaces that have
significantly reduced the preparation and post-@ssing phases as well. It follows that it is ofteore
economical to invest resources in a careful stymtyrozing the facility shielding than in conserwei

shielding and infrastructure that compensate fes Bccurate estimates.

255



3911

3912

3913

3914

3915

3916

3917

3918

3919

3920

3921

3922

3923

3924

3925

3926

3927

3928

3929

3930

3931

3932

3933

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

The following general-purpose Monte Carlo codescammonly used for radiation transport
simulations and will be described further belowlJKA (Ferrari, 2005; Battistoret al, 2007),
GEANT4 (Agostinelliet al, 2003; Allisonet al, 2006), MARS15 (Mokhov, 1995; Mokhov and
Striganov, 2007; Mokhov, 2009), MCNPX (Pelowitz080 McKinneyet al, 2006), PHITS (Iwase,

2002; Niita, 2006), and SHIELD/SHIELD-HIT (Geithnetral, 2006; Gudowskat al, 2004).

6.2eAs of Application

6.2.1 Shielding Studies and Secondary Doses to the Patien

The areas of application of Monte Carlo codesudelall radiation protection aspects of the
facility design. The most prominent applicatiorsiselding design where only Monte Carlo codes allow
a careful optimization of complex access mazesisdwall materials, and wall thicknesses that would
be impossible to describe with analytical methddhe risks to personnel and patients due to secgndar
whole-body irradiation are typically calculated foyding fluence spectra with energy-dependent
conversion coefficients that have also been obtiawviéh detailed Monte Carlo simulatioresg,
employing complex voxel phantoms of the human h@®lliccioni, 2000). Numerous shielding studies
done especially for particle research accelerands more recently, for therapy facilities haveduse
Monte Carlo codes. Examples can be found in Agostad (1996b; 1996¢), Brandit al (2005), Faret
al. (2007), Newhauseat al.(2005a), Polkt al.(2005), Popova (2005), Schneidgral. (2002), Tittet al
(2005), and Zhengt al (2008). Some aspects of secondary radiation gtamuin the beam-line

elements are discussed in Chapter 7.
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Monte Carlo simulations can also assess secowmdas8s to the patient, directly through the
calculation of energy deposition in individual ongeaby using phantoms of the human body (see Chapter

7).

6.2.2 Activation Studies

The Monte Carlo simulation of all aspects of aatiion has grown significantly over the past
years due to the availability and increasing qualftboth microscopic models for the production of
individual nuclides and experimental benchmark déthile an uncertainty factor of 2 to 5 in such
predictions was considered reasonable in the pextern codes are now able to predict individual
isotopes often with a 30 % or better accuracy (Beugt al.,2006). In addition to the production of
radionuclides, some codes also allow (in the samalation) the computation of radioactive decay and
the transport of the decay radiation and, thusesiflual doses (Brugget al.,2005). Consequently, the
material choice and design of shielding and acatglecomponents can be optimized in this regard
during the design stage, thus reducing costsatkta$tage that result from precautionary measuels

as unnecessary accelerator down-times to allovictml-down” of components or temporary protection.

The capability of accurately predicting radioaetnuclide production and distributions with
Monte Carlo methods has now even entered the dighdrticle therapy quality assuraneeq(, positron
emission tomography, PET; see, for example, Partoali, 2007 and Pshenichnet al, 2007). This
field is, however, outside of the scope of thiseex Air and water activation are also typically
estimated with Monte Carlo simulations, althouglthis case the direct calculation of nuclide
production is usually replaced by off-line foldin§particle fluence spectra with evaluated crossice
data due to the low density of the media and tse@ated inefficient nuclide production during a

simulation.
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3959

3960 6.3 Requirements

3961

3962 The requirements can be subdivideal twb categories: those related to physics modelirdy

3963 those associated with the user-friendliness otdue. While details on different Monte Carlo codss
3964 given further below, this Chapter provides somealgnce as to which code might best fulfill the vasio
3965 requirements.

3966

3967 6.3.1 Shielding Studies

3968

3969 A code to be used for shielding design at a dartierapy facility should be able to describe
3970 interactions of hadrons and nuclei with energiesoup few hundred MeV/u in arbitrary materials.
3971 Because exposures behind shielding are typicallgeh by neutrons, an accurate description of double
3972 differential distributions of neutrons and lighagments emitted in an interaction, as well as their
3973 transport through the shield down to thermal emsigs vital. For ion beams and shielding in the
3974 forward (beam) direction, a detailed treatmentrofgztile fragmentation by the respective codefis o
3975 equal importance. A folding with energy-dependergedequivalent conversion coefficients (for

3976 example, those summarized in Pelliccioni, 2000) @inect scoring of the latter quantity is usuallgsh
3977 convenient for the user, and the code should tiffisroption. The contribution to the total doseibdh
3978 shielding due to electromagnetic cascades is yssiaall (~ 20 %) as compared to the contribution by
3979 neutrons. Still, a coupled simulation of both hawcand electromagnetic showers through the siseld
3980 necessary for benchmarking the calculations withsueements (the radiation monitors may have an
3981 enhanced response to electromagnetic particleg)ioarestablishing so-called field calibration farst.

3982
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3983 The availability of variance reduction (biasingghniques is a ‘must’ in order for a Monte Carlo
3984 code to be used for the design of thick shieldomge(meter or more) and complex access mazes. In
3985 contrast to an analog Monte Carlo simulation, inclwiphysics processes are sampled from actual phase
3986 space distributions, a biased simulation samptas fartificial distributions with the aim of achieng a
3987 faster convergence of the calculated quantitiekedrue values.g., a faster reduction of the variance)
3988 in the phase space regions of intereg, behind thick layers of shielding. Note that adaid simulation
3989 predicts average quantities but not their highemeats and can, therefore, not reproduce correkation
3990 and fluctuations. A rigorous mathematical treatn@ntariance reduction techniques can be found in
3991 several textbooks; see for instance Lux and Koblir{@991) and Carter and Cashwell (1975).

3992

3993 There exist several variance reduction methods.cHoice of the most appropriate method
3994 depends on the actual problem, with a combinatfahfferent techniques often being the most effecti
3995 approach. The so-called “region importance biasiaghe easiest method to apply and safest toTumse.
3996 shield is split into layers that are assigned irtgooee factors. The values of the factors increasards
3997 the outside of the shield, with the relative vabtdi¢he factors of two adjacent layers equal toitiverse
3998 of the dose attenuation in that layer.

3999

4000 FLUKA (Ferrari, 2005; Battistoret al, 2007) and MCNPX (Pelowitz, 2005; McKinneyal,
4001 2006) are two general-purpose codes that inclugeegal variance reduction techniques and have
4002 therefore been used widely in shielding studies.

4003

4004 6.3.2 Activation Studies

4005

4006 A reliable description of inelastic interactiongiinicroscopic models is indispensable for

4007 activation studies of beam-line and shielding congmts. Only activation by low-energy neutrons
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4008 constitutes an exception where evaluated experahdata on nuclide production are typically avdgab
4009 in the respective neutron transport library. Adima of accelerator components is often dominated b
4010 spallation reactions. An accurate simulation ostheeactions requires a generalized intra-nuclear
4011 cascade model with pre-equilibrium emission, ag asemodels for evaporation, fission, and

4012 fragmentation. The description of the break-up bighly excited heavy residual (so-called multi-
4013 fragmentation), which can be very complex and bo@{consuming during a shower simulation, is often
4014 approximated by a generalized evaporation of naslidith mass numbers of up to 20 or more.

4015 Predictions for the production of individual nu@glare non-trivial and depend on the quality ofynan
4016 different physics models, not only for the inelastiteraction and nuclear break-up but also fotiglar
4017 transport and shower propagation. Thus, detailedhreark exercises to assess the reliability of the
4018 results are of utmost importance. Typically, theger the cooling time, the less nuclides contriliate
4019 the total activation, and therefore, details ofgheduction of individual nuclides become more

4020 important. At short cooling times (up to a few dagger- and underestimations of the nuclide

4021 production tend to cancel each other so that iategrantities such as total activity or residuaetare
4022 much less affected by model uncertainties. Both AR and MCNPX can use the Cascade-Exciton
4023 Model (CEM) and Los Alamos Quark Gluon String MofeAQGSM) for hadronic interactions that
4024 have been shown in extensive benchmark experinempi®vide reliable predictions for nuclide

4025 production (Mashnik, 2009). The FLUKA code alsolumies detailed microscopic models for nuclide
4026 productions which have been proven to give veryiate results (Brugget al, 2006). In this case, the
4027 models are fully integrated into the code, prowidanhigh level of quality assurance that is ofteaded
4028 in safety-related applications.

4029

4030 In the past, residual dose rates were often etariay means of so-called omega factors that
4031 relate the density of inelastic interactions irolkdsmaterial to contact dose-equivalent rates edusy

4032 radioactive nuclides in the material. At preserrerand more codes include a description of rativac
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decay and the transport of decay radiation, ammavatine to avoid approximations inherent to omega
factors. A code capable of a direct simulationaafioactive decay should be preferred for this e
study because handling of activated components is\portant cost factor due to decreasing dosedimi
and also due to the increasing importance of thienomation principle during the design stage. At
present, the FLUKA Monte Carlo code gives the noosisistent and reliable single-step prediction of
residual dose rates (Ferrari, 2005; Battistiral, 2007; Bruggeet al, 2005). Other general purpose
codes make use of omega factors (MARS15) or regueeparate calculation of the radioactive decay

with a different code (MCNPX).

6.3.3 Secondary Doses to Patients

Monte Carlo simulations have been used extensteetyudy secondary doses in patients (see
Chapter 7). Such simulations obviously require @ueate modeling of the transport, interaction, and
fragmentation (for ion beams) of the primary beartissue-equivalent material, as well as a fully
coupled hadronic and electromagnetic shower simomlal he capability of the transport code to use
voxel phantoms usually increases the reliabilityhef predictions due to the great detail in whiuh t
human body can be modeled with such phantoms. GEBAKgostinelliet al, 2003; Allisonet al,

2006; Rogeret al, 2007) and FLUKA (Ferrari, 2005; Battistaztial, 2007; Battistonet al, 2008) are

two examples of codes that support voxel geometries

6.3.4 User-Friendliness

In addition to physics modeling, the user-friendBs of a code can be of significant importance.
As mentioned earlier, increasing computing poweatly reduces the time actually spent for the

calculation such that, in many cases, the timesszeg to set up a simulation and process its gesult
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4058 becomes a dominating factor. To address this pnoldgaphical user interfaces that also take over a
4059 basic check of input options exist for many codetew examples can be found in Vlachoudis, 2009;
4060 Theiset al, 2006; and Schwarz, 2008. The check of input ogtis vital as increasing user-friendliness
4061 s associated with increasing usage of the co@de“blck-box,” and one risks having simulation

4062 artefacts being taken into account undetectedhEuntore, it is observed that the acceptance of the
4063 resultse.g, by authorities, can depend a great deal on Hethe results are presented. In this regard,
4064 three-dimensional geometry visualization, the awedf results onto the geometry, and the use aircol
4065 contour plots can be of importance. Finally, itglldoe noted that despite the enormous advantdges o
4066 graphical user interfaces, a minimum knowledgehenavailable physical models is indispensible in
4067 order to judge on the accuracy of the obtaineditesu

4068

4069 6.4 Overview of the Most Commonly Used Codes

4070

4071 6.4.1 FLUKA

4072

4073 FLUKA is a general-purpose patrticle interactionl &armnsport code with roots in radiation

4074 protection studies at high energy acceleratorg@Fef005; Battistonet al, 2007). It therefore

4075 comprises all features needed in this area of egijmin, such as detailed hadronic and nuclearaoten
4076 models, full coupling between hadronic and elecagnetic processes, and numerous variance reduction
4077 options.

4078

4079 The module for hadronic interactions is called REA and consists of a phenomenological
4080 description (Dual Parton Model-based Glauber Gritascade) of high-energy interactions (up to 20
4081 TeV), a generalized intra-nuclear cascade, anetgudibrium emission models, as well as models for

4082 evaporation, fragmentation, fission, and de-exoitaby gamma emission. Interactions of ions are
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simulated through interfaces with different codasddl on models applicable in certain ranges ofggne
(DPMJETS3 above 5 GeV/nucleon, rQMD-2.4 betweenabd 5 GeV/nucleon, Boltzmann Master

Equation below 0.1 GeV/nucleon, see Battistoni,7280d references therein).

The transport of neutrons with energies below 20/Ns performed by a multi-group algorithm
based on evaluated cross section data (ENDF/B,JEYDL, etc) binned into 260 energy groups, 31 of
which are in the thermal energy region. For a festdapes ', °Li, *°B, *“N), pointwise cross sections
can be optionally used during transport. The dedaiinplementation of electromagnetic processelsdan t

energy range between 1 keV and 1 PeV is fully cediplith the models for hadronic interactions.

Many variance reduction techniques are availabELUKA, including weight windows, region
importance biasing, and leading particle, intemagtand decay length biasing (among others). The
capabilities of FLUKA are unique for studies of irneéd radioactivity, especially with regard to ndeli
production, decay, and transport of residual rashiatn particular, particle cascades by prompt and
residual radiation are simulated in parallel basethe microscopic models for nuclide productiod an

solution of the Bateman equations for activity tup and decay.

FLUKA is written in Fortran77 and runs on most Wnand Unix platforms on which the
compiler g77 is installed. The code is distribute@inary form, with the addition of the source eddr
user routines and common blocks (http://www.flukg)oThe complete FLUKA source code is available

by request after an additional registration procedseenttp://www.fluka.org/fluka.phgor details). No

programming experience is required unless useimeaiire needed for specific applications.

6.4.2 GEANT4
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GEANT4 is an object-oriented toolkit originallysigned to simulate detector responses of
modern particle and nuclear physics experiment®$fgelliet al, 2003; Allisonet al., 2006). It
consists of a kernel that provides the frameworlpfaticle transport, including tracking, geometry

description, material specifications, managememvehts, and interfaces to external graphics system

The kernel also provides interfaces to physicsgsees. In this regard, the flexibility of
GEANT4 is unique as it allows the user to freeligskethe physics models that best serve the péaticu
application needs. Implementations of interactiadeis exist over an extended range of energias, fro
optical photons and thermal neutrons to high-enerigyactions required for the simulation of
accelerator and cosmic ray experiments. In mangssa®@mplementary or alternative modeling

approaches are offered from which the user cansghoo

Descriptions of intra-nuclear cascades includdemgntations of the Binary and the Bertini
cascade models. Both are valid for interactionsuzfeons and charged mesons, the former for ersergie
below 3 GeV, and the latter for energies below 8¥ GAt higher energies (up to 10 TeV), three models
are available: a high-energy parameterized modah@ufits to experimental data), a quark-gluonmnsgri
model, and the Fritiof fragmentation model, withttbthe quark-gluon string model and the Fritiof
fragmentation model based on string excitationsdewy into hadrons. Nuclear de-excitation models
include abrasion-ablation and Fermi-breakup modrelshermore, heavy-ion interactions can also be

simulated if the appropriate packages are linked.

The package for electromagnetic physics comptlteestandard physics processes as well as

extensions to energies below 1 keV, including eimmssof x rays, optical photon transpat.
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To facilitate the use of variance reduction teghes, general-purpose biasing methods such as
importance biasing, weight windows, and a weiglttaftimethod have been introduced directly into the
toolkit. Other variance reduction methods, sucleading particle biasing for hadronic processese&o

with the respective physics packages,.

GEANT4 is written in C++ and runs on most Linuwdddnix platforms as well as under
Windows with CygWin Tools. The code and documeatatian be downloaded from the GEANT4

website atttp://cern.ch/geantZ&Experience in C++ programming is indispensabteufing the code.

6.4.3 MARS15

The MARS15 code system (Mokhov, 1995; Mokhov atrdy&nov, 2007; Mokhov, 2009) is a
set of Monte Carlo programs for the simulation aflftonic and electromagnetic cascades that is wsed f
shielding, accelerator design, and detector stu@esespondingly, it covers a wide energy range: 1
keV t0100 TeV for muons, charged hadrons, heavy &nd electromagnetic showers; and 0.00215 eV to

100 TeV for neutrons.

Hadronic interactions above 5 GeV can be simulai#id either an inclusive or an exclusive
event generator. While the former is CPU-efficigrgpecially at high energy) and based on a weélth o
experimental data on inclusive interaction spec¢haatter provides final states on a single axdgon
level and preserves correlations. In the exclusieee, the cascade-exciton model CEM03.03 describes
hadron-nucleus and photo-nucleus interactions bél&eV, the Quark-Gluon String Model code
LAQGSMO03.03 simulates nuclear interactions of hadrand photons up to 800 GeV and of heavy ions

up to 800 GeV/nucleon, and the DPMJET3 code ttbatsteractions at higher energies. The exclusive
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mode also includes models for a detailed calculationuclide productiowia evaporation, fission, and

fragmentation processes.

MARS15 is also coupled to the MCNP4C code thatlemall interactions of neutrons with
energies below 14 MeV. Produced secondaries diherrieutrons are directed back to the MARS15

modules for further transport.

Different variance reduction techniques, suchakusive particle production, weight windows,
particle splitting, and Russian roulette, are aldé in MARS15. A tagging module allows one to tiag
origin of a given signal for source term or sergitianalyses. Further features of MARS15 include a

MAD-MARS Beam-Line Builder for a convenient creatiof accelerator models.

MARS15 modules are written in Fortran77 and C. @bee runs on any Linux or Unix platform
in both single- and multi-processor modes. A poularer-friendly graphical user interface provides
various visualization capabilities. The code muestristalled by the author on request (for detaés s

Mokhov, 2009).

6.4.4 MCNPX

MCNPX originates from the Monte Carlo N-Partialartsport (MCNP) family of neutron
interaction and transport codes and, thereforéufes one of the most comprehensive and detailed
descriptions of the related physical processeo@e, 2005; McKinneyet al, 2006). Later it was
extended to other patrticle types, including iond electromagnetic particles. This allowed an exjgans
of the areas of application from those purely rauts-related to accelerator shielding design, oadi

physics, and space radiation, among others.
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The neutron interaction and transport modulesstesgdard evaluated data libraries mixed with
physics models where such libraries are not availdhe transport is continuous in energy and hetu
all features necessary for reactor simulationguting burn-up, depletion, and transmutation. Ddf
generalized intra-nuclear cascade codes can bedlittkexplore different physics implementationghsu
as CEM2K, INCL4 and ISABEL (see McKinney al, 2006 and references therein). They either contai
fission-evaporation models or can be coupled th soodels ite., ABLA), allowing detailed predictions
for radionuclide production. While the intra-nualeascade codes are limited to interaction energies
below a few GeV, a link to the Quark-Gluon Stringd¢l code LAQGSMO03 extends this energy range
to about 800 GeV. The latter code also allows imeikation of ion interactions. Electromagnetic

interactions are simulated in MCNPX by the ITS &de.

MCNPX contains one of the most powerful implemé&ates of variance reduction techniques.
Spherical mesh weight windows can be created lgnargtor in order to focus the simulation time on
certain spatial regions of interest. In additiammore generalized phase space biasing is alsb@ss
through energy- and time-dependent weight wind@tker biasing options include pulse-height tallies

with variance reduction and criticality source cergence acceleration.

MCNPX is written in Fortran90 and runs on PC WiwdpLinux, and Unix platforms. The code

(source code, executables, data) is availableadyheveryone (subject to export controls on seresit

countries) from the Radiation Safety Informatiom@utational Center (http://www-rsicc.ornl.gov) in

Oak Ridge, TN, U.S.A. Experience in programmingas required for many applications.

6.4.5 PHITS
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The Particle and Heavy-lon Transport code SysteitT 8 (see Iwase, 2002; Niita, 2006 and
references therein) was among the first generglga@ codes to simulate the transport and interectio
of heavy ions in a wide energy range, from 10 Meilaon to 100 GeV/nucleon. It is based on the high-
energy hadron transport code NMTC/JAM that wasreded to heavy ions by incorporating the JAERI

Quantum Molecular Dynamics code JQMD.

Below energies of a few GeV, hadron-nucleus imteras in PHITS are described through the
production and decay of resonances, while at highergies (up to 200 GeV) inelastic hadron-nucleus
collisions proceedia the formation and decay of so-called strings thahéually hadronize through the
creation of (di)quark-anti(di)quark pairs. Both amabedded into an intra-nuclear cascade calculation
Nucleus-nucleus interactions are simulated withincdecular dynamics framework based on effective

interactions between nucleons.

The generalized evaporation model GEM treatsrdgnientation and de-excitation of the
spectator nuclei and includes 66 different ejestlgp to Mg) and fission processes. The produaifon
radioactive nuclides, both from projectile and &nguclei, thus follows directly from the mentioned

microscopic interaction models.

The transport of low-energy neutrons employs csessions from evaluated nuclear data
libraries such as ENDF and JENDL below 20 MeV aAd %0 up to 150 MeV. Electromagnetic
interactions are simulated based on the ITS cotleeienergy range between 1 keV and 1 GeV. Several
variance reduction techniques, including weightdews and region importance biasing, are available

in.PHITS.
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Due to its capability to transport nuclei, PHIBSrequently applied in ion-therapy and space
radiation studies. The code is also used for génadaation transport simulations, such as in tegigh

of spallation neutron sources.

The PHITS code is available for download from\iteb site, http://phits.jaea.go.jp/

6.4.6 SHIELD/SHIELD-HIT

The SHIELD Monte Carlo code (Sobolevsky, 2008; [Batgev and Sobolevsky, 1999) simulates
the interactions of hadrons and atomic nuclei biteary charge and mass number with complex
extended targets in the energy range from 1 MeVéaucto 1 TeV/nucleon, and down to thermal

energies for neutrons.

Inelastic nuclear interactions are described bysthtcalled multi-stage dynamical model
(MSDM). The name refers to the different stagesugh which a hadronic interaction proceeds in
SHIELD: fast cascade stage, pre-equilibrium emmssionucleons and light nuclei, and a nuclear
fragmentation and de-excitation stage. Interactab®/e 1 GeV are simulated by the quark-gluongtrin
model (QGSM), while the Dubna Cascade Model (DChlhdies intra-nuclear cascades at lower
energies. The models implemented for the equilibrile-excitation of a residual nucleus cover all
aspects of this stage, such as evaporation, fiseenmi break-up of light nuclei, and multi-
fragmentation. In the latter case, the disintegratif highly excited nuclei into several excitedgments
is described according to the statistical modeisoiti-fragmentation (SMM). Neutron transport below
14.5 MeV is simulated by the LOENT (Low Energy Neut Transport) code based on 28 energy groups

and using the data system ABBN.
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The code SHIELD-HIT (Gudowslet al, 2004; Geithneet al, 2006), a spin-off of SHIELD,
specializes in the precision simulation of intei@cof therapeutic beams with biological tissue and
tissue-like materials. Improvements in SHIELD-Hi&€levant for light-ion therapy, comprise ionization
energy-loss straggling and multiple Coulomb scaiteeffects of heavy charged particles. Further
aspects of particle transport that were modifie@mvbompared to SHIELD include updated stopping
power tables, an improved Fermi break-up model,aanonproved calculation of hadronic cross

sections.

The code can be obtained from the authors by stdter further information, see

http://www.inr.ru/shieldl.
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7. Patient Dose from Secondary Radiation

Harald Paganetti and Irena Gudowska

When charged particles such as protons and cadnsrare used in cancer therapy, secondary
particles such as neutrons, protons, pions, andyteearged ions are produced through nuclear itielas
reactions of the primary ions with the beam-linenponents and the patients themselves. These particl
may possess very high energies (up to several BdrideV) and undergo a variety of cascade events
during their transport through the patient, whieimgrate new series of secondary particles. An sixten
part of the patient body may be exposed to the éaxmadiation field. Secondary radiation produced i
the beam-line components and that reaches thenpetia be regarded as external radiation. On ther ot

hand, secondary particles produced in the patepresent an internal radiation source.

The number of review articles in the literaturewshdhe increased awareness regarding health
risks due to secondary radiation for patients ugmieg radiation therapy (Palm and Johansson, 2007;
Suitet al, 2007; Xuet al, 2008). Numerous experimental and theoreticalistudave been done and
many results have been published. There are qie ancertainties leading to controversies among
experts in the field (Brenner and Hall, 2008b; Gipahal, 2008; Gottschalk, 2006; Hall, 2006;
Paganettet al, 2006). In this chapter, the secondary doses @agbrbed doses and equivalent doses
delivered to the tissue) produced in proton anbdaaion beams of different energies are discussed.
Concepts of equivalent dose or dose equivaleniexpfd secondary radiation in ion therapy are
explained. We summarize the main issues with refgacdncer risk due to secondary radiatios ,(
neutrons) in heavy charged particle radiation fyer&iven the amount of material published by saver

groups, this chapter cannot be comprehensive artiseass only a subset of the available data.

271



4290

4291

4292

4293

4294

4295

4296

4297

4298

4299

4300

4301

4302

4303

4304

4305

4306

4307

4308

4309

4310

4311

4312

4313

4314

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

7.1 Sources of Secondary Radiation

7.1.1 Secondary Particles Produced in the Beam-Liri€lements

Secondary particles like neutrons, protons, arttt bparged ions’d, °H, *He, “He, etc) are
produced when primary ion beams interact througtieaum reactions with beam-line components or in
patients. As far as the dose outside the maintiadiéield is concerned, proton beams deposit séagn
dose mostlyia secondary neutrons. For light-ion radiation therdq@avier by-products might occur.
However, such contributions are likely to be stappethe multiple collimators or scatterers. The
production of neutrons outside the patient depemdtie material (type and dimensions) in the beam

path and, hence, depends on the design of the l@&am

For protons and carbon-ion beams delivered by tigrls with a fixed energy, a significant
amount of secondary radiation is produced in tlerganselection systems, which include energy
degraders of variable thickness and energy-defislitgy These degraders are usually outside the
treatment room (in the accelerator vault) and thmsot cause secondary dose exposure of the patient
However, special care must be taken where the datjoa is done, at least partially, directly upatre
of the patient position. This is the case, for eglamnin beam lines devoted to ophthalmic applicetjo
using small fields€.g, < 3 cm diameter) and low energies (< 70 MeV)witith high dose rates(g, 15

to 20 Gy/min).

Neutrons and protons produced in the nozzle caengodertiary interactions in the beam-line
elements, which result in the cascade of high-gneegondaries. Depending on the beam focusing and
scattering components, certain fractions of theége-anergy secondaries, mainly neutrons, reach the

patient. High-energy neutrons (of energies grethgm 10 MeV) and high-energy protons produced by
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an intra-nuclear cascade process, are mainly forpwaaked. Neutrons of energies below 10 MeV are
produced by an evaporation process and are enfgitdgisotropically around each source in the
treatment head. In general, highmaterials generate more neutrons per incomingpribtan lowZ
materials. However, it is not practical to manufiaetmost treatment head devices with, for example,
low-Z and high-density plastic materials. Some of théenls typically used in treatment heads are

brass, steel, carbon, or nickel.

Design of proton therapy beam delivery systemstesaiment heads can have considerable
variations when comparing different facilities.dddition, the beam and treatment-head configuragion
dependent on the treatment field size. Broad-beaergy-modulated (or passively scattered) proton
therapy needs various scatterers, beam-flatteremigels, collimators, and energy-modulation devioes
produce the spread-out Bragg peaks. Additionatiiyetich treatment field, individual apertures and
range compensators are generally used. Consequihatiyeutron fluence and energy spectrum
produced in the treatment head of a proton thenagghine used for broad-beam energy-modulated
treatments depends on several factors. These mthadcharacteristics of the beam entering the
treatment head (energy, angular spread); the rahierthe double-scattering system and range
modulator; and the field size upstream of the fpatient-specific aperture (Mesoloretsal, 2006).
Depending on the field size incident on the aperttive latter can cause neutron dose variatiorte up
one order of magnitude. The complexity of fieldidedy, specifically for passive-scattering techragu
causes considerable variations in neutron dosepravents us from defining a ‘typical’ neutron
background representing proton therapy in gen&attschalk, 2006; Hall, 2006; Paganettial, 2006;

Zacharatou Jarlskog and Paganetti, 2008b).

In proton therapy, generally only neutrons andgmstof high energies, especially those

produced in the final target-shaped collimatorated close to the patient, are of concern for uneks
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exposures in the patient. In addition, most prat@mapy delivery systems allow the delivery of ocaly
few fixed-field sizes impinging on the final pattespecific aperture. Consequently, the efficienty o
most proton therapy treatment heads is quite l@lo(l» 30% and even as low as 10% for typical field
sizes). This implies that the neutron yield froocls treatment heads typically increases with desanga
field size for passive-scattering proton beam megits, as has been demonstrated in experiments

(Mesoloraset al, 2006) and Monte Carlo simulations (Zacharatolsdaget al, 2008).

For beam scanning, a proton pencil beam is magtigtecanned throughout the target volume
without the need for scattering, flattening, or gemsating devices. Therefore, for scanned beams the
intensity of secondary radiation is much lower tf@mpassive systems because there is little nadteri

the beam path (typically only monitor ionizatioraaohbers or beam position monitors).

In passive-scattering systems where patient-spemflimators are routinely used, the patient is
also exposed to out-scattered primary particles fitee edges of the collimator. This process is
especially important in proton therapy beams, whieeeedge-scattered protons influence the lateral o
of-field dose distribution in a patient. Note thiais radiation is referred to as scattered radnadi®

compared to secondary radiation consisting of sgmgnparticles and is not discussed in this chapter

7.1.2 Secondary Particles Produced in the Patient

Secondary radiation is also produced in the patlargroton therapy, the most significant (in
terms of dose) secondary particles from nuclearactions are either protons or neutrons. Thos®pso
that originate from a primary proton have a lowaergy than the primary proton and typically
contribute to the dose in the main radiation field, in the entrance region of the Bragg curve

(Paganetti, 2002). Secondary neutrons, howeverdepasit dose at large distances from the targdiein
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patient. They deposit most of their dasa protons generated in neutron-nucleus interactidhgs,

these protons can be produced anywhere in the hbotn

The difference in neutron dose between scanned $aathpassively scattered beams is mainly
determined by the ratio of internal (generatechenfiatients) and external (generated in the tredgtme
head) neutrons. This ratio depends heavily on tharoand its distance to the treatment target velum
(Jianget al, 2005). It was concluded that the ratio of neuttoee generated by treatment-head neutrons
to patient-generated neutrons could be as muchasmler of magnitude, which depends mainly on the
design of the treatment head and on the field(Sizmget al, 2005). Typically, neutron absorbed dose
generated by neutrons from the treatment head daesnwhich implies that proton beam scanning

substantially reduces neutron dose to patients.

The neutron yield and the neutron dose due to oesitfgenerated in the patient depends on the
range of the beam (Zhemg al, 2007). The greater the penetration of the behengteater is the overall
likelihood of a nuclear interaction producing neas. In addition, the neutron yield depends on the
irradiated volume simply because a bigger volungeires more primary protons in order to deposit the
prescribed dose in the target. Thus, in contraskternal neutrons, internal neutron yields typycal

increase with increasing treatment volume.

The situation is far more complex in light-ion thpy than it is in proton therapy. With light-ion
beams, the primary ions are fragmented due to auiielastic collisions with the atomic nuclei iret
tissue. This process results in beam-produced dacpions and attenuation of the primary beam
intensity. Also the target nuclei can undergo naicfeagmentation that results in the production of
secondary ions that are generally of low energinesaadeposit local energy close to the ion track.

Neutrons and secondary ions with atomic masses lthae that of the primary ions are produced,,
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4390 hydrogen, helium, lithium, beryllium, boron, carbdiese lighter fragments can have longer rangés an
4391 wider energy distributions than the primary iond give rise to a characteristic undesirable dose ta
4392 beyond the Bragg peak and broadening of the trass\dose profiles along the beam path.

4393

4394 In the same way as the incident particle, the bpesduced fragments will undergo elastic
4395 scattering with the target nuclei. Heavier beargrfrants with atomic numb&r> 2 generally scatter
4396 through small angles, whereas the scattering btdigpeam fragments @f< 2 results in larger angle
4397 scattering which broadens the beam and contritatdee dose outside the treatment field. Fast beam-
4398 produced secondaries are focused mainly in thedi@hdirection, but can also have a noticeable amgul
4399 spread. Target-produced secondaries on the othedr have a much wider angular distribution, but as
4400 they generally have low energies they are transdartly short distances. Beam-produced fragments,
4401 especially neutrons and secondary protons, mayps$sgh energies (Gudowska and Sobolevsky,
4402 2005; Gunzert-Maret al, 2008; Portat al, 2008), causing dose deposition at larger distnaeside
4403 the treated volume. Simultaneously, as they travéms patient they undergo nuclear interactionk wit
4404 the tissue elements that result in the generafidmgb-energy secondaries, produced in the casochde
4405 events.

4406

4407 7.2 Out of Treatment Field Absorbed Dose to Patients (Sendary Dose)

4408

4409 7.2.1 Experimental Methods

4410

4411 A variety of theoretical and experimental studieséhbeen conducted to determine the

4412 distributions of secondary particles produced itewand tissue-equivalent materials when irradiated
4413 with ion beams at energies of therapeutic intefdstse studies concern both the depth dependedce an

4414 spatial distributions of the charged secondariedyeed in the water, carbon, PMMA, and different
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tissue-equivalent phantoms, as well as the engrggtisa of particles leaving the irradiated phantoms
the patient. A large fraction of the published daddresses the production of fast neutrons, neutron
energy spectra, and neutron angular distributignstdpping ion beams of different energies in thick

tissue-equivalent targets.

In addition, various groups from radiation therdggilities have performed experiments to assess
secondary doses. In proton therapy, measuremevesbiegn primarily concentrated on the use of
Bonner spheres (Mesolorasal, 2006; Schneidegt al, 2002; Yaret al, 2002). Thermoluminescence
dosimetry has been applied as well (Franetial, 1988a; Refet al, 2006). CR-39 plastic nuclear track
detectors were used in the studies by Schneidal. (2002) and Moyerst al. (2008), whereas a bubble
detector was used by Mesoloetsal (2006). An improved neutron rem-counter, WENDé&svapplied
for neutron dose measurement in carbon beams ientaigy range 100 to 250 MeV/u (lwasteal,

2007). Microdosimetric detector systems are veoyrnasing in terms of providing reliable dose

estimates. Microdosimetric distributions of secagdeeutrons produced by 290 MeV/nucleon carbon
beams have been measured by using a tissue-equipadgortional counter (Endet al, 2007). Silicon-
based microdosimetry provided information on thptdend lateral distance dependence of the dose
equivalent for a passively scattered proton beamo@at al, 2007; Wroeet al, 2009). In other areas of
radiation protection and radiation therapy, micideetric concepts have been shown to be powerful
tools for relative comparisons of treatment fighduiacteristics in terms of lineal energy (Hztlial,

1978; Loncolet al, 1994; Morstin and Olko, 1994; Paganettal, 1997).

7.2.2 Calculation Methods (Monte Carlo Techniques)

Secondary doses, in particular neutron doses,itlitl to measure. Neutrons are indirectly

ionizing and interact sparsely causing only lowasbsed doses. Although this makes Monte Carlo
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4440 methodsvery valuable, even Monte Carlo codes have corandeuncertainties when it comes to

4441 simulating secondary particle production becauseautiderlying physics is not known with sufficient
4442 accuracy. Firstly, there is insufficient experinamata of inelastic nuclear cross sections iretiergy
4443 region of interest in heavy charged particle radmtherapy. Secondly, neutron and secondary charge
4444 particle emissions from nuclear interactions cathleeresult of very complex interactions. There are
4445 uncertainties in the physics of pre-equilibrium &ragymentation as well as the intra-nuclear cascade
4446 mechanisms, the latter being based in parametempetdls for Monte Carlo transport calculations.
4447 Several codes have been used to study low dosediation therapy, in particular neutron doses

4448 generated in proton and ion therapy. The MontedCaytle MCNPX (Pelowitz, 2005) was used to assess
4449 neutron and photon doses in proton beams (Fon&trads 2008; Moyerset al, 2008; Perez-Andujaat
4450 al., 2009; Polf and Newhauser, 2005; Tadeteal, 2008; Zhenget al, 2007; Zhengpt al, 2008).

4451 Further, FLUKA (Battistonet al, 2007; Ferraret al, 2005) and GEANT4 (Agostinelét al, 2003;

4452 Allison et al, 2006) were applied to assess secondary dosestondbeams (in Agostest al, (1998)
4453 and Jianget al, (2005), and Zacharatou Jarlsketgal, (2008), respectively). Other codes used for ions
4454  are SHIELD-HIT (Dementyev and Sobolevsky, 1999; Guskaet al, 2004) and PHITS (lwasst al,
4455 2002; Niitaet al, 2006). For light ion beams, studies of secondautron doses were done with

4456 FLUKA (Portaet al, 2008), PHITS (Gunzert-Marat al, 2008; Iwaseet al, 2007), GEANT4

4457  (Pshenichnowet al, 2005), and SHIELD-HIT (Gudowsleat al, 2002; Gudowskat al, 2004;

4458 Gudowskeet al, 2007; Gudowska and Sobolevsky, 2005; Iwetsa, 2007). A review of Monte Carlo
4459 codes used in radiation protection is present&chiapter 6 of this report.

4460

4461 In order to describe the radiation field incidenttbe patient, the treatment head needs to be
4462 simulated. Monte Carlo simulations of treatmentdsaaave been extensively reported for protons

4463 (Newhausekt al, 2005b; Paganetti, 1998; 2006; Pagaretttil, 2004). The characterization of the
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beam entering the treatment head is typically basgoarameterizations obtained from measurements

(Choet al, 2005; Fixet al, 2005; Jansseet al, 2001; Keallet al, 2003; Paganetét al, 2004).

Simulating secondary dose in the patient geomeiny i principle, be done in a similar fashion
as calculating primary dose using Monte Carlo satiohs (Paganetét al, 2008). The difference is that
the quantity of interest is not the absorbed dageHe equivalent dose, which is a parameterizaifon
radiation effects. Thus, calculations of the seeope@quivalent doses to patients require particte a
particle energy-dependent radiation weighting fiescto order to consider the biological effectivenes
(see section on equivalent dose below). Thereiffezaht ways to determine equivalent doses using
Monte Carlo simulations, as discussed by the ICR298). One possible strategy is to calculate the
average absorbed dose for the organ under consatessmd scale the dose with an average radiation
weighting factor. Another approach frequently u@ealf and Newhauser, 2005; Zheegal, 2007) is to
calculate the particle fluences at the surfacerefgson of interest (organ) and then use energgmiggnt
fluence-to-equivalent dose conversion coeffici¢Alghamdiet al, 2005; Boag, 1975; Bozkuet al,
2000; 2001; Chaet al, 2001a; 2001b; Chen, 2006; NCRP, 1971). In thi® cdose deposition events
are not explicitly simulated. Using this methodidsat al. (2009) have calculated organ-dose-equivalent
conversion coefficients for neutron and proton nesrergetic beams in adult male and adult female

reference phantoms using the PHITS code.

When dealing with neutrons, Monte Carlo simulatians typically quite time consuming (in
order to achieve a reasonable statistical accuralbgh based on the dose actually depositad
neutrons. However, it is presumably more accu@seobre each energy deposition evest,without
using fluence-to-dose conversion). Fast neutroses toost of their kinetic energy in the initial tetely

small number of interactions. In the low/thermatigy region, there is a decreasing probability for
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neutrons to slow down and cause a large numbdasti@scatterings in soft tissues, causing théraoru

energy distributions in the patient to be domindigdow-energy neutrons (Jiarg al, 2005).

An explicit simulation applying radiation weightirigctors on a step-by-step basis considering
particle type, particle history, and particle ernyeings been done to assess organ-specific neutron
equivalent doses in proton-beam therapy (Zachardddskoget al, 2008). If a neutron was in the
interaction history of the dose depositing partithe dose deposition was considered to be due to a
neutron and a neutron radiation weighting factos Ween assigned. Similarly, if a proton from a prot
chain deposited the absorbed dose, the dose depesitould be classified as proton induced. Foheac
interaction chain history. a division into diffetegroups was done depending on particle energydaro

to apply energy-dependent quality factors.

Different dose-scoring methods were compared byaiatou Jarlskog and Paganetti (2008a).
For neutron equivalent doses in proton beam therapsas found that using average weighting factors
can underestimate the neutron equivalent dosempadson to those calculated on a step-by-stes.basi

The difference was found to be around 25% depermlingrgan and field specifications.

In the approach applied by Pshenichetwal.(2005) and Gudowskat al. (2007) the neutron
absorbed doses delivered to tissue-equivalent phenby proton and carbon-ion beams were
determined by two sets of calculations. First, MoGarlo simulation was performed with the full
hadronic cascade and transport of all secondaticles; whereas in the second simulation the sesxgnd
neutrons were produced at the point of interaddiginexcluded from further transport through the
phantom. By comparison of the energy depositeierphantom in these two calculations, the absorbed

dose due to secondary neutrons was determined.
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7.2.3 Human Phantoms

Measurements or simulations of secondary dosamples geometries are useful in
understanding the relative differences betweertrtreiat modalities or beam conditions. However, a
more meaningful assessment has to be based o patieat geometries. Because of the concern of
excessive radiation with most imaging techniquédsylerbody scans are rarely available. In order to
perform Monte Carlo simulations considering orgaasimaged for treatment planning, the use of

computational phantoms is a valuable option.

Interestingly, these kinds of simulations couldgmtially provide dosimetric information to
improve risk models based on long-term follow upaafiation therapy patients and the knowledge ef th

organ doses they received during the course aof tfegitment for the primary cancer.

The simpler the geometry, the faster a Monte Cartalation typically is. Consequently,
simulations were based initially on stylized phamsagSnydeet al, 1969), including male and female
adult versions (Krameat al, 1982; Stabiret al, 1995). Cristy and Eckerman (1987) introducedreese
of stylized pediatric and adult phantoms basednthrapological reference data (ICRP, 1975). Such
phantoms are based on simple geometrical sheggesan elliptical cylinder representing the arm, tors
and hips, a truncated elliptical cone represerttiegdegs and feet, and an elliptical cylinder repreing
the head and neck. In terms of media, a distingsairawn only between bone, soft tissue, and lung.
Stylized models have been used for a variety otigitions for radiation protection, nuclear medigine
and medical imaging (ICRP, 1975; 1991; 1998; ICR@D2a; 1992b; NCRP, 1996). Work has been
done on organ doses from medical exposures usthpest models (Stovakt al, 1989; Stovalkt al,
2004) and to derive dose-response relationshipsdtents in epidemiological studies. Because human

anatomy is much more complex than that modeled stitived models, results based on such model
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calculations are controversial and uncertaintieg beasignificant (Limet al, 1997; Ron, 1997).
Simulated organ and marrow doses based on styletls have not produced strong correlations with

radiotoxicity (Limet al, 1997).

A more realistic representation of the human baayloe achieved using voxel phantoms. Each
voxel is identified in terms of tissue type (sadstie, hard bonetc) and organ identification (lungs,
skin, etc) (Zaidi and Xu, 2007). Leet al. (2006a) analyzed the differences between the ustylzed
phantoms and the use of voxel phantoms and fousithétric differences of up to 150% in some
organs. Other similar studies showed differences@an doses as high as 100% (Cégal, 2001a;
Jones, 1998; Leet al, 2006a; Petoussi-Henssal, 2002). The discrepancies were explained by the

geometrical considerations in the stylized phantam,relative positions of organs and organ shapes.

Many different voxel phantoms have been createdd @ the first was used to compute dose
from dental radiography (Giblet al, 1984). This was followed by developments of Zudrad Harell
(1992) of a head-torso phantom used to estimatariadd doses using Monte Carlo simulations (Stabin
et al, 1999). Krameet al (2003; 2006) developed male and female adult Moxelels. Recently, a
voxel-based adult male phantom was introduced thighaim of using it for Monte Carlo modeling of
radiological dosimetry (Zhanet al, 2008). Models of pregnant patients have beendntted (Shi and
Xu, 2004; Shiet al, 2004; Xuet al, 2007). Realistic models of the pregnant patieptesenting three-,
six-, and nine-month gestational stages were cactstl by Bednarz and Xu (2008). The many different

types and properties of voxel phantoms have begewed by Zaidi and Xu (2007).

A popular voxel phantom is the adult male modeR¥an (Xuet al, 2000; 2005), developed
from anatomical color images of the Visible Mannfrthe Visible Human Project by the National

Library of Medicine (Spitzer and Whitlock, 1998arPof it is shown in Figure 7.1 and distinguishes
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adrenal glands, bladder, esophagus, gall bladtbenagh mucosa, heart muscle, kidneys, large ingsti
liver, lungs, pancreas, prostate, skeletal comptsnskin, small intestine, spleen, stomach, testes,
thymus, thyroid, gray matter, white matter, testtyll CSF, male breast, eye lenses, and red bone
marrow (Spitzer and Whitlock, 1998; >at al, 2000). It has a resolution of 0.83.33x 1 mnt. The

composition of VIP-Man tissues/materials was daceording to ICRU specifications (ICRU, 1989).
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Figure 7.1. Torso of the whole-body adult male eipdIP-Man (Xuet al, 2000), developed from

anatomical color images of the Visible Man from Yfisible Human Project by the National Library of

Medicine (Spitzer and Whitlock, 1998).
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4581

4582 It has been recognized that secondary doses ioloagiand radiation therapy are of particular
4583 concern for pediatric patients. Thus, there waselrfor pediatric studies (Franceisal, 1988b). Quite
4584 a few pediatric phantoms have been designed (Etah 1999; Lee and Bolch, 2003; Nippetral,

4585 2002; Statoret al, 2003; Zanklet al, 1988). Such phantoms cannot be generated bygaaii adult
4586 phantom because of the differences in relativeropggssition, relative organ sizes, and even organ
4587 composition as a function of a person’s age. Aeseani five computational phantoms of different ages
4588 were constructed from CT images of live patientsufe in medical dosimetry (Lee and Bolch, 2003;
4589 Leeet al, 2005; Leeet al, 2006b; Leeet al, 2007a; Leet al, 2007b; Leeet al, 2008). The phantoms
4590 approximate the bodies of a 9-month-old, 4-year-8gear-old, 11-year-old, and 14-year-old childhwi
4591 resolutions between 0.480.43x 3.0 mnt and 0.625¢ 0.625x 6.0 mni. Age-interpolated reference
4592 body masses, body heights, sitting heights, amnat organ masses as well as changes in geonmetry a
4593 material composition as a function of age and genaee assigned according to ICRP references
4594 (2003a). For the lungs, effective densities westgagd so that the total lung mass would match its
4595 interpolated reference mass (inclusive of pulmordopd). Later, a newborn phantom was added to this
4596 series (Nippeet al, 2002). Initially these phantoms did not have aamd legs. Extremities are relevant
4597 when computing doses for risk estimations becatifeeo active bone marrow. Thus, a set of truly
4598 whole-body voxel phantoms of pediatric patientsenagveloped through the attachment of arms and
4599 legs (Leeet al, 2006b).

4600

4601 Comparative organ dosimetry between stylized anmbtpaphic pediatric phantoms proved that
4602 stylized phantoms are inadequate for secondary ekigseations (Leet al, 2005). Here, a series of
4603 photon beams were used to ‘irradiate’ a stylizegydér-old child phantom, a stylized 15-year-oldathi

4604 phantom, and a more realistic 11-year-old malelgblilantom within MCNPX. For example, dose
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coefficients for the thyroid were significantly lewin the UF 11-year-old child phantom, particuiarl

under the lateral irradiation geometries, than se¢he stylized model.

Voxel phantoms are largely based on CT images amually segmented organ contours.
Uncertainties are introduced because of image ravidebecause some representations of mobile organs
may be blurred. Further, in order to match a paldicpatient as closely as possible, one might bave
interpolate between two different phantoms of asjgeage. Organ dimensions can only be modified by
changing the voxel resolution, which generally tgrthe modification to uniform scaling. Creating a
non-50" percentile individual from a reference'percentile cannot be done realistically for a nemb

of reasons (for example, because of the differamtee distribution of subcutaneous fat).

To overcome these limitations, voxel data can lmelgned with surface equations to design
hybrid models. In these phantoms, the boundaryct ®@rgan can be adjusted to the desired shape and
volume using patient-specific images and deformabége registration. A series of referenice. (50"
height/weight percentile) pediatric hybrid phantdmsed on NURBS (non-uniform B-spline fits;see
Piegl, 1991) surfaces has been developed ¢tag, 2007a). A similar hybrid approach to phantom
construction has been made in nuclear imaging (@tsal, 1994). Segarst al. (Garrity et al, 2003;
Segarset al, 1999; Segars, 2001) developed the 4D NURBS-b@sediac-Torso model that is used as
a deformable model to simulate SPECT images amuradsry motion (Segars and Tsui, 2002).
Initially, phantoms have been used in combinatidth @wnalytical dose models. Dialéd al. (1996)
estimated the dose to areas volumes outside thet tewlume using a whole-body phantom. However,
Monte Carlo methods are typically the method oficholn order to use whole-body computational
voxel phantoms with Monte Carlo codes, these etthee to be able to handle voxelized geometries,

i.e.,a large amount of individual voxels, or to incaigie contoured organ shapea surface equations.
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For dose calculations involving real patient déte,information stored for each CT voxel is a
Hounsfield number, which reflects the attenuatioafficient of tissues to diagnostic x rays. In cast,
for phantom simulations each voxel is usually taQgéh a specific material composition and density.
Many of the phantoms listed above have been impiézdan Monte Carlo codes. Using Monte Carlo
simulations, two mathematical models of a patieetenused to assess the clinical relevance of
computational phantoms (Rijkes al, 2006). The VIP-Man was implemented in four MoG&xlo
codes: EGS4 (Chaet al, 2001a; 2001b; Chao and Xu, 2001), MCNP (Bozku#l, 2000), MCNPX
(Bozkurtet al, 2001), and GEANT4 (Jiargt al, 2005; Zacharatou Jarlskegjal, 2008), to calculate
organ doses for internal electrons (Chao and X012@@xternal photons (Chat al, 2001a), external
electrons (Chaet al, 2001b), external neutrons (Bozkettal, 2000; 2001), and external protons (Jiang
et al, 2005; Zacharatou Jarlskegal, 2008). Pediatric voxel models have been usedm@EANT4 to
assess organ-specific doses in proton therapy éfatdu Jarlskogt al, 2008). Xuet al. (2007)
implemented a pregnant female model based on wateln of a boundary representation in the Monte
Carlo codes EGS4 and MCNPX. The same group thelemented anatomically realistic models of the
pregnant patient representing three-, six-, and-month gestational stages into MCNPX (Bednarz and
Xu, 2008). Further, studies involving parts of &éigrat’'s geometry have been done using phantergs,

with a high-resolution eye model (Alghanetial, 2007).

7.3 Results of Measurements of Secondary Doses in Paid@ herapy

Secondary radiation from therapeutic proton beaasddeen measured by several groups (see
e.g, Agosteoet al, 1998; Binns and Hough, 1997; Mesoloeasl, 2006; Newhauseat al, 2005b; Polf
and Newhauser, 2005; Roy and Sandison, 2004, Stdnetial, 2002; Tayamat al, 2006; Wroeet al,
2007; Yanet al, 2002). The secondary dose due to neutrons, @oéo photons was studied by

Agosteoet al. (1998). The dose due to secondary and scatterdmshand neutrons varied from 0.07 to
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4654 0.15 milligray per treatment gray (mGy/Gy) at difiet depths and distances to the field edge. Secgnd
4655 doses for proton beam delivery using passive seaktteeams of 160 MeV and 200 MeV were measured
4656 by Yanet al.(2002) and Binns and Hough (1997), respectivegutron equivalent doses of up to 15
4657 millisievert per treatment gray (mSv/Gy) were destlidPolf and Newhauser (2005) studied the neutron
4658 dose in a passive-scattering delivery system. Eugron dose decreased from 6.3 to 0.6 mSv/Gy with
4659 increasing distance to isocenter and increaseddeashge modulation increased. Tayaghal. (2006)
4660 measured neutron equivalent doses up to 2 mSv/@Gydewof the field in a 200 MeV proton beam.
4661

4662 Measurements were also done using anthropomorplictpms and microdosimetric detectors
4663 (Wroeet al, 2007). Equivalent doses from 3.9 to 0.18 mSv/@yeameasured when moving from 2.5
4664 cm to 60 cm distance from the field edge. The doskdose equivalent delivered to a large phantom
4665 patient outside a primary proton field were detewni experimentally using silver halide film, ioripa
4666 chambers, rem meters, and CR-39 plastic nucleck thetectors by Moyerst al. (2008). The purpose of
4667 another investigation using etch-track detectors twaneasure the impact of Ti-alloy prostheseden t
4668 neutron dose during proton and photon radiothe(8pkineideet al, 2004). Roy and Sandison (2004)
4669 irradiated an anthropomorphic phantom and foundrsdary neutron doses between 0.1 and 0.26
4670 mSv/Gy for a passive-scattering system with a beaengy of 198 MeV. Secondary neutron dose
4671 equivalent decreased rapidly with lateral distamom the field edge. Subsequently, a systematigystu
4672 on secondary neutron dose equivalent using anthmogzhic phantoms was done (Mesoloeas,

4673 2006). The neutron dose decreased with increagpiedguae size and air gap, implying that the brass
4674 collimator contributes significantly to the neutrdase. The contribution by neutrons generatedan th
4675 patient increased with field size. Due to the redlarea available for interaction with the patient

4676 collimator, as aperture size increases, exterggherated neutrons decrease with field size. Theore
4677 dose varied from 0.03 to 0.87 mSv/Gy for largedsel

4678
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4679 The results from all these studies vary signifianith details of the beam-delivery system and
4680 because the neutron doses decrease rapidly wettallalistance from the proton field, making them
4681 heavily dependent on the precise point of measuneriker a scanning system, measurements of the
4682 secondary neutron dose were performed using a Baphere and CR39 etch detectors by Schneider
4683 al. (2002). The measured neutron equivalent dosesd/agtween 2 and 5 mSv/Gy for target volumes
4684 of 211 cnd (sacral chordoma) and 1253 tfrhabdomyosarcoma), respectively, and 0.002 t&8/@y
4685 for lateral distances of 100 cm to 7 cm from tleeenter. In the region of the Bragg peak, the oautr
4686 equivalent dose for a medium-sized target voluraetred ~ 1 % of the treatment dose. They concluded
4687 that a beam line using the passive-scattering tqabrshows at least a ten-fold secondary neutrge do
4688 disadvantage as compared with the spot-scannihgitgee.

4689

4690 Using Bonner spheres for measurements in carbarekas in proton beams, it was found that
4691 the neutron ambient dose equivalent in passiveeparadiotherapy is equal to or less than that in

4692 photon radiotherapy with 6 MV beams (Yomaial, 2008). Microdosimetric data have been obtained in
4693 carbon beams as well (Endbal, 2007). Downstream of the Bragg peak, the ratithefneutron dose to
4694 the carbon dose at the Bragg peak was found tolbé x 10* and the ratio of neutron dose to the carbon
4695 dose was < 3.0 x 10on a lateral face of a phantom. The neutron comiaion in therapeutit?C beams
4696 has been studied experimentally (Gunzert-Matral, 2004; Gunzert-Maret al, 2008; lwasest al,

4697 2007; Schardet al, 2006). The yield, energy spectra, and angularilligion of fast neutrons and

4698 secondary charged particles were measured for 200/Wicarbon ions impinging on a water-equivalent
4699 phantom (Gunzert-Margt al, 2004; Gunzert-Maret al, 2008). It was found that the neutrons were
4700 mainly emitted in the forward direction. The regorneutron dose of 8 mGy per treatment Gy was less
4701 than 1 % of the treatment dose, whereas the aldddse due to secondary charged particles was about
4702 94 mGy per treatment Gy. From the resulting yidl0.64 neutrons with energies above 20 MeV per

4703 primary ion, a neutron dose of 5.4 mSv per treatrgeay equivalent (GyE) delivered to the target was
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4704 estimated. Scharét al.(2006) compared neutron doses in proton and caidotierapy using beam
4705 scanning techniques. The secondary neutron absddsss per treatment dose were found to be similar.
4706 Although the cross sections for neutron productimmuch higher for therapeutic carbon- ion beams
4707 compared to proton beams, the neutron absorbedslegpected to be similar (albeit with a different
4708 neutron energy distribution). Due to the higher L& Tarbon ions, fewer particles are needed tweel
4709 the same target dose compared to protons, appretin@mpensating for the higher neutron

4710 production per primary particle.

4711

4712 Other than in proton therapy, the depth-dose cun¥éght-ion beams show a fragmentation tail
4713 beyond the Bragg peak (Matsufeji al, 2003; Schimmerlingt al, 1989). Neutron production by

4714 fragmentation of light ions in water and graphit@svinvestigated by Ceat al.(1980) and by

4715 Kurosawaet al.(1999), respectively. UsingC beams of 200 and 400 MeV/u kinetic energy, the
4716 production of secondary fragments from nucleartreas in water was investigated at GSI, Darmstadt,
4717 Germany (Gunzert-Margt al, 2004; Gunzert-Maret al, 2008; Haettneet al, 2006). Fast neutrons
4718 and energetic charged particles (p-, dgtparticles) emitted in forward direction were dégecby a
4719 BaF2/plastic scintillation-detector telescope aadtron energy spectra were recorded using time-of-

4720 flight techniques.

4721

4722 7.4 Results for Calculated Secondary Doses to Patients

4723

4724 Monte Carlo simulations have been used in sevardles of secondary doses. Agosétal.

4725 (1998) analyzed the neutron dose for a passive-logdinery system with a beam energy of 65 MeV.
4726 The absorbed dose due to neutrons varied betw@&enl® ’ and 1.1x 10 Gy per treatment Gy

4727 depending on the distance from the field. For &{ggergy proton beam, the secondary dose due to
4728 photons and neutrons varied from 0.146 tox710°> mGy per treatment Gy for depths ranging from 1 to
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8 cm and distances to the field edge ranging fram b5 cm. Polf and Newhauser (2005) found in their
MCNPX calculations that the neutron dose decrefisea 6.3 to 0.63 mSv/Gy as the distance from the
field center was increased from 50 to 150 cm. $alasequent study this group has reported equivalent
doses up to 20 mSv/Gy (Zhergal, 2007). The dose increased as the modulation ew@nincreased.
The neutron dose equivalent per therapeutic prabsorbed dose was estimated for passively spread
treatment fields using Monte Carlo simulations loyf et al (2005). For a beam with 16 cm range and a
5 x 5 cnf field size, the results show an equivalent dose 26 mSv/Gy at 100 cm from the isocenter.
Further, Monte Carlo calculations for a passivetscag proton therapy treatment nozzle were done f
various settings of the range modulator wheel (Biotf Newhauser, 2005). Zheeigal (2007) also
analyzed secondary radiation for a passive-scatignioton therapy system using Monte Carlo
simulations. The whole-body effective dose fromoselary radiation was estimated for a passively
scattered proton treatment beam incident on arr@mmorphic phantom (Taddet al, 2008). The
results show a dose equivalent of 567 mSyv, of WARlmSv was attributed to leakage from the
treatment head. Using the MCNPX code it was shdwahthe range modulation wheel is the most
intense neutron source of any of the beam-modifgiengces within the treatment head (Perez-Andujar
et al, 2009). Simulations by Moyegs al. (2008) illustrated that most of the neutrons entgthe

patient are produced in the final patient-spe@perture and pre-collimator just upstream of the
aperture, not in the scattering system. Additignaonte Carlo simulations were performed using the
FLUKA code for a 177 MeV scanned proton beam byn8ateret al (2002). For the proton-beam
scanning system, neutron equivalent doses betwaed 8 mSv/Gy were measured for target volumes
of 211 cnf (sacral chordoma) and 1253 £(rhabdomyosarcoma), respectively, and 0.002 t&8/@y

for lateral distances of 100 cm to 7 cm from tleeeter (Schneidest al, 2002).

Secondary particle production in tissue-like anélsing materials for light and heavy ions was

done using the Monte Carlo code SHIELD-HIT (Gudoasskal, 2002; Gudowskat al, 2004). For ion
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beams, simulations of secondary particle produciwh absorbed dose to tissue were done by
Gudowska and Sobolevsky (Gudowsdtaal, 2007; Gudowska and Sobolevsky, 2005). For a 2690 M
proton beam, these authors reported the neutrantadas dose delivered to the water and A-150
phantoms of about 0.6 % and 0.65 % of the tota¢ d@spectively. The calculated absorbed doseaue t
secondary neutrons produced by a 390 Mé¥Qubeam in the water and A-150 phantoms were 1.0%

and 1.2% of the total dose, respectively.

Further, simulations using a Monte Carlo modellifgit-ion therapy (MCHIT) based on the
GEANT4 toolkit were done by Pchenichnewal. (2005). The energy deposition due to secondary
neutrons produced HYC beams in water was estimated to be 1 % to 2 fiedfotal dosé,e., slightly
above the neutron contribution (~ 1 %) induced [29@ MeV proton beam. Mororet al. (2008)
studied the neutron contamination in an energy riabeld carbon-ion beam using the FLUKA Monte

Carlo.

The mathematical anthropomorphic phantoms EVA-Hid ADAM-HIT have been used in the
Monte Carlo code SHIELD-HITO7 for simulations ohlyand prostate tumors irradiated with light ions
(Hultgvist and Gudowska, 2008). Calculations wezefgrmed for*H, ’Li, and*?C beams in the energy
range 80 to 330 MeV/u. The secondary doses to erdae to scattered primary ions and secondary
particles produced in the phantoms were studiéghdanto account the contribution from secondary
neutrons, secondary protons, pions, and heavigmieats from helium to calcium. The calculated doses
to organs per dose to target (tumor) were of tewof 10° to 10* mGy/Gyand generally decrease with

increasing distance from the target.

Figure 7.2 summarizes some of the experimentatlzswtetical results of neutron doses as a

function of lateral distance from the field edge ¥arious proton-beam facilities and beam pararmseter
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4779 These data share a very similar trend althouglvdahees show significant variations associated with

4780 different beams and field parameters.
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102 .
Monte Carlo Experimental
Polf et al — —-IMRT (10 x 10 field): Klein et al
Zheng et al Yan et al
Zacharatou Jarlskog et al Wroe et al
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Figure 7.2. Equivalent doses as a function of disao the field edge for therapeutic proton beams
using passive-scattering techniques. Shown arefidataexperiments (Mesoloras al, 2006; Wroeet
al., 2007; Yaret al, 2002) and calculations (Polf and Newhauser, 2d@8haratou Jarlskog and
Paganetti, 2008a; Zherg al, 2007) In most cases, several beam parameters were eogdidnd we
plot two curves, the maximum and minimum findingso shown is the scattered photon dose for an
intensity-modulated x-radiation therapy (IMRT) cassuming a 10 cm x 10 cm field (Klehal,

2006).
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While the data shown in Figure 7.2 help to undedtdifferences among different beam-delivery
conditions, epidemiological studies require the afsergan-specific doses for proper risk analyscs.
this end, a number of recent studies have usedeAtaaly patient phantoms and Monte Carlo

simulations to calculate organ doses for diffeproton treatment conditions.

Organ doses out of the target (tumor) volume inthele-body VIP-Man model for proton
therapy treatments have been studied by Jamad) (2005) assuming treatments of a tumor in the head
and neck region and a tumor in the lung. The sitiaria were based on the GEANT4 Monte Carlo code.
The treatment head simulation incorporated thedfit settings (combinations of scatterers, vagiabl
jaws,etc) necessary to simulate hardware configurationgdah treatment field. The average neutron
dose equivalent for organs of the abdomen regicmM&and 0.2 mSv/Gy for a lung tumor and
paranasal sinus treatment plans, respectivelyddke in the red bone marrow was found to be 3 to 4
orders of magnitude lower than the prescribed tim$iee tumor volume. However, the dose distribution
is highly non-uniform. The yield, the quality facspand the absorbed doses from neutrons produced
internally in the patient’s body and externallytive treatment nozzle were analyzed for each organ.
Internal neutrons include the neutrons produceterpatienvia interactions of primary protons and the
later generation of neutrons originating from thémcontrast, external neutrons are those genenated
the treatment nozzle and also the next generafioruirons generated by them in the patient. Jeing
al. (2005) reported, for internal and external neutrdims equivalent doses for individual organs. The

simulations confirmed that the externally produnedtrons dominate the secondary neutron dose.

Using a Monte Carlo model of a proton therapy treatt head and a computerized
anthropomorphic phantom, Fontemotal. (2008) determined that the effective dose fronosdary
radiation per therapeutic dose for a typical ptespatient was ~ 5.5 mSv/Gy. The secondary dose

decreased with distance from the isocenter, wittaaimum of 12 mSv/Gy for the bladder. The specific
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aim of the study by Taddet al (2009) was to simulate secondary doses to orfgdlogving cranio-

spinal irradiation with proton therapy. A passiatering proton treatment unit was simulated using
Monte Carlo simulations methods and a voxelizedhfiita to represented the pediatric patient. For a
treatment using delivering 30.6 Gy to the targas@ boost of 23.4 Gy, the predicted effective dose
from secondary radiation was 418 mSv, of which 8%V were from neutrons originating outside the
patient. Monte Carlo simulations of secondary rtoliefor passively scattered and scanned-beam mproto
irradiation of cranio-spinal lesions were also dasang a male phantom (Newhauseal, 2009).
Zacharatou Jarlskagt al.(2008) simulated proton beam therapy for pedigtaitents and considered
several proton fields of varying field size, beaange and modulation width for the treatment of ttsno

in the intracranial region. To simulate age- anghorspecific equivalent doses, one adult phantain an
five pediatric phantoms (a 9-month old, a 4-yedr ah 8-year old, an 11-year old, and a 14-yedr old
were considered. Organ doses were presented astafuof organ index for up to 48 different organs
and structures. The organ-specific neutron equivaleses varied as a function of field parameters.
Further, variations in dose between different osgaas caused by differences in volume, in their
distance to the target, and in their elemental casiion. For example, a greater range in tissuaires

a higher beam energy and thus more material (issureeded to reduce the penetration of the proton
beam. Consequently, simulations based on the yhaitom of a 4-year-old resulted in neutron
equivalent doses of about 1.3 mSv/Gy in the luogsHort-range fields and about 2.7 mSv/Gy for tong
range fields. Neutron equivalent doses to orgatreased with treatment volume because the number of
protons necessary to deposit the prescription oiodee target had to increase. The neutron equivale
dose due to external neutrons typically increas#s decreasing field size (Gottschalk, 2006; Pagane
et al, 2006). It was found that for a small target vodyrthe contribution of neutrons from the treatment
head can be close to 99 % of the total neutrorritaniton, while for a large target volume it can go
down to ~ 60 %. The neutron equivalent dose wdsgisas 10 mSv/Gy in organs located near the target

but decreased rapidly with distance (Zacharatosklayet al, 2008). Figure 7.3 shows how the thyroid,
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esophagus and liver equivalent doses vary signifigavith patient age (Zacharatou Jarlslaigl,

2008). Younger patients are exposed to a highdrareaontribution from the treatment head becatise o
their smaller bodies. With increasing distance ftbmtarget, doses vary more significantly withigratt
age. For example, simulation based on the phanfta®emonth old showed ~ 50 % higher dose to the
thyroid compared to simulations based on an adwhfpom. In the case of esophagus, the ratio of the
dose to the phantoms of the adult to the 9-mortfcbild was roughly a factor of 4. Simulations sleow
that the maximum neutron equivalent dose delivésexh organ was ~ 10 mSv/Gy (Zacharatou Jarlskog
et al, 2008). Organs at larger distances from the tamgeshow higher dependency on the patient age;

e.g, for the same field, the factor of dose increasdiver is approximately 20.
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Figure 7.3. Organ equivalent dose in the thyroictlgs), esophagus (squares) and liver (triangles)

function of patient age averaged over six diffeianial treatment fields. (Zacharatou Jarls&bgl,
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Table 7.1 shows, averaged over eight proton thefiajgs used in the head and neck region
(Zacharatou Jarlskoet al, 2008), how the equivalent doses compare withgifyeen chest CT scans.
Apparently, for young patients it could correspom@n average of about 25 additional CT scansher t
fields considered. A similar analysis was done lyybftset al.(2008). In their study, the total dose
equivalent outside of the field was similar to theteived by patients undergoing IMRT. At the cepfe
a patient, the dose equivalent for a full coursgedtment was comparable to that delivered bygiesi

whole-body CT scan.
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4881
4882
4883 Table 7.1. Equivalent doses (in mSv) for thyroid &mg due to secondary neutron radiation for &YO0
4884 treatment of a brain lesion (averaged over eiglatinent fields). The values are compared to the
4885 radiation to be expected from a chest CT scanfascion of patient’s age. (Zacharatou Jarlskogl,
4886 2008)
4887
4888 4-year old | 11-year old | 14-year old|[ Average
4889 H to thyroid from proton therapy 195.4 166.0 155.1

H to thyroid from chest CT scan 9.0 52 6.9
4890 Therapy / CT scan (thyroid) 21.6 31.8 224 25.3

H to lung from proton therapy 128.2 54.7 34.7

4891 H to lung from chest CT scan 13.9 12.0 12.6
4892 Therapy / CT scan (lung) 9.3 4.5 2.8 55
4893
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In order to apply the appropriate energy-dependetation weighting factor for neutrons, the
energy of the neutrons causing dose depositiongans needs to be determined. Figure 7.4 shows the
energy distribution of neutrons at the surfaceeviesal organs (Jiangt al, 2005). Fast neutrons lose
most of their kinetic energy in the initial relagly small number of scatterings. In the low/thermal
energy region, there is a decreasing probabilityyéutrons to slow down, causing a large number of
elastic scatterings in soft tissues with a prengifield of low-energy neutrons in the patient. Hmer,
the dose deposition events (and thus the deterimmat the radiation weighting factor) are mainlyed
to higher energy neutrons (> 10 MeV). Zhat@l. (2008) calculated the neutron spectral fluencegisi

Monte Carlo simulations
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7.5 Biological Effects of Secondary Particles (Low- and gh-LET Particles, Low Doses)

The radiation quality of particles is often clagsifby their linear energy transfer (LET).
Although there is not a direct relationship betwe&d and biological effect, higher linear energy
transfer radiations in most situations cause meverge damage to tissue. The parameter often used to
compare the biological effect of different radiatan radiation therapy is the relative biological
effectiveness (RBE). The RBE is defined as th@ rattithe doses required by two different types of
radiation to cause the same level of effect fquecgied end point. The RBE depends on dose, duse r
overall treatment time, fractionation, tissue, andpoint. It is only defined with respect to a refece
radiation. To understand the effect of scatteresiesondary radiation in ion therapy one has to éxam
low-dose radiation effects. Because the RBE isnéeffifor a given level of effect and increases with
decreasing dose (neglecting the potential effetwfdose hypersensitivity and threshold effeais)
has to consider RBEy i.e.,the RBE extrapolated to the zero dose level orstingival curves for a

specified radiation such as neutrons and the medereadiation.

The dose deposited by secondary neutron radiaitypically quite low. While it may be
straightforward with simple laboratory cell systetmextrapolate high- or medium-level dose-response
data to low doses, it is very difficult to extrapta to low doses with complex systems. This istdue
competing effects influencing in particular the ldase region. The biological effectiveness of raoin
depends on many different physical fact@g( dose, dose rate, track structure) and biolod#zbrs

(e.g, tissue type, endpoint, repair capacity, andnstd radiosensitivity).

The biological effect of neutrons is a complex mialtecause neutrons are indirectly ionizing. At
very low energies (below 1 MeV) neutrons contribiat@bsorbed dose by elastic scattering processes

(protons); by protons produced in neutron captama@trogen; by recoil of carbon, oxygen, nitrogen
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atoms; and partly by-rays from thermal neutron capture processes indggh. For higher energy

neutrons (around 1 to 20 MeV) a substantial amotidbse is depositeda recoil protons.

To assess the risk of developing a second tumon fealiation therapy, the parameter of interest
is fractionated low-dose delivery leading to cangi@anesis. Such data are sparse, in particularsasdo
below 0.1 Gy. Furthermore, the data on carcinogemesnimal models based on fission neutrons flevea
that the dose-response relationship is non-lireasgpt for the initial portion), making extrapotatito
low doses very difficult and unreliable. As disceddy Edwards (1999), it is very difficult, and
associated with big uncertainties, to fit the corigitial slopes to neutron and reference radretio

because of the significant experimental uncertanti

The vast majority of data on neutron RBE has bdxtaimed using fission neutrons. Fission
neutrons typically have energies between (on aegragnd 1.5 MeV. It has been shown (Shellabarger
et al, 1980) that even single doses of 1 mGy of 0.43 Me\Mtrons have the potential to increase the
tumor induction rate for fiboroadenomas in rats.d&seet al. (1986) have shown for the incidence of
benign mammary tumors in rats that 0.5 MeV neutaressignificantly more effective than 15 MeV
neutrons. Others have studied this as well (Fr§119Because of the lack of high-energy neutron
carcinogenesis data, extrapolations have been ofdte energy dependence of the measured neutron
(RBEmay values up to much higher neutron energies (ICIRB1; 2003b; 2008; ICRU, 1986; NCRP,

1990; 1991).

Based on the human data from neutron dose estitaf@panese atomic bomb survivors (Egbert

et al, 2007; Nolteet al, 2006), two independent groups have estimatedtist likely RBEax for

neutron-induced carcinogenesis in humans to bédrblid-cancer mortality (Kellereat al, 2006) and
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63 for overall cancer incidence (Little, 1997),pestively. The radiation field to which the atorbiemb

survivors were exposed is of course much diffefiemh the conditions in radiation therapy.

As has been discussed, for example, in the revieldeheret al (2005) and by Brenner and
Hall (2008b), considerable uncertainties existfeutron RBE values because of the paucity of data o
RBEs at energies outside the range of about ®IMeV; i.e., the energies of most fission neutrons.

Reviews by the NCRP (1990) and Edwards (1999) didntlude data for neutrons above 20 MeV.

7.6 Concept of Equivalent Dose to Patient Due to Secondargificles

7.6.1 Radiation Weighting Factors

In the low-dose region of secondary radiation,ube of the term “radiation weighting factor”
instead of RBE emphasizes the fact that the quatityeighting factor is typically not endpoint- dose-
dependent. The radiation weighting factor supedéde quantity “quality factor” (ICRP, 1991). The
conservative radiation weighting factovg] as defined, for example, by the ICRP (2003b; 200é&n be
associated with RBEkx Thus, for radiation protection involving relatiyédow dose levels, the radiation
weighting factor is defined as a conservative amgpkfied measure of the RBE. For radiation proi@ct
purposes one is interested in defining a paranties¢is largely independent of dose and biological
endpoint €.g, a maximum RBE). There are three main reasonhirfirst, dose levels of interest in
radiation protection are typically low; second,aeenendations for the general public should be &asy
understand; and third, a radiation protection rebemdation does not aim at accuracy but provides a

conservative guideline.
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Fory rays, fast electrons, and x rays, a radiation teig factor of 1 can be assumed (ICRP,
1991) (although there is evidence based on chromalsaberration data and on biophysical
considerations that, at low doses, the biologitfakcéveness per unit absorbed dose of standaay r
may be about twice that of high-energy photonsg ICRP recommends for photons and electrons a
radiation weighting factor of 1, for protons a waigg factor of 2, and for alpha particles a weiigit

factor of 20 (ICRP, 2008).

For neutrons, the ICRP defines an energy depetdirshaped curve with a maximum
weighting factor of 20 at around 1 MeV (ICRP, 192003b; 2008). Ambiguities in weighting factor
assignments exist for uncharged particles. For el@rfast neutrons deposit their energy mosidy
secondary protons. Nevertheless, the maximum radiateighting factor recommendation for neutrons

is 20, while the factor for protons has a constahte of 2.

One has to keep in mind that radiation weighting veeeommended for radioprotection purposes
and the applicability to secondary radiation praatum the patient is questionable. The weightirogdies
are given for external radiation and could be aupto the secondary radiation produced in the beam-
line components. However, the secondary radiatrodyced in the patient can be regarded as an aitern
radiation source and the use of weighting factoithis case is problematic. The quality factoresired
as a function of the unrestricted linear energgdfer, whereas the radiation weighting factor isneel
as a function of particle and particle energy. Baihcepts should result in similar outcomes. Howeve
in particular for indirectly ionizing radiation kkneutrons, some inconsistencies exist with these

concepts as was discussed in section 7.2.2.

7.6.2 Equivalent Dose
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The ICRP also defines a radiation protection qirequivalent dose, as the average absorbed
dose in an organ or tissue multiplied by the raadinatveighting factor for the type, and sometimes th
energy, of the radiation (ICRP, 2003b). The radratveighting factor converts the absorbed dose in
gray (Gy) to sievert (Sv). Another radiation praiee quantity is “effective dose” which normalizes
partial-body exposures in terms of whole-body s#stic risk (ICRP, 2003b). The ICRP developed the
concept of effective dose in order to recommendaupational dose limit for radiation protection.
However, effective dose is not measurable or adgiind it depends on the so-called tissue weightin
factors that are subject to revision. The ICRPdtated that, for situations involving high dosessas
should be evaluated in terms of absorbed dosevarate high-LET radiationse(g, neutrons or alpha
particles) are involved, an absorbed dose weighttdan appropriate RBE should be used. Further, th
ICRP (1991) states that the effective dose corsfemild not be used to indicate risk for specific

individuals.

When estimating equivalent doses under variousitiond, e.g, in the case of a patient treated
with radiation therapy, the dose rate (fractionatioas to be taken into account. Radiation theispy
typically delivered in multiple fractiong.g, on 30 consecutive days (typically excluding weels.
Most risk models are valid for a single irradiatidie difference in effect between a single fracand
a multiple fraction irradiation with the same daseéue to the difference in repair capacity oftissues.
In order to account for this effect, a dose ancedase effectiveness factor (DDREF) has to be adpli
DDREF is 1 for neutrons due to their high LET nat(tocheret al, 2005). DDREF is applied for doses
below 0.2 Gy and for chronic exposure. The Biolagffects of lonizing Radiation (BEIR) committee
(BEIR, 2006) recommends the use of an averageatmmnefactor of 1.5 to take into account
fractionation when using dosimetric data for rislalgsis for solid tumors and linear dose-response
relationships. While this is appropriate for photadiation, equivalent doses from high-LET radiatio

like neutrons, should not be scaled using DDREFwdealing with low dose exposure because of the
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different biological mechanisms with which neutram®ract with tissues (Kochet al, 2005). There
can even be an inverse dose-rate effect describgitgation where the biological effectivenessighh
LET radiation increases with decreasing dose Hogvever, this effect is typically not seen at lower

doses.

7.7 Early and Late Effects

Volumes in the patient receiving dose can be ség@iato three regions: 1) the target (tumor),
characterized by the planning target volume (PT®ated with the therapeutic dose; 2) organs at risk
typically defined in the tumor vicinity (these menersect with the beam path and are allowed teivec

low to intermediate doses); and 3) the rest opgent body, which may receive low doses.

Dose delivered to healthy tissues can lead to seside effectss.g, affecting the functionality of
organs (see.g.,Nishimuraet al, 2003) or even causing a second cancer. In thertand along the path
of the therapeutic radiation beam, one may hawaetept a risk for developing even significant side
effects because of the therapeutic benefit. A Bgamt number of second tumors is found in the nmarg
of the target volume (Dorr and Herrmann, 2002).1Seftects are not necessarily proportional to dose.
For example, if the dose is prescribed with the aiirkilling tumor cells without leaving behind cell
with the potential for mutation, the risk of radgiet-induced cancer within the target volume might b

smaller than the risk in the surrounding tissuesgikeng intermediate doses.

Organs that are part of the patient volume imagedréatment planning are considered in the
treatment planning process by using dose consiraihiey typically receive medium doses (> 1 % ef th
prescribed target dose). The dose is due to scagtef the particle beam and due to the fact thesé

organs lie within the primary beam path. The tdtzde delivered is termed integral dose. Other @rgan
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are further away from the target volume and reckiwedoses (< 1 % of the prescribed target dose).
These organs are typically not imaged or outlireedreatment planning. The dose is a result ofataah
being scattered at large angles in the treatmed,hradiation leakage through the treatment heatl, a
secondary radiatiom.e., radiation generated by interactions of the prinradiation with material in the
treatment head or the patient. Some treatment igbs, while aiming at highly conformal dose to the
target, do not necessarily deliver lower dosesd¢asdistant from the target. Several authors have
cautioned that compared with conventional radi@pgythe use of IMRT or proton therapy could result
in a higher incidence of radiation-induced seccatcers (Hall, 2006; Hall and Wuu, 2003; Katyal,
2005; Paganetst al, 2006). Because doses are low, the main concegrlata effects and, in particular,

second cancers.

Treatment-related cancers are a well-recognizezlediéct in radiation oncology (Schottenfeld
and Beebe-Dimmer, 2006; Tubiana, 2009; van LeewamenTravis, 2005). The likelihood of developing
a second cancer depends on both the entire iregidiaiume and on the volume of the high-dose region
With respect to radiation-induced sarcoma, the roairtern is not primarily the dose far away from th
beam edge, but the dose delivered directly in garbpath. The second malignancy rates in children
from incidental normal tissue dose are of the ocd& to 10 % 15 to 20 years after radiotherapy
(Bronisceret al, 2004; Jenkinsost al, 2004; Kuttesch Jet al, 1996). Others have estimated the
cumulative risk for the development of second cesoger a 25-year follow-up interval as rangingniro
510 12 % (de Vathairet al, 1989; Hawkinst al, 1987; Olseret al, 1993; Tuckeet al, 1984) with
conventional radiation therapy as a predisposintpfgde Vathairest al, 1989; Potistet al, 1985;
Stronget al, 1979; Tuckeet al, 1987). Radiation can cause intracranial tumdes dfierapeutic cranial
irradiation for leukemia (Negliat al, 1991), tinea capitis (Roet al, 1988; Sadetzket al, 2002), and
intracranial tumors (Kaschtest al, 1995; Liwniczet al, 1985; Simmons and Laws, 1998). The median

latency of second cancers has been reported §e&r$ in one group of patients (Kutteschedral,
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1996). In patients with pituitary adenoma a cumwatisk of secondary brain tumors of 1.9 to 2.406

~ 20 years after radiotherapy and a latency pdaptumor occurrence of 6 to 21 years was reported
(Bradaet al, 1992; Minnitiet al, 2005). Brenneet al. (2000) examined second cancers from prostate
radiotherapy and found that the absolute risk wa®4d for patients surviving longer than 10 yeatse T
relative risk of developing a second cancer is ilegmtients with smaller treatment volumes (Kagdo
al., 2001, Loeffleret al, 2003; Shamisat al, 2001; Shiret al, 2002; Yuet al, 2000). Data on
radiation-induced cancer and mortality after expesa low doses data have been summarized in the

BEIR VII (Biological Effects of lonizing Radiatiormeport for various organs (BEIR, 2006).

The relative risk of irradiated versus non-irradepopulation for fatal solid cancer for persons
30 years of age for 1 Sv of whole-body irradiatiees estimated to be 1.42 (Presatral, 2004). Pierce
et al. (1996) estimated lifetime excess risks of radratassociated solid cancer death rates and lifetime
excess risks for leukemia as a function of agedgerand dose. The risk was higher for those expate
younger ages (Imaizunet al, 2006). High rates of late (50 years after expgssecond cancers are
pertinent to risk estimates based on patient follpadata extending to only 10 to 20 years. Thus,
estimates of radiation-induced cancer risk in ridahetreated patients must be considered to beless

the actual lifetime risk.

Often the highest incidence of radiation-associatmbnd tumors occurs at field peripheries and
not at the field center (Epstest al, 1997; Foss Abrahamsenal, 2002). However, even doses
delivered far outside the main field have been@ased with second tumors. Decades ago, the soélps
children in Israel were irradiated to induce alopdor the purpose of aiding the topical treatmant
tinea capitis (Romt al, 1988). Mean doses to the neural tissue were &¢.9 he relative risk of tumor
formation at 30 years compared with the generalfation was 18.8 for schwannomas, 9.5 for

meningiomas, and 2.6 for gliomas with a mean irdieior tumor occurrence of 15, 21, and 14 years,
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respectively. Sadetzkit al. (2002) report on the development of meningioméer afdiation for tinea
capitis with a time from exposure to meningiomagd@sis of 36 years. A recent study has concluded
that, even 40 years after initial radiation treattnaf cervical cancer, survivors remain at an insesl

risk of second cancers (Chaturvetial, 2007).

Second cancers are late effects and thus of planticoportance in the treatment of childhood
cancers. For childhood cancers, the relative fiearygurvival rate has risen from 56 % for children
diagnosed between 1974 to 1976 to 79 % for thasgndised in the period 1995 to 2001 (Jeetall,
2006); the current ten-year survival rate is ~ 788%&set al, 2006). Although the majority of children
with cancer can expect a long life post-treatmasigcond cancer will occur in some pediatric cancer
patients following successful treatment of the ioa§disease (Ron, 2006). Most published data are
based on the Childhood Cancer Survivor Study, goioig multi-institutional retrospective study of

over 14,000 cases (Bassdlal, 2006; Kennet al, 2004; Neglieet al, 2001; Sigurdsoet al, 2005).

7.8 Models

7.8.1 Model Concepts

Cancer risk is specified as either the risk foidence or the risk for mortality. Dose-response
relationships are typically defined as a functibage, gender, and site. The cancer incidenceatae
given point in time is defined as the ratio of nianbf diagnosed individuals in a time interval ded
by the interval duration and the total number ddftected individuals at the beginning of this intdr
Cancer risk, on the other hand, is defined as thbgbility for disease occurrence in the population
under observation,e., risk equals the ratio of number of diagnosedtaltnumber of individuals in the

given time interval. The baseline risk refers te ificidence of cancer observed in a group without a
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5140 specific risk factord.g, the un-irradiated reference population). In otdesbtain a measure of the
5141 relation between the incidence rate in the exppsgailation and the incidence rate in the unexposed
5142 population, one can use either their differenctherr ratio.

5143

5144 Quite often, risk estimates are performed usinglesody effective doses and organ weighting
5145 factors (EPA, 1994; 1999; ICRP, 1991; 2003b; NCE#®3). The NCRP defines probabilities of fatal
5146 cancer for bladder, bone marrow, bone surface shresophagus, colon, liver, lung, ovary, skin,

5147 stomach, thyroid, and remainder of the body (NCEI3). The ICRP defines a whole-body effective
5148 dose with organ-specific weighting factors (ICRBQ2b). The methodology was originally designed for
5149 setting radiation protection limits by making stine radiation exposures to workers are controbbeal t
5150 level that is considered to be safe (ICRP, 19903B). Tissue weighting factors employed by the NCRP
5151 and ICRP for the effective dose are gender- anehageaged values applying a radiation independent
5152 dose-rate correction. Thus, these models are rapgifoximations which yield a nominal risk valuesof
5153 x 10%/Sv. Effective doses are suited for radiation prtioe studies but it has to be stated clearly that
5154 they are not suited for risk models for secondaycer, which are site specific. The ICRP has advise
5155 against the use of effective dose for the risk sihgle patient and of a site-specific tumor.

5156 Epidemiological risk assessments should be basedgam-specific equivalent doses. The BEIR report
5157 (2006) provides formalisms to calculate organ-dpedsks of cancer incidence and mortality. Dose-
5158 response relationships are typically defined asatfon of age, gender, and site.

5159

5160 Relative risk (RR) is the rate of disease amongggavith a specific risk factoe(g, having

5161 received some radiation) divided by the rate ameggoup without that specific risk factor. Excess
5162 relative risk (ERR) is defined as the rate of deaf(e.g, cancer incidence or mortality) in an exposed
5163 population divided by the rate of the effect inusm@xposed population minus 1, or RR-1. In risk n®de

5164 using ERR, the excess risk is expressed relatileettvackground risk. Absolute risk is the rata of
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disease among a populati@ng, cancer cases per capita per year. Excess absski{&AR) is the rate
of an effect €.g, cancer incidence or mortality) in an exposed jatmn minus the rate of the effect in
an unexposed population. Thus, in risk models uBisg, the excess risk is expressed as the differenc
in the total risk and the background risk. Theslattepends on the area in which the person liies, t
age, sex, and date of birth (Regtsal, 2003). When modeling a dose-response relatiprishia specific
disease, one can either use the concept of ERe@oincept of EAR. In general, estimates based on
ERR can have less statistical uncertainties ansldahei more meaningful for small risks. On the other
hand, EAR is often used to describe the impactditease on the population. The excess risk can be
calculated as a function of attained age of theviddal, age at exposure, dose received, sex irafeX,
an index denoting population characteristics. Tie#ime attributable risk (LAR) is the probabilitiiat

an irradiated individual will develop a radiatiamduced cancer in their lifetime (Kelleretral, 2001). It
includes cancers that would develop without expesut which occur sooner in life due to radiation.
The LARcan be estimated as an integral of excess riskalvattained ages using either ERR or EAR

(BEIR, 2006).

The models presented in BEIR report (2006) defigerélation between the incidence rate in the
exposed population and the incidence rate in tlepwsed population. The excess risk can be cagzllat
as a function of attained age of the individuabge at exposure, e; dose received, D; sex ingaxds
time since exposure, t. One assumes a linear (safiders) or quadratic (leukemia) function of dd$e
BEIR committee suggests that ERR for solid can@tsept for breast and thyroid) depend on age only
for exposures under age 30. Specific parametesizatire given for estimation of breast cancer risk,

thyroid cancer risk, and leukemia.

Schneider and Kaser-Hotz (2005) proposed the comééprgan equivalent dose” (OED), in

which any dose distribution in an organ is equirtbnd corresponds to the same OED if it causes the
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5190 same radiation-induced cancer incidence. For loseslothe OED is simply the average organ dose. At
5191 high doses the OED is different, because cellngllbecomes important. The basis for the OED madel i
5192 the dose-response relationship for radiation-indw@ancer for different organs. The model is a linea
5193 exponential dose-response model that takes intmuatcell-killing effects by an exponential functio
5194 that depends on the dose and the organ-specifisteglization factor that is determined by Hoduki
5195 disease data. The dose distributions used to deterime organ-specific cell sterilization factorrere
5196 calculated in individual organs for which cancesidgence data were available. Katal. (2005) pointed
5197 out that developing concepts like the OED moddiessffrom major deficiencies, such as single specif
5198 irradiated populations. However, the OED approaahthe advantage compared to the BEIR model that
5199 itis able also to estimate cancer risk from mediarnigh dose exposurds., in the vicinity of the

5200 target (Schneidest al, 2006; Schneidest al, 2007).

5201

5202 By developing models based on the atomic bomb dédfarences in the radiation exposure
5203 compared to radiation treatments need to be cargldEven though most bomb survivors were exposed
5204 to low doses (< 0.1 Gy), some were exposed to dasgeding 0.5 Gy, thus influencing the risk

5205 estimation. The risk is also dose-rate dependenahii@t al. (1972) observed reduction in leukemia
5206 incidence by a factor of ~ 5 with reduction of des®.2 to 0.3 Gy/day. Ullrickt al. (Ullrich, 1980;

5207 Ullrich et al, 1987) reported on dose-rate dependencies fantience of lung adenocarcinoma in
5208 mice. Maisinet al.(1991) found that ten fractions of 0.6 Gy yieldrdre cancers than a dose of 6 Gy in
5209 mice following whole-body irradiation. Brenner aHdll (1992) discussed this inverse effect of dose
5210 protraction for cancer induction. Dose rate effectswell understood for therapeutic dose leveth wi
5211 low-LET radiation (Paganetti, 2005). Most risk mtsdaccount for dose rate effects by introducing
5212 scaling factors. However, the effect of dose prtiom may be different in low dose regions in parkar
5213 for neutron irradiation. While a positive “dose atwke-rate effect factor” (DDREF) is established fo

5214 scattered photon doses, there is evidence for se-tue effect or even a reverse dose-rate effetd
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doses of neutron radiation. This effect is a walbdn phenomenon for high-LET radiation (Koclegr

al., 2005).

To establish a more precise dose-response relhatpfs second cancers as a function of
modality, treatment site, beam characteristics,@atgknt population, progressively larger
epidemiological studies are required to quantifyrisk to a useful degree of precision in the l@sel
regions (Brenneet al, 2003). In order to facilitate the evaluation okd-response relationships as
defined in epidemiological models, organ-specifisichetry is needed. In fact, one of the reasons for
considerable uncertainties in the current risk n®dethat actual second cancer incidences from
radiation therapy patients are difficult to intespdue to the lack of accurate organ-specific desim
information. Further, simple dose-response relatigrs can be misleading. Dose-rate effects ceytainl

play a role (Gregoire and Cleland, 2006).

7.8.2 Dose-Response Relationships

Various low-dose response relationships for seaamder induction have been discussed
(Brenneret al, 2003). Studies on leukemia suggest that thercagenic effect of radiation decreases at
high doses because cell killing starts to dominaaéation (Upton, 2001). Patients treated with racin
for cervical cancer showed an increased risk oéligimg leukemia with doses up to ~ 4 Gy, which
decreased at higher doses (Blettner and Boice,; Ba8iteet al, 1987). Sigurdsoet al. (2005) found
that the risk for developing a second thyroid camdesr childhood cancer increased with doses up to
29 Gy and then decreased. There is other evidéatéhte risk of solid tumors might level off atalg
Gy (Curtiset al, 1997; Tuckeet al, 1987). For pediatric patients, Renal. (1995) showed that a linear
dose-response relationship best described thetimdi@sponse down to 0.1 Gy. In general, a linear

dose-response curve is assumed for solid cancetle,(R000; 2001, Little and Muirhead, 2000).
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It has been shown that even a single particle aaseemutations in a single-cell irradiation
process. This is an indication of a linear dos@aase relationship (Barcellos-Hoff, 2001), at ledsvn
to about 0.1 Gy (Frankenbeeg al, 2002; Han and Elkind, 1979; Heyes and Mill, 2008€CRP, 2001).
For even lower doses a small decrease in transfanmiaas been reported (Kb al, 2004) while some
data suggest a non-linear dose-response curvek{@ashFukuda, 1999). Others have suggested a
protective effect (Calabrese and Baldwin, 2000;2®&inendegen, 2005; Hall, 2004; Upton, 2001).
Results of whole-body irradiation (WBI) of primategh a follow-up of 24 years show no increase in

cancer for 0.25 to 2.8 Gy (Wood, 1991).

Most currently used risk models are based on thate Both the BEIR VII Committee (2006)
and the ICRP (1991) recommend, for doses belows§,1a “linear no-threshold” (LNT) model. This

concept has been challenged by recent data (Tubtaada2009).

Assumptions about dose-response relationshipsifioott induction are largely based on the
atomic bomb survivor data. These are consisteffit kmearity up to ~ 2.5 Sv with a risk of ~ 10 %/Sv
(Pierceet al, 1996; Prestoet al, 2003). However, some analyses show a linear iisg®nse for
cancer incidence between 0.005 and 0.1 Sv (Pie@@&eeston, 2000), some indicate a deviation from
linearity (Prestoret al, 2004), and some find no increased cancer rates#s less than 0.2 Sv
(Heidenreichet al, 1997). There is even some evidence for a decrgatope for cancer mortality and
incidence. This may be caused by the existenceall subpopulations of individuals showing
hypersensitivity (ICRP, 1999). There might alsaéduced radioresistance in which a small dose
decreases the radiosensitivity, as has been rejportearcinogenesis (Bhattacharjee and Ito, 2001),
cellular inactivation (Joineet al, 2001), mutation induction (Ueret al, 1996), chromosome aberration

formation (Wolff, 1998), anth vitro oncogenic transformation (Azzash al, 1994). Further, linearity
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would not necessarily hold if multiple radiationrd@aged cells influenced each other (Ballaghal,
2002; Little, 2000; Little and Muirhead, 2000; Ngawa and Little, 1999; Ullrich and Davis, 1999). An
increasing slope seems to fit dose-effect relatfonsadiation-induced leukemia (Prestenal, 2003),
while a threshold in dose seems to be presenatbation-induced sarcoma (Whigeal, 1993). Also,
animal data have not shown significant cancer ext@sdoses below 100 mSv (Tubiana, 2005). The
lack of evidence of a carcinogenic effect for lomsds could be because the carcinogenic effeab is to

small to be detected by statistical analysis oabse there is a threshold.

7.9 Risks of Radiation-Induced Secondary Cancers in Particle Thapy

Second malignancies are a major source of morbégtitymortality in pediatric cancer survivors.
Although IMRT provides highly conformal dose to tlaeget volume at high doses, due to the increased
volume of tissue receiving lower doses it may nedduble the risk of second malignancy compared
with 3D conformal techniques (Hall and Wuu, 200@ptons reduce the integral dose by a factor of 2 t

3 compared to photon techniques and can thus lex&gto decrease second cancer risk.

Recently, the comparative risk for developing selcmralignancies from scattered photon dose in
IMRT and secondary neutron dose in proton theragsyldeen assessed by analyzing clinical data (Chung
et al, 2008). The study matched 503 patients treatdd pvaton radiation therapy from 1974 to 2001 at
the Harvard Cyclotron Laboratory and 1591 photaiepés from the Surveillance, Epidemiology, and
End Results (SEER) cancer registry. Patients wetelmed by age at radiation treatment, year of
treatment, cancer histology, and site of treatmEmé. median age in both groups was comparableast w
found that 6.4 % of proton patients developed ars@ecnalignancy as compared to 12.8 % of photon

patients The median follow-up was 7.7 years inpiteton cohort and 6.1 years in the photon cohort.
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After adjusting for gender and the age at treatptéptresults indicated that the use of protonataah

therapy is associated with a lower risk of a seaoatignancy compared to photon radiation therapy.

Because we can assume (for passive-scatteringitges) that the majority of the neutrons in the
patient are generated in the treatment head, wentarthat proton beam scanning reduces the neutro
dose exposure significantly, in particular for shidatment fieldsi(e., small apertures in scattering
systems). In fact, it has been demonstrated tleaingd proton beams result in a lower second caisker
than passive-scattered protons or photons (Miradiedl, 2002; Schneidest al, 2002). Miralbellet al.
(2002) assessed the potential influence of impralcese distribution with proton beams compared to
photon beams on the incidence of treatment-indgeednd cancers in pediatric oncology. Two children,
one with a parameningeal rhabdomyosarcoma (RMSpaa®tond with a medulloblastoma, were
considered. They showed that proton beams havectieatial to reduce the incidence of radiation-
induced second cancers for the RMS patient bytarfa€ > 2 and for the medulloblastoma case by a
factor of 15 when compared with IMRT (Table 7.2he$e data for scanned proton beams do not include
any secondary neutron component. Thus the improveimsimply due to a smaller irradiated high-dose

volume.
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Table 7.2. Estimated absolute yearly rate of se@amcer incidence after treating a medulloblastoma

case with either conventional x ray, IMRT, or saahproton beams. (Miralbedt al, 2002)

X-rays IM X-rays Protons
Tumor site (%) {9%) (%)
Stomach and esophagus 0.15 0.11 0.00
Colon 0.15 0.07 0.00
Breast 0.00 (.00 0.00
Lung 0.07 0.07 0.01
Thyroid 0.18 0.06 0.00
Bone and connective tissue 0.03 0.02 0.01
Leukemia 0.07 0.05 0.03
All secondary cancers 0.75 (.43 0.05
Relative risk compared to
standard X-ray plan I 0.6 0.07
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The magnitude of second cancer risk in patientgecewith passive and scanned proton radiation
has also been estimated utilizing computer simuatof organ doses using computational phantoms
(Brenner and Hall, 2008b; Jiamg al, 2005; Newhausest al, 2009; Taddeet al, 2009; Zacharatou
Jarlskog and Paganetti, 2008b). Based on dosintztécon organ doses given by Jiangl. (2005),
Brenner and Hall (2008a) estimated second cargks for various organs assuming a neutron RBE
value of 25. They reported that lifetime cancek dse to external neutrons in passive-scatterepro
therapy is 4.7 % and 11.1 % for a cured 15-yeamwdte and female, respectively. The estimationgwer
based on a proton treatment for lung cancer. Bkedecreased to 2 % and 3 %, respectively, fodait a

patient.

Based on Monte Carlo simulations using a treatrheatd model and a voxelized phantom,
Taddeiet al. (2009) estimated the second cancer risk from skngrradiation following cranio-spinal
irradiation with proton therapy. An effective daswresponding to an attributable lifetime risk datal
second cancer of 3.4 % was determined. The equivdéeses that predominated the effective dose from
secondary radiation were in the lungs, stomachcatah. Further, cranio-spinal irradiation of a mal
phantom was calculated for passively scatteredsaadned-beam proton treatment units (Newhaetser
al., 2009). The total lifetime risk of second cancee @xclusively to secondary radiation was 1.5 % for

the passively scattered treatment versus 0.8 ¥héscanned proton-beam treatment.

Based on the data on organ neutron equivalent dsseg five pediatric computational
phantoms, risk estimations based on BEIR risk nekale been done (Zacharatou Jarlskog and
Paganetti, 2008b). For eight proton fields to ttgain tumors, the risk for developing second cainte
various organs was calculated. Figure 7.5 showskfétene attributable risk (LAR) for some of the
organs. It was found that young patients are stibgesignificantly higher risks than adult patiedtse to

geometric differences and age-dependency of rislkefsoln particular, a comparison of the lifetime
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risks showed that breast cancer should be the coaicern for females, whereas for males, risksuog|
cancer, leukemia, and thyroid cancer were morafgignt. Other than for pediatric patients, leukami
was the leading risk for an adult. Most of the agkdted lifetime risks were below 1 % for the 70 Gy
treatment considered. The only exceptions wereshrédgyroid, and lung for females. For female thgro
cancer the treatment risk can exceed the basédinelihe patient’s age at the time of treatmenypla

major role (Zacharatou Jarlskog and Paganetti, 12008
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5362 Figure 7.5. Lifetime attributable risk [%] based@i@0 Gy treatment for various second cancers-for 4
5363 year-old and 8-year-old brain tumor patients. Tiree colors refer to three different treatmentiBel
5364 The numbers on the right represent the baselike fig these cancers. (Zacharatou Jarlskog and
5365 Paganetti, 2008b)

5366
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5367 Although strictly speaking it is a radiation prdiea quantity, the whole-body dose equivalent
5368 was used to estimate the risk by a few groups @il et al, 1997; Kryet al, 2005; Verellen and

5369 Vanhavere, 1999). In this approach, the whole-lmle equivalent was determined for a point in the
5370 patient, usually 40 to 50 cm from the edge of teatment field. This value is then multiplied by a

5371 whole-body risk coefficient. Followikt al.(1997) measured whole-body dose equivalent fotraes

5372 and photons at a point 50 cm from the isocentee.rédiation weighting factor of 20 for neutrons was
5373 used. As the beam energy increased, the neutrdrilzdgion increased dramatically. For each treatmen
5374 modality, the whole-body dose equivalent for 25 k&é&ms was found to be eight times greater than that
5375 for the 6 MV beams. For a given energy, the whadybdose equivalent was the highest for serial

5376 tomotherapy, and lowest for 3D-CRT procedures. fi$ieof any fatal second cancer associated with the
5377 scattered dose from the 6 MV unwedged conventimaatment technique was estimated by the authors
5378 to be 0.4 %. The risk for an assumed 25 MV tomeaihgtreatment was estimated to be 24.4 %. The
5379 increased risks were associated with the increatsal number of monitor units used for each trestt
5380 technique. Another series of calculations of wHuodely dose equivalents for 3D-CRT and IMRT

5381 prostate treatments were carried out by &ral. (2005). The authors reported major differences/een

5382 using this method and organ-specific risk calcalati

5383

5384 7.10 Uncertainties and Limitations of Risks Estimations

5385

5386 Neutron radiation weighting factors are subjectigmificant uncertainties that can affect risk

5387 estimations, in particular at low doses (Brennet dall, 2008a; Hall, 2007; Kochet al, 2005). The
5388 ICRP radiation weighting factors may not be vergumate for extremely low doses (Kellerer, 2000).
5389 Energy-averaged neutron radiation weighting fadtotie human body based on the ICRP curve are
5390 typically between 2 and 11 (Jiaegal, 2005; Wroeet al, 2007; Yaret al, 2002). However, much

5391 higher neutron RBE values have been found for uarendpoints botim vivo andin vitro (Dennis,
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5392 1987; Edwards, 1999; NCRP, 1990). The NCRP has simautron radiation weighting factors of more
5393 than 80 for fission neutrons considering severdiation endpoints in the energy range of 1 to 2 MeV
5394 where the ICRP recommendation assumes a weiglaatgrfof 20 (NCRP, 1990). Dennis (1987) has
5395 reviewed experimental neutron RBE data and foundmamin vivo values at low doses of up to 71.
5396

5397 There are insufficient data to define the radiagéfectiveness of neutrons for epidemiological
5398 endpoints. The radiation weighting factor recomnagioth by the ICRP may not reflect reality as it sloe
5399 focus on radiation protection rather than radiagpidemiology. The ICRP explicitly states that tben
5400 effective dose is a quantity for use in radiatioot@ction and not in epidemiology. These limitaton
5401 have to be considered when analyzing secondarysdose

5402

5403 There are many different contributions that prowideertainties in absolute risk estimates that
5404 have been given in the literature. Katal. (2007) examined the uncertainty in absolute rigkeates
5405 and in the ratio of risk estimates between diffetezatment modalities using the NCRP/ICRP risk
5406 model and a risk model suggested by the U.S. Enwiemtal Protection Agency (EPA, 1994; 1999).
5407 They found that the absolute risk estimates of f&aond cancers were associated with very large
5408 uncertainties, thus making it difficult to distingh between risks associated with the differergttnent
5409 modalities considered.

5410

5411 Several risk models have been proposed and usesditoate the risk of second malignancies
5412 induced by radiation treatment. The models in oday are largely based on the atomic bomb survival
5413 data. Both the BEIR VII Committee (2006) and th&®F(1991) recommend, for doses below 0.1 Gy, a
5414 linear dose-response relationship without a lonedbseshold based on the epidemiological data
5415 obtained from Japanese atomic bomb survivors. fdysllation was exposed to a single equivalent dose

5416 fraction of between 0.1 and 2.5 Sv. The radiatieldf dose, and dose rate were certainly much retifie
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from the radiation fields in radiation therapy. Hawer, extracting dose-response relationships from

patient data is associated with large statistinabuainties (Suiet al, 2007).

At low doses, none of the epidemiological datasasféicient to establish the shape of the dose-
response relationship and more extensive studeeseguired to quantify the risk to a useful degree
precision (Brenneet al, 2003). One reason for the considerable unceigaim risk models is the fact
that actual second cancer incidences are difftoutiterpret because of the lack of accurate dasime
information. For example, in estimating the basefisk for lungs from the atomic bomb survivors, a
significant fraction in the cohort were smokerseTiing cancer risk associated with smoking is adlit
with the secondary cancer risk in lungs from thdation. There is a large ambiguity in what fraotuf
the cohort in the atomic bomb survivors were sm@k€onsequently, the estimated baseline risk for

lung cancers for both genders is over estimated.

7.11 Summary and Conclusion

The issue of secondary radiation to patients uruileggproton beam therapy has become an
important topic among medical physics researcheaschnicians alike. A large amount of data hasbee
published on this subject particularly within tlastl few years. To some extent this shows the ssicfes
radiation therapy. Due to early cancer diagnosislang life expectancy post treatment, second gance

induction could be a significant late effect.

Although dosimetric data, experimental as wellretetical, are known by now to a sufficient
degree of accuracy, the actual cancer risk assocvaith the absorbed doses is not well known at all
This is due to huge uncertainties in the biologefédctiveness of neutrons at low doses and dhege

uncertainties in current epidemiological risk madel
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Clinical data are difficult to interpret becausdrdgér-patient variability and lack of dosimetric
information in the low dose region. However, imgrd dosimetric data in combination with long-term

patient follow-up might eventually lead to improvesk models.
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8. Safety Systems and Interlocks

Jacobus Maarten Schippers

8.1 Introduction

The purpose of safety systems and interlocks (pewtieam interruption systems) in a particle

therapy facility is threefold:

1. to protect personnel, patients, and visitors froadivertent exposure to overly excessive
radiation doses;
2. to protect patients from receiving an incorrectedosa dose in an incorrect volume; and

3. to protect equipment and environment against hadiation damage, or activation.

How these goals are implemented depends stronglyeolocal radiation protection legislation, the
specific requirements and traditions of the ingtittoncerned, and the standards to which the coynpan
delivering the equipment adheres. In this chapeeal methods and relevant parts of either plamned
actually installed safety systems are discussedti, tve sole purpose of showing the underlying
philosophy and how one could implement such systamsactice. Therefore, the description of the
systems is by no means complete and is sometimmgdised. Most examples of the systems discussed
in this chapter refer to the situation at the CefteProton Therapy at the Paul Scherrer Insti(Bt8l)

in Switzerland as they existed or were planneti@time of writing this chapter. Other methods \wél
applicable to other treatment facilities or whehestirradiation techniques are applied. Due to the
differences and continuing developments in legshatit is up to the reader to decide which ideas o
systems could be of use in one’s own country atifiacThe purpose of this chapter is to inform the

reader about the different aspects of safety systhat need to be addressed; to give a potengal us
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enough background information and some suggestodsfine one’s own list of criteria for a safety
system in order to have relevant and thorough dsouns with the vendors; and to provide information
to help users understand, judge, and eventuatigize a vendor’s proposal and to check compliance

with local requirements and regulations.

Figure 8.1 shows the facility at PSI, which hasrbeeilt and designed in-house. Within a
research collaboration with the supplier of thelalyon, PSI has contributed to the developmenhef t
accelerator, its interfaces, and control systene. @tperience obtained since the start of partigeapy
at PSI in 1980 has evolved in the current desigh@tontrol and safety systems. Until 2005, the
therapy program ran parallel with the physics paogat PSI by using a fraction of the high intensity
proton beam (Pedroet al, 1995). This type of operation imposed speciakt@amnts on the design of
the safety systems, such as the rigorous sepatimatient safety functions from the machine cointr
system. This philosophy has been used again indtwy built stand-alone proton therapy facilityttha
has been in use since 2007. This therapy facBohipperst al, 2007) consists of a cyclotron, energy
degrader and beam analysis system, two rotatingigsuiGantry 1 and Gantry 2, the latter of whigh i
not yet operational at the time of writing), an éyeatment room (OPTIS2), and a room for experient

measurements.
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5493 Figure 8.1. Floor plan of the proton therapy fagitit PSI, indicating the actuators that can bel tige
5494  stop or intercept the beam. (Courtesy of PSI)
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5496 At PSI the three safety functions mentioned abeoeeantrolled by three separate systems: a
5497 Personnel Safety System (PSS); a Patient Safetgi8y{$aSS); and a Run Permit System (RPS). The
5498 PSS and PaSS operate separately from the congteinsyf the machine (cyclotron and beam lines). The
5499 separation of functions reduces the risks and cexitylthat might occur in the case of a system in
5500 which the design is based on one combined operatidrsafety system in which “everything is

5501 connected to everything else.” Of course, well-glesd systems with a global function approach to the
5502 facility can be conceived without this separatiomnt, the separated function approach leaves more
5503 freedom for further technical developments. Thetmdisystem architecture at PSI allows explicit

5504 visibility of these functions in the system archttee.

5505

5506 In the case of an undesired input signal or staash of the three safety systems has the

5507 capability to “trip”: it sends a signal that swieshthe beam off or prevents the beam from beintzeaal
5508 on. The event of changing into a state which is‘@t” is usually referred to as “a trip” or “an elock
5509 trip.” Each safety system has its own sensor systagtuators, switches, and computer systems.
5510 Although actuators that can switch off the beang.(Bil) can be activated by more than one safety
5511 system, they have separate inputs/outputs foriginals from/to each of these safety systems. Inyman
5512 cases, dedicated diagnostic signals are also astetérmine if the actuator is working properly.afp
5513 from the statuses “OK” and “not OK,” the other pb#sstates of an actuator might be “NC” (not

5514 connected) and “err” (short circuit). This defirtbe fail-safe nature of the signals.

5515

5516 The displays in the control room indicate whichtegs causes the interception or interruption of
5517 the beam and allow a detailed in-depth analys@dier to find out the cause of such an error st#lis
5518 events are logged with time reference stamps.

5519
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In this chapter, these three safety systems amditinglementation will be described. Although
some issues are specific to P&f(, the spot scanning technique; see Pedrbal, 1995) or to the use
of a cyclotron, the concepts are applicable tofaoyity. The most important aspect of the safety
concept used at PSl is the complete and rigorquargeon of the three systems. By this, a veryilfliex
arrangement has been created. Some general issgagety systems are discussed in Sec. 8.1, falowe
by information on the beam-intercepting deviceSat. 8.2, with Sec. 8.3 describing the relevan¢etsp
of the control system at PSI, and Sec. 8.4, 8.&,88 providing a detailed description of the thsatety

systems.

8.1.1 Safety Requirements

The risk limitation and reduction required by vascauthorities depends upon local laws and
administration rules, and is in steady developméntFDA approval (U.S.A.), CE conformity procedure
(E.U.), or similar authorization by equivalent beslin other countries of the facility could be reed.
When the research and development of the equipamehsoftware was started a long time ago, or when
it is not thought that the system will be put oa tharket, an adaptation of the project into a more
regulated form is generally not possible withouistantial effort. For these special cases, special

regulations might exist.

However, for proton/ion therapy, the practical isypkentation of existing regulations might
sometimes not be evident or applicable. Then osddaegotiate with the appropriate authoriteeg,,
regarding how the documentation and test procedimesld be designed in order to obtain approval for
treatments. In any case, a state-of-the-art appreaacld at least consist of a report with a thotoug

description of the safety systems, a risk analygisrating instructions, and a list of tests talbee with
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5544 a specified frequency of these tests. In gendralrésults of initial and periodic tests must bailable
5545 for the appropriate authorities.

5546

5547 8.1.2 Safety Standards

5548

5549 To the best of the author’s knowledge, there arexisting specific norms or widely applicable
5550 safety guidelines specifically for proton and iberapy facilities at this time. However, in some

5551 countries authorities follow or adapt applicabléserg recommendations or guidelines for linear
5552 accelerators for photon or electron therapy, agdlations for particle therapy facilities are being
5553 developed. The current recommendations and guetepresent generally accepted safety standards for
5554 radiation therapy, many of which are also appliedblproton and ion therapy. One could, for instanc
5555 use the applicable parts of the standards for rakdiectron linear accelerators, as given in the

5556 International Electrotechnical Commission’s Pulilma 60601-2-1 (1998)As an example, in proton or
5557 ion therapy, it would then also require two dosenitaos in the treatment nozzle, one giving a stop
5558 signal at 100 % and the second monitor giving p stgnal at approximately 110 % of the prescribed
5559 dose. Also, useful guidelines can be found in dzently issued new IEC Publication 62304 (2006),
5560 which deals with software for medical applications.

5561

5562 Criteria for accidental exposures in radiotheraylsted in ICRP Publication 86 (2000). An
5563 overdose due to a failure in procedure or in egeipins classified as a “Class | hazard,” when tieae
5564 dose could cause death or serious injury. Withis ¢tass, two types of hazards are distinguishgué t
5565 A, which can likely be responsible for life-thremiteg complications (25 % overdose or more of thalto
5566 prescribed treatment dose); and type B (5 to 2t0%& excess over the total treatment dose), which
5567 increases the probability of an unacceptable treatrmutcome (complications or lack of tumor control

5568
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One of the goals of a patient safety system cduld be defined as preventing an excess dose

that is due to an error in dose delivery and exe&eth of the treatment dose, which is typically 6\8

8.1.3 Risk Analysis

The requirements for and extent of a risk anaffggisnedical devices differ from country to
country and are in steady development, so a gendeatannot be given. Furthermore, there is no
unigue way of performing a risk analysis, but oag obtain good working structures from existing
norms and recommendations on medical devices. IHowever, that whether and under which
conditions proton or ion therapy equipment an@dasessories fall under the definition of “a medical

device” can differ from country to country (althdygn the EU it is the same for all members).

In ISO 14971 (2007), the general process of hokvmanagement could be applied to medical
devices is given. On the ISO Web site mentiondtienabove standard, a list of member countries that
have recognized 1SO 14971 is given. This ISO nomesgnts an organizational structure of activities
related to risk management. One can typically miggtish the following steps in a risk management
process:

» Risk analysisidentification of hazardous situations and riskutification,e.g, by
analyzing fault trees;

* Risk evaluationdecide upon need for risk reduction;

» Risk control describe measures (definition, implementatiowl, \&rification) to reduce
risk;

» Residual risk evaluatiarwhat is the risk after implementing the measures;
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* (Post) production informatiarreview the actual implementation and observe timse
implementations perform in real practice. This gittee process the capability to update

the risk analysis and to react to observed problgies production.

For an estimation of the amount of needed safepsomes, one could use a process in analogy to
the one given in IEC Publication 61508 (2005) asiideline. In Part 5 of this international standfnd
the functional safety of electrical, electronicdgarogrammable electronic equipment, many examples
are given to categorize hazardous events in a fdasarerity matrix” by means of their impact andith
probability of occurrence. When the combinatiors@¥erity and occurrenced,, the risk) exceeds a
certain threshold, a measure must be taken. Thesnodss of such a measure (the Safety Integritgll_ev
or SIL) must increase with the risk. One way ta@&ase the robustness of a measure is to add
redundancyi.e., to increase the number of independent safetyetkystems that comprise the measure

taken. Specialized companies have developed s@&tiwats as an aid to make such a risk analysis.

8.1.4 Interlock Analysis and Reset

An interlock trip occurs when a device, componemgasurement, or signal under the control of a
specific safety system is found in an undesirataiteesvith respect to specified tolerances. It ipontant
to reset the interlock signals and restore thehimacsetting to their normal operating states as s
possible after the machine state is “OK” againsTikinecessary in order to limit waiting time, blgo
to prevent loss of extra time for retuning of thaamine to its normal operating state deig, to
temperature drifts. This applies especially toriotek trips that were caused by a condition thas wat
met for only a short time interval, but which was naused by a malfunctioning device. For example,

one could think of an interlock trip caused byansiient state in which not all components are in an
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“OK” status. It could also occur due to a shortureence of a too high beam current, which might

happen when the intensity (signal) is noisy.

In order to recognize the cause of an interlogk @iclear indication of the signals and an error
logging with time stamps of the underlying procasd relevant events are essential tools for the
diagnosis and repair of problems. Figure 8.2 shine$SI user interface in the control room as an

example.
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Safety switch box: interlock “OR” to cyclotron beam on/off actuators
lon source RF not reduced RF full power
ingoing Input Emergencyknob Input Emergencyknob i Input Emergencyknob
interlock Input from RPS Input from RPS Input from RPS ,
idnhal Input from PSA Input from PSA Input from PSA ,
signais inputfromPasS | [l inputfromPass | [Blinputfrom Pass |
| Input from I=Limit I
Input from sparc detec
: Ack zu Notaus ] Ack zu Notaus Ack. zu Notaus
outputs: Ack zu RPS | | Ack.zu RPS Ack.zu RPS
Ack zu PSA | | Ack.zuPSA Ack zu PSA
: Ack zu PaS52 ] Ack. zu | > Limit Ack zu Pass2
| | Ack.2u Def. Sparc
B Enabie device | [ Enable device | B Enable device ||

Beam stoppers in beam line to
Gantry-1 Gantry-2 OPTIS2

BME1 Control
%

BMB1 Control BMC1 Contrel

Device geschiossen §Stat
FPS Bew O Minput RPS interl.
; nput PaSs interl.

RPS Bew. OK

5624

5625

5626 Figure 8.2.The user interface of PSI's control system showiragstatus of beam-intercepting actuators
5627 in the cyclotron (controlledia a Safety Switch Box) and area-specific beam stepfMx1.” (“Offen”
5628 means “open”; “geschlossen” means “closed.”) (Gasyrtof PSI)

5629

336



5630

5631

5632

5633

5634

5635

5636

5637

5638

5639

5640

5641

5642

5643

5644

5645

5646

5647

5648

5649

5650

5651

5652

5653

5654

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

The programs displaying the interlock status arubhbges (“bridges”) must be capable of giving
easy and quick access to such data. Data from disseés that cannot be displayed on the main sgree
or more detailed information on the status of dpebeam-line sections or devices, can be found by
clicking on the components of interest or on aitketeeld in the main screen. Depending on theufal
scenario, the continuation of the therapy has ttoli®@dden or disabled and a comprehensive evaloati
of the machine status and the dose already detiverthe patient must be carried out. An easily

interpreted interlock analysis program to inforra {therapy) operator can save a lot of time.

After resetting an interlock, the beam should reabtomatically switched on again. For safety

reasons, a dedicated manual action should be eshtarswitch the beam on again.

8.1.5 Quality Assurance

Although rigorous tests of interlock systems muwestlbne in theory, in practice it is impossible to
test all conceivable situations (control systemfigomations). However, a set of tests can be done t
verify that the entire system is working propeffgr this purpose one can design tests during the
commissioning of the system (which could be pathefacceptance tests) as well as tests during the
operational phase of the facility. The combinadisuch tests should then exclude (or reveal)radire
that one could think of. When a commercial thersystem is obtained, the possibilities for end user

testing are limited; however, a vendor should He &bstate what type of tests have been done.

During the commissioning of any proton or ion thpgréacility, certified or not, several quality
assurance tests can be done by generating specificonditions. Sometimes the system needs to be
“fooled” in order to reach a faulty state for tlestt Some possible testing scenarios include @esud

increase of beam current; detuning of magnetsngdtie energy degrader or collimator in the wrong
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5655 position; placing a radioactive source in fronaalosimeter; pressing emergency buttons; or bypgssi
5656 the limit switches on mechanical beam stoppers.eSointhese tests are also incorporated in a quality
5657 control program of periodic tests.

5658

5659 All modifications or substantial repairs of theridy@y equipment or control systems need to be
5660 documented and followed by an “end-to-end teststdbed in the quality control program of the

5661 facility. Similar to standard radiation therapy armpartial simulation of a treatment, a dose distion is
5662 delivered to a phantom in a treatment room. Measeants are made of the dose and proton range within

5663 the phantom, and specified functions of the Patsaféty System are tested.

5664

5665 8.2 Methods of Turning off the Beam

5666

5667 In a particle accelerator and beam transport sytene are many mechanisms for turning the

5668 beam off. The action of each actuator (method wicé¢ has its own specific reaction time, varyingn
5669 a few microseconds to fractions of a second. Atgotime and effort to switch the beam on again
5670 depends on the actuator. In case of severe riskr(dmed by a risk analysis; see Sec. 8.1.3), séver
5671 actuators must switch the beam off at the same (tietindancy). In case of low risk or routine stitc
5672 off, only one actuator will work, but if the bearae$ not stop in time, the action of more actuatolts
5673 follow. When a cyclotron is used as the acceleratoe might consider keeping the beam on, but only
5674 allow the beam to be transported to a certain ei¢imehe beam lineg.g, by using an inserted

5675 mechanical beam stopper. In case of a synchratr@might decide to stop the slow extraction and
5676 store the beam in the synchrotron. In this casegalitional fast kicker magnet in the beam linéh
5677 treatment areas can be used to suppress protdritetilaout” of the synchrotron. For cyclotrons,eon
5678 should limit the duration of this type of interrigt to avoid unnecessary accumulation of radiodgtiv

5679 in and around the beam stopper. In case of a sgtrony one might completely decelerate the beam in
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the synchrotron and, in some cases, dump the l@rggrbeam on a beam dump when the waiting time

would be so long that beam losses would starttivade the machine.

Most of the beam interrupting components can recaitbeam off” command from different
systems. At PSI these systems are the machineotegstem (see Sec. 8.3) and the safety systems PSS

RPS and PaSsS.

Beam interrupting components implemented at P8ledsas those used in commercial facilities
are devices typical for cyclotron/synchrotron laiories. When using external ion sourceg,(ECR
electron cyclotron resonance ion source) in iomapye facilities, or staged accelerator systeeng,(an
injector followed by a synchrotron), beam interfaptcan be done with similar methods. With a
synchrotron, however, one should realize that gernmption in the injection line or at the ion sceiis
decoupled from the beam to the treatment roomhithgection an overview of components that turn off
the beam will be given. This is followed by a dission of their use and the implications for theetiamd

actions that are needed after an interruption tahgeebeam back in the treatment room again.

8.2.1 Beam Interrupting Components

When a synchrotron is used, there are differenbogtto stop the beam before it enters the beam
transport system. One could stop the radio frequéRE) kicker that performs the slow extraction
process, and thus reduce the extracted intensity.dOuld also use a fast kicker magnet in thetong
dump the stored particles on a beam dump. Thiveatone immediately in case of a severe emergency,
or after deceleration to reduce the amount of etivity in the beam dump. The method (or methods)
used depends on the type of synchrotron and thefaanrer. In addition, one can shut off the ion

source. In general, more than one of these actiande used to achieve safety redundancy.
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In a cyclotron facility, the devices that can ttine beam off include fast and normal mechanical
beam stoppers, and fast deflection magnets ibehen line. In addition, one can switch off the RF
acceleration voltage of the cyclotron or the ioarse arc current, or use a fast electrostatic digftan
the center of the cyclotron. Below, some detailthefbeam interrupting devices used at PSI aredlias

examples, starting from the center of the cyclatron

As in all proton cyclotrons, the ion source is lkechat the center of the cyclotron and at PSl it is
of the “cold cathode” type (Forringet al, 2001). The performance of such a source is comigexl
when it undergoes a fast switch-off (within < 1 jniMoreover, because the beam intensity decay is
slow when the source is switched off, taking seMeaations of a second, the source should only be
switched off in severe cases. In general, somabiigy after switching on again might be expecdied

any type of ion source.

The next beam interruption device is a set of parplates, mounted near the center of the
cyclotron. Between these plates an electric fielthe vertical direction can be generated. Thisl fie
deflects the protons, which still have low enerigythe vertical direction, so that they are stoppea
collimator that limits the vertical aperture. Thisry fast (4Qus) system stops the protons before they are

accelerated to energies at which they can procadieactivity.

The RF of the cyclotron offers two options to sWwitbe beam off: a reduced power mode (in
which a fraction of the nominal RF-power is app)ieat switching the RF completely off. The reduced
mode also prevents the beam from being accelerékesimode is used for non-severe reasons to switch

off the beam, thus allowing a fast return of tharbeThe reaction time is less thanp &0
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5730 After extraction from the cyclotron, the first beamtercepting device is a fast kicker magnet,
5731 AMAKI. When the current in this magnet is switche it deflects the beam within $3& onto a beam
5732 dump next to the beam axis. This kicker magndtesmain “beam on-off switch” used during therapy. |
5733 plays an essential role in the spot-scanning teglenused at PSI. The magnet is equipped with an

5734 independent magnet current verification device ek & with magnetic field switches to measure

5735 whether the magnet has reacted within an appreptirae.

5736

5737 The mechanical beam stopper, BMAL (reaction tiniesy, is located downstream of AMAKI.
5738 This stopper is only opened when beam is alloweddtream. When closed, the cyclotron can be

5739 ramped up and the extracted beam can be measutquepared independently of the status of the other

5740 beam lines or treatment rooms (see Fig. 8.3).
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5741
5742

Fast kicker magnet “AMAKI" : "

beam on/off BMA1 beam stopper

Q Q% Q
Steerer Beamstopper
BEME1

5743
5744

5745 Figure 8.3The first beam line section with a fast kicker maiggerving as main beam “on/off” switch.
5746 (Courtesy of PSI)

5747
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A mechanical stopper, BMx1, is located at the sihgach beam line section specific for a
treatment room (“X” indicates beam line/treatmedm B, C, D or E). This stopper must be closed in
order to allow persons to enter a treatment roonty Gne of the BMx1s can be open at a time to preve

the beam from entering the wrong room due to a raigilure.

In the beam line leading to each treatment rooradaitional fast mechanical stopper, BMx2
(reaction time < 60 ms), is inserted for longerrhaaterruptions and when a PaSS interlock trip ogcu
The beam stoppers are also used to stop the beaonnral operation and to measure the beam current.
Furthermore, a moveable neutron stopper (a bloctonj is mounted just upstream of the hole in the
wall through which the beam line enters the treatrn@om. The neutron stoppers are not allowed to be
struck directly by the proton beam and can theeefmly be inserted when the preceding BMx1 stopper

is closed. Otherwise an interlock trip will be geated.

8.2.2 Use of the Different Beam Interrupting Components

When the beam is stopped for normal operatiororeaghe appropriate actuator is selected to
minimize the activation and radiation load as vaslto minimize the time to get back to stable dpmra
For beam interruptions up to a few minutes, the Keker magnet AMAKI is used. For longer
interruptions, the goal is to stop the beam atposton energy in the cyclotron with the vertical

deflector.

In case of a detected error state, the beam islsedtoff by one of the safety systems. Table 8.1
lists the various beam-intercepting actuators ahdnithey are used by the three safety systems. The
major factor that determines which device is taubed is the reaction time. The combination of ieact

time and dose rate determines the extra dose estbivthe patient when the beam is shut down during
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treatment due to an error condition. The goal efRatient Safety System is to limit the extra dose
such cases. This goal is discussed more spegyficeBec. 8.5.1, where two types of errors are
described. The first is an extra dose due to ar erthe dose application, but dealt with by, for
example, the dual monitor system. The extra undedrdose must be lower than 10 % of the fraction
dose (IEC, 1998). At PSI, we aim for less than af%e fraction dose,e., typically 4 cGy for Gantry-
1. The second dose error is more serious anduiatisr the “radiation incident” category. In caseof
radiation incident, the goal of the Patient Safgygtem is to prevent an unintended extra doserlarge

than 3 Gy (see Sec. 8.1.2 and 8.5.1).
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Table 8.1. Beam-Intercepting Actuators and theie Lh PSS, PaSS, and RPS. (Courtesy of PSI)

Beam turn-off

Personnel Safet

Patient Safety Syste

Run Permit Systen

method used System PaSS RPS
PSS
kicker magn.AMAKI ALOKP" ILK ¢ from beam
line
Fast stopper BMx2 ALOK
RF cyclotron “reduced” ATOT® ILK from beam line
RF cyclotron “off” alarm ETOT: Emergency [ILK from cyclotror
off
lon source off alarm ETOT: EmergencylLK from cyclotror

off

Beam stopper BMA1

ATOT

ILK from beam lin¢

Beam stopper BMx1

when alarm in x
otherwist
status check on

ATOT

Neutron stopper X

when alarmn X,
otherwist
status check on

when BMx1 close

& The first column indicates which of the Beam-afftshes is used when one of the three safety

systems (PSS, PaSS and RPS) generates a sigedihistolumn 2, 3 and 4 respectively.

P“ALOK” indicates a local PaSS alarm, caused fesice within a treatment room.

¢ A more serious alarm, “ATOT” indicates a globkren from the PaSS, which requires general beam

off.

4 “ILK” means “interlock signal,” and “x” represent given beam line toward a specific treatmentnroo

(B,C,D,etc).
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Table 8.2 shows the list of switching devices witl response times of the actuators and the
approximate response time of the beam detectorpragssing electronics. The calculated extra dose
deposition includes the complete system respons iVith the regular beam setting for Gantry-1,
which has 100 nA extracted from the cyclotron,dbse rate of the pencil beam in the Bragg peak &
volume of < 1 cr) is approximately 6 Gy/s. When the Patient SaS3tstem detects an errexg, the
beam has not been switched off on time, it willtsvioff the RF. The extra dose is then 0.09 cGyclwh

is far below the maximum error of 4 cGy.
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5799 Table 8.2. Response times for beam interruptiothbydifferent beam stop methods and estimated extr

5800 dose deposition at Gantry 1 at PSI for two casés aifferent extracted beam intensities' IfCourtesy

5801 of PSI)

Device Response time Dose Dose
Device, with 6 Gy/s with max. intensity
sensor &electronics (Ip=100 nA) (Ip=1000 nA)

nominal case worst case

Kicker magn. AMAKI | 50 us
100pis 0.09 cGy 0.9 cGy

RF cyclotron “off” 50us

RF cyclotron “reduced’| 100us 0.09 cGy 0.9 cGy

lon source 20 ms
10045 12 cGy 120 cGy

Fast Beam stop. BMEZ 60 ms
100ps 36 cGy 360 cGy

Beam stopper BME1 <ls <6 Gy <60 Gy

Beam stopper BMA1 <ls <6 Gy <60 Gy

5802

5803 2 Note that the maximum possible current extractethfthe cyclotron in normal operation conditions is
5804 only a factor 10 larger than the normal currenfrduGantry-1 operation.

5805
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When using a cyclotron, an unintended increaskebeam intensity can occur. In a synchrotron
this might also happen due to extraction instaégdjthowever, the number of protons is limitednose
stored in the ring. In a cyclotron an unintendeztease of the beam intensity might happen dueto, f
example, a sudden crack in the aperture of theaenince. To limit the beam intensity, fixed collires
in the central region of the cyclotron are providédese are designed such that they intercept ofiost
the unwanted additional intensity because protoiggnating from such an event are not well-focused.
When the intensity becomes higher than allowed (thiit depends on the application; for eye
treatments at PSI, it is a few times higher thartriatments at the gantry), it will be detectedhry
permanently installed beam-intensity monitors atekit of the cyclotron. These monitors will caase
alarm signal and the two fast-switching devices @l and RF) will stop the beam. Even though there
will be a time delay in the signaling and the opieraof the devices, the extra dose will stay be®®y,
as specified in Sec. 8.1.2 and 8.5.1. To prevene#tremely unlikely event that these fast and mddat
systems fail, mechanical beam stoppers are alsot@tsinto the beam line to stop the beam. Dubédw t
longer reaction time a higher excess dose willisergto the patient, but only in case both fastays

fail (see Table 8.2).

8.3 Control Systems, Mastership, and Facility Mode

The operation of the accelerator and beam liaag Getting the current of a power supply,
inserting a beam monitor, measuring the beam iit{gns done by means of a control system. The
safety systems must work independently of the cbsyrstem. The only interactions between the safety
systems and the control system are receiving amdirsg status information. Because the conceptef th
control system architecture is related to the gaatsthe design of the safety systems, some eakenti
aspects are discussed in this section. Questimisas who is in control in case of having multiple

treatment rooms (mastership), who can do what (madtcess control) and when (facility mode), and
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5831 how is a separation of (safety) systems guarantesst] to be considered in any design. In this@ecti
5832 these aspects will be elucidated by discussingdhneepts used at PSI.

5833

5834 8.3.1 Control Concept

5835

5836 At PSI, a rigorous separation has been achieveddeetthe responsibilities of cyclotron and
5837 beam transport lines and those related to thenesgtequipment. This decouples the tasks and

5838 responsibilities of the machine as a beam deliggsgem and a user who decides whether the beam is
5839 accepted or not for a treatment.

5840

5841 This separation is reflected in the control systeohitecture (see Fig. 8.4). A Machine Control
5842 System (MCS) controls the accelerator and bears &né it only controls the machine performance
5843 itself. Each treatment area has its own TherapyrGb8ystem (TCS). Each TCS communicates with the
5844 MCSvia a Beam Allocator (BAL), a software package thaings the TCS of the requesting area

5845 exclusive access (the Master status) to the canebpg beam line up to the accelerator. Also, aings
5846 the Master TCS a selected set of actions. Thisided control of the degrader, beam line magnets and
5847 kicker, and the right to give beam on/off commandse Master TCS will ask the MG#a the BAL to
5848 set the beam line according a predefined settgtglhdependently of the MCS, the Master TCS will

5849 start, verify, use, and stop the beam.
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Beam allocator

/ *handles control requests
+assigns topology %

- 1CS
Machine CS | «grants MASTER status N
MASTER
Cyclotron | Beam lines Therapy CS:
-Th. Delivery
-Th. Verification

Machine:
Cyclo., Beam lines,
incl gantry

eMeasurements
e Switch Beam on/off

Figure 8.4 Concept of the different control systems. Only ofithe Therapy Control Systems (TCS,
right side) has mastership over the facility ana sat beam line componenig the Beam Allocator

(BAL). Necessary measurements and beam on/offne doectly by the Master TCS. (Courtesy of PSI)
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8.3.2 Separation of Systems

The separation of the safety systems as well asahteol systems extends to the cabling of the
hardware, and if possible to the hardware itselj.(ion chambers). Each system has its own signal
cables and limit switches. As can be seen in Fi§sethe closed (“in”) position of a mechanicahbe

blocker is equipped with three limit switches, doeeach safety system.
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Figure 8.5. Partial view of a mechanical actuafa stopper. Each safety system (for machine,

personnel, and patients) has its own signal, riegul three limit switches on this stopper. (Cegst of

PSI)
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8.3.3 Facility Modes

In order to organize when certain operator actamesallowed, three different facility modes have
been defined. The Therapy Mode is used for patreatment. The Diagnostic Mode is used for tuning a
beam line which is allocated to an area with Mastatus. Normally no patient treatment is allowed.
However, in case of a minor problemd, bridging a RPS interlock signal due to a probleith a
vacuum pump), this mode can be used to finishartrent. Special rules apply in this case (see Sec.
8.6.1). The facility can only be in Therapy ModeDsagnostic Mode when requested by the control
system of a treatment room. The Machine Mode id fsethe daily setup of the machine and allows
beam tests to be made with the accelerator anenttigyy degrader. In Machine Mode, the facility safe
system is set to a virtual user area “acceleratp&ning of all the beam stoppers BMx1 is disalled

beam cannot be directed to the user areas.

Only the operator of the treatment area that héasimmdd mastership is able to set the facility
mode to Therapy Mode or Diagnostic Mode and usédan. Switching from an area which is in
Diagnostic Mode to an area in Therapy Mode requarpsocedure which first forces the beam line and

current setting into a safe state.

8.3.4 Treatment Procedure and Typical Operator Actions

The way a facility is operated is strongly site elegent. At PSI there is an operator crew in a
main control room (24hrs/day, 7 days/week) andetlaee local radiation therapists (or therapy opesat
at every treatment room. The task of the operattineé main control room is to prepare and check the
accelerator and beam lines early in the morningtarstiore specific machine parameters for several

standard beam intensities for the day. When thetbatees have been completed, the mastership is
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handed over to the first treatment area, where Reks are to be performed. This QA comprises the

set-up and check of the scanning parameters, ddiseny, and interlock system.

During the day, until the last patient has beeaté®, the radiation therapists are responsible for
setting the machine and safety systems in the ni@dellows patient treatment or switching of
treatment areas. Changing facility mode is daae well defined procedure that validates the intggr

of the system.

When a particular room is ready to receive beanafpatient treatment, the radiation therapist in
that treatment room requests mastership from tleerB&llocator application (BAL; see Sec. 8.3.1) to
be able to start therapy operation. Mastershipastgd when not possessed by another treatment room
For efficient use of the beam time, the radiatioerapist of each treatment room needs to be infdwhe
the status and progress of the treatments in tiexr cboms. Although not yet implemented at PSI, one
could imagine a screen showing the expected tifbehel mastership is released by the current Mast
treatment room. In most commercial systems, thérabsystem has an application which provides
information about the treatment status and pafientin each treatment room and proposes or atbes

next treatment room in the queue to get mastership.

When mastership has been obtained and the patiezaidy for treatment, the radiation therapist
selects the steering file and presses the “GObhufthis starts the computer program on the Therapy
Control System (TCS) that executes the treatmdrg. TICS executes the sequence of commands listed
in the steering file for this treatment that waseyated by the treatment planning system. This file
contains all necessary parameters and the app®prider of actions to perform the treatment. After
treatment has reached a normal end, the kicker en#@dviAKI deflects the beam automatically to stop

the beam and, in addition, beam stopper BMx2 isrtesl automatically. When mastership is released
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(treatment is completed) or the room is to be edtdry the therapist, beam stoppers BMAL1 and BMx1

are also inserted as well as the neutron stopper.

In case of an interlock trip during treatment, tadiation therapist who has mastership
determines the cause by checking the displaysedintierlock system and the error log. When the
problem is transient or can be solved, the sysseraset by the radiation therapist and the spoirscg
continues where it had stopped. If the treatmenhgtbe resumed within a few minutes (depending on
the patient), the partial treatment is logged amcldhented and the patient is taken from the gdattlye
preparation room. On the other hand, when an otkrbccurs, the mastership can be given to the main
control room so that the problem can be solved machine operator. When the problem has been
solved, the patient will be brought back to thetgaand repositioned. After getting back the masta,
the procedure for restarting an interrupted treatrieeperformed and then the treatment will corgiati
the spot number (and its corresponding positiorgre/the treatment had stopped. The TCS always

keeps track of the spot number and the monitoswapplied using a power fail safe procedure.

8.3.5 Hardware

In the sections dealing with the respective saggstems, details of the hardware are given. In
general, one should try to use well-proven comptsand systems. Aspects to consider when selecting
hardware are: robustness; fail-safe design; whiantstent states are possible; what if the device is
switched off or cables not connected; robustnedssggnaling of overflow or signal saturation; time
response (speed as well as reproducibility); ptesSH_ level; and certification by manufacturer.
Programmable Logic Controllers (PLCs) can be usedser interface applications and general control
functions. In general, however, PLCs are not altbteebe used in safety systems. Therefore, some

companies have developed dedicated and certifietydaL.Cs. To reach the required level of safety,
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special concept®(g, redundancy) have been integrated into the PL{gde®ne part of these concepts

IS a rigorous test program that is to be perforaféer any small change in a program of the PLC.

When speed or a reproducible time response issae 6.9, in switch-off systems) advanced

logic components and/or Digital Signal ProcessDiSHs) are preferred.

8.4 Personnel Safety System

A Personnel Safety System (PSS) needs to be rabpstévent irradiation of staff or other
persons; however, it needs a certain flexibilitgtsure reliable beam operation and both fast asg e
access to areas where patients are treated. @aaisiel experience exists with such systems in
accelerator laboratories and radiation therapy diey@ats, although there are different constramts i
these applications. In a proton or ion therapylitgcthe philosophies of an accelerator laboratang a
radiation therapy department must be combined.P3f@ used at PSI is based on the philosophy of an
accelerator laboratory, but for the applicatiothie treatment rooms it has implemented an extension
dedicated to patient treatment. The acceleratar#bry type of system that is normally install¢dhe
PSI accelerator complex is applied to the accessamf the room for experimental measurements and
to the cyclotron/beam-line vaults. Access to treeas is controlled/ia PSS) by the operators in the
permanently manned control room for all accelesm#dPSI. The necessary communication with these
operators when entering these areas is usuallyaeghdifferently in a hospital-based facility. @re
other hand, the system used for the therapy roofSlais not much different from the system used in

hospital-based proton or ion therapy facility.

8.4.1 Purpose
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The purpose of a PSS is to prevent people fromhreg@reas where beam can be delivered,
which can eventually result in an accidental expeslue to particle or photon irradiation. Specificea
PSS has to ensure that no beam can be transfatoegin area accessible to personnel. On the other
hand, personnel access has to be inhibited if lggemation is possible in that area. Furthermor&§ PS
signals can be used to monitor radiation levelcicessible controlled areas for which the beam is
blocked. The radiation dose in an accessible @alal be too high due to uncontrolled beam losses |
neighboring area. A PSS must generate an intettgriwhen an event occurs., a limit switch opens)
or when a critical situation develops that doesaooicur with the actual PSS access conditioasan

excessive dose rate in an accessible controlled are

The designation of different areas according tar tlagliological risk and the associated

accessibility concepts are applied in different waglifferent countries. For example, areas can be

” ” o ”

designated as “forbidden,” “locked,” “controlledsurveyed,” “public,” “staff only,”’etc Sometimes

one uses indications of radioactivity levels (“feégellow,” “green”), or lamps indicating “beam oror
“beam off.” These assignments should be assocwitbdca risk evaluation that determines the area
classification and the access rules. Apart frongibe to protect persons, it is also of utmost irgace

that the access rules are easy to understand anthmaWhen access is “forbidden,” it should net b

possible to enter accidentally.

In most countries, areas with an enhanced radicdbgisk must be designated as “controlled
areas” or the equivalent. For such areas, acceB&ti®ns must exist as prescribed by local ruldee
most common requirement is the wearing of individlase meters applicable to the potential type of
radiation occurringi(e., neutron radiation oy radiation) in order to detect the radiation expesaf
people. Frequently, a level classification is asstto the controlled areas. This level classicais

related to the level of contamination risk (leadiogn adapted dress code), possible dose rate
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(potentially resulting in restricted occupation éimor possible presence of the proton beam. The
accessibility depends on the area type (level)stattis of the PSS, and can be designated “free” or

“limited” access areas for authorized personnel.

8.4.2 Modes of Operation

At PSI the access status of an area is set by3BeaRd is displayed at a panel near the entrance

of the area (see Sec. 8.4.5.1).

It can have the following modes:
« *“free”: doors can be open.
» “limited”: the door is unlocked remotely by the ¢ayl room operator and each person
must take a key from the key bank at the door.
* “locked”: the door is locked. It is possible thiaete is beam present in the area or that the
dose rate in the area is above a specified limit.

« ‘“alarm”: Beam is switched off and the door of theaais released.

Treatment rooms can only be “free” or “locked.” Wihte area has the status “locked,” either a

door is locked or a light barrier will detect a g&mn entering the room and initiate an alarm; sémnbe

When a treatment room “x” is accessible, one maostee that no beam can be sent into the
room. This is guaranteed by inserting the beampgioBMx1 and a neutron stopper just upstream of the
hole in the wall where the beam line enters thismoWhen the accessible area is a beam-line vault o

the cyclotron vault, the cyclotron RF as well as ittn source must be switched off.
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Table 8.3 summarizes the different conditions acttbns related to the PSS access control. In
order to switch the mode of an area from “free"liimited” or “locked,” a search for persons in theom
is mandatory. The search is made by the last péesmng the area, who must push several buttons at
different locations in the area, to ensure the detasearch has been made. Also, an audio sigmakwa
people to leave the area (except in treatment rhdMsen a person wants to enter the cyclotron/beam-
line vaults or the experimental vault again, ttda be done in “limited” access mode. In this madeh
person entering the area must take a key fromeflidokink near the door. In order to switch the acces
mode of an area from “limited” to “locked,” no selris needed, but all keys must be in the key laink
the entrance door of the area before that vaulitsis can be switched back to “locked.” Only wham t
area is “locked” can BMx1 and its neutron stopper be removed from the beam line, or the cyclotron

RF and ion source can be switched on again.
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Table 8.3 Status and actions of beam intercepting comporientsea access.

Reason for beam off by
Personnel Safety System

Beam interrupting components

Other constraints

Neutron
lon stopper
RF source  BMx1 x
allowed access to user area x must bemust beArea dose monitor
in in being checked
(prevents access or
evokes alarm signal
when dose rate too
high)
allowed access in must be |must be Lead shield must be
cyclotron/beam-line vault, |off off at degrader
when the area is (limited)
accessible Area dose monitor
being checked
(prevents access or
evokes alarm signal
when dose rate too
high)
Emergency off request/ |Switch [Switch
Alarm signal in off off
cyclotron/beam-line vault
e.g:
-emergency button
pressed
-failure in safety relevant
element
-local dose monitor aboye
limit
Emergency off request/ |Switch [Switch |insert |insert
Alarm signal in user area off off
e.g:
-emergency button
pressed
-failure in safety relevant
element
-local dose monitor aboye
limit
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The entry of all vaults and rooms is through aen@zpolyethylene door is mounted at the exit
of the mazes to the patient treatment rooms.Hbisclosed during patient treatment in order tovalfast
access to a patient by the therapist. In the naalight barrier that detects a person who entexs th
corridor is used in Therapy Mode. The light barmt trigger an alarm that stops the RF and the io
source, and inserts BMx1 and corresponding newtt@pper x. The polyethylene door must be closed

for non-therapy operation in a treatment ro@ng{( QA, calibrationsetc).

At PSI, the access status of the cyclotron vandtexperimental room can only be changed
remotely by an operator in the control room. Tleatiment rooms, however, have a local control panel

near the door by which the medical staff can setittess status themselves (“free” or “locked”).

Emergency-off buttons are mounted in each arearaedch vault to initiate an alarm by a person
who is still in the room. This alarm switches thie &d ion source off, inserts BMx1, and unlocks the

area entrance doors.

8.4.3 Rules of Beam Turn-Off

Because the PSS basically only gives permissidoartothe RF and ion source on after checking

if all conditions are met, it is, in effect, passiwith respect to beam control. During beam opemaif

one of the conditions is not met anymore, permissidl be removed and the beam (RF and ion source)

turned off. It is important that the beam doesawdbmatically switch on after it has been switcb#d

due to an interlock trip and reset again. Beam ralwgys be turned on deliberately by the operator.

8.4.4 Functional Implementation
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The PSS system runs on a dedicated safety PLGstbettified for safety functions. It is
constructed of fail-safe components and is comlylseparated from other systems. This system bas it
own dedicated actuator supervision sensaxg, (imit switches or end switches) to register ttediss of
connected actuators such as beam stoppers. Whé&sheauses an interlock trip, beam and neutron
stoppers will “fall” into their closed position. ARSI, the motion of mechanical stoppers is cordcohly
compressed air in addition to gravity (fail-sal@)the event of such a trip, several devices (meicha

stoppers but also RF) will act at the same timatercept the beam.

A separate PSS input is present in the control dotehe RF and ion source. A fail-safe signal

must be present to allow “RF on” or “ion source”dha cable is disconnected the signal is absent.

8.4.5 Components

The PSS is only one part of a system ensuring peed@afety. Several devices, with different

functions, are connected to this system; someavhtwill be discussed here.

8.4.5.1 Area Access Control The implementation of access control in a hosyigesled proton
or ion therapy facility can be organized quite $amty to a conventional radiation therapy facilifyhe
way it is implemented might also depend on theadist and visual contact situation between the abntr

desk of the radiation therapist and the door tdr@ment room.

At PSI, dedicated cabinets for area access coateahstalled near the entrance door of each area
(Fig. 8.6). The cabinets at the therapy areasqugped with touch panels that guide the user tjinau
menu of required sequential actions to allow acoess allow beam into the area. The panels and key

banks at the beam-line vault are installed nest dedicated PSS door. The access status is visililee
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panel and a direct intercom connection to the cbmttom is used if one wants to change the access

status or enter the vault in “limited” access mo&ePSI, no “beam on” type of signal is displayedhee

door. The access status only forbids or permitsnbeahe area, but whether beam is actually setiteo

area is up to the user.
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Access status

s = : |
Intercom to . Light curtain
cantrol room

=
r'“

PSS-door to Touch panel with
.cyclotron vault _ access menu
‘ A [ Entrance of maze
to treatment area

o

dose rate

inside vault A Polyeth. door used
' s at experiments

6085
6086

6087 Figure 8.6. Personnel Safety System units at \witbince and treatment room entrance (Courtesy of

6088 PSI)
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For radiation shielding purposes, the cyclotronltvaas an additional concrete door at the maze
entrance from the vault. Inside the vaults, warriglgts and audio signals provide warning befoee th
access mode is changed to “locked.” In order tegmepatient confusion, this is not done inside the
patient treatment rooms at PSI. However, local legmns might impose that beam on/off warning Igyht

must also be installed or used in the treatmennso

8.4.5.2 Detectors Monitors are mounted in the vaults, controlled ay@ad patient treatment
rooms to protect personnel against radiation. Mension for proton or ion therapy is that monitors
must be installed for gamma rays as well as fotroes (see Chapter 4). They must trigger an alaan t
leads to an interlock trip when the area is inéfrer in “limited” access mode and a dose rate alsv
preset threshold is detected. At the exits of flabotron/beam-line vault and the experimental akea

PSI, hand/foot monitors are installed. These ateownected to the interlocks.

8.5 Patient Safety System

The purpose of the Patient Safety System (PaS8)gsarantee a safe treatment of the patient.
This has led to the rigorous separation of thetfonality and safety systems, and it enabled P 8Litul
a dedicated patient safety system that can be stoder by all users and is well documented. Thegdesi
of the PSI system is based on general safety ctswaep safety functions, which can in principle be
applied in any particle therapy system. In thigise¢ the concepts of the system will be discugsst]
followed by a more detailed description of the comgnts with the purpose of illustrating how the
concepts can be realized in practice. As a consegu@ simplified description is given, which isrxy
means complete. Finally, the PSI-specific situatigth respect to spot scanning will be addressed,
followed by the rules applied by the Patient Safgfgtem to turn the beam off, and some remarks on

quality assurance.
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8.5.1 Purpose

The task of any Patient Safety System (PaSS)dsrply with established requirements in order

to reach the essential safety goals for patierteption. These goals can be formulated as such:

Goal 1: No serious radiation accidents can occur.
The most serious accident is the delivery of amtemded high dose to the patient. The first and
most important safety aim is to prevent an uninéera additional dose delivery greater than 3 Gy
(5 % of the total treatment dose) in case of aserradiation accident. This is in correspondence
with the claim to prevent all Class | hazards @tyA and B, following the classification for
accidental exposures published in ICRP Publicai®12000). The main concerns here are the

monitoring and beam switch-off systems.

Goal 2: To apply the correct and known radiatiarsd.
Any error in the total treatment dose delivered adwersely increase the probability of an
unacceptable treatment outcome (lack of tumor obotrincreased complications). Therefore, the
second safety goal is to prevent the occurrensaidi errors during therapg.g, by using a
redundant dose monitoring system in the nozzla@beam delivery system, and to limit the
unintended extra dose due to such errors (IEC,)1998s extra unintended dose must be lower
than 10 % of the fraction dose (IEC, 1998). At Rfd,aim for less than 2 % of the fraction dose,

i.e, 4 cGy for Gantry 1.

Goal 3: To apply the dose to the correct positiothie patient.
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6138 The main concerns here are the control of the iposithecked by means of a position sensitive
6139 ionization chamber in the nozzle of the beam de}iwystem) and energy of the beam (checked by
6140 means of a dedicated position signal from the dbgrand dedicated reading of bending magnet
6141 settings), and the position of the patient (by p&d scout views, X rays, cameras).

6142

6143 Goal 4: Applied dose and dose position must be kretvall times.

6144 If the irradiation is interrupted at any time, these already given and the beam position of the las
6145 irradiated spot must be known.
6146

6147 8.5.2 Functional Requirements

6148

6149 The amount of the dose and the position of applexe are monitored by the therapy control and
6150 therapy monitoring systems (see Sec. 8.5.4.4) nidjer requirement of the Patient Safety Systero is t
6151 cause an interlock trip when the tolerance lirmtshis monitoring system or in other devices that

6152 monitor the status of crucial beam line and acesbercomponents are exceeded. In general, this is
6153 analogy with the usual practice in radiation thgrgrecord and verify all the parameters beingluse
6154 during the treatment and interrupting treatmerdase of lack of agreement between planned and real
6155 values. This could be doneg, by using commercially available “Record and Wergystems. Due to
6156 the high degree of complexity of a proton or ioardpy system, the number of available parameters is
6157 too large to deal with for this purpose. Furtherey@nany parameters have no relevance for the saffety
6158 the patient. Therefore, in every proton or ion déipgrfacility, a selection of the relevant parametar
6159 components must be made. The most important compeoseelected for this purpose at PSI are

6160 described in 8.5.4.4. Further, to avoid severeatazh accidents and to switch off the beam withhig
6161 reliability after each interlock trip, a redundagystem is needed with multiple independent systems

6162 switch the beam off.
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In a system with multiple treatment areas, a sepatient treatment in a pre-selected area must
be guaranteed, and interferences from other pattedreatment facility are not allowed. It is aliy
required to be able to sequentially treat patientifferent areas with a switching time of lesarttone

minute.

An important specification is the independencéheftreatment delivery and patient safety
system from the rest of the facility, including t@ntrol systems. Signals from beam-line devicas th
are crucial for safe operation are directly sertheoPaSS and the PaSS also has direct accessdizge
components to switch off the beam. It has no otbetrol functionality than switching off the beaor (

preventing the switching on of the beam) througséhdevices when an anomaly has been detected.

When a patient is being treated, all parametereglpatient-specific or field-specific devices,
and machine settings must be read from the steglengenerated by the treatment planning systene O
important task of a Patient Safety System is taenthat the correct devices are installed and that

parameters are set appropriately.

At PSI, the irradiation of the patient is fullytamated, which minimizes human errors. Before
the treatment starts, the TCS reads all instrustiah settings of the machine, and dose limitenftbe
steering file. The PaSS also obtains the steellmgnformation and makes an independent checkef t
settings of selected critical devices, and watchkEvant measurements. When the treatment is dtarte
the TCS starts the actions listed in the steeilegahd the PaSS verifies online if the treatmenteeds

as it should.

8.5.3 Description of System
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During a treatment the (Master) TCS sends inswuastto the machine control system (MCS; see
Sec. 8.3). In the scanning technique employed httRSbeam-line settings vary during the treatment
because the energy is also a beam-line parameteeaEh beam energy the MCS will use a predefined
setting of the beam line (a “tune”). During treahifjy& sequence of tunes is used as given in thergge
file. For every tune to be set, the TCS sendsuhe information to the MCS, which sets the degrader
and the magnetstc.accordingly. The TCS automatically verifies whettiee beam characteristics
satisfy the user’s needs by means of dedicated bégnostics at the checkpoints, and dedicatedisign
from energy-defining elements. The Patient Safgsten automatically checks the results of these
verifications (Jirousekt al, 2003). Note that all these readout systems arkeigixely used by PaSS (the

blue boxes in Figure 8.7).
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Controlled b machine
Controlled by user

Signal to user

Measurements by user

Action by user

Magnet settings

Figure 8.7.Signals to the Therapy Control System (TCS) of Gahtare indicated with arrow-boxes.

Components controlled by TCS or PaSS are in reatangoxes and the oval boxes indicate actions by

TCS or PaSS. (Courtesy of PSI)
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6205 8.5.4 Components of the Patient Safety System (PaSS)

6206

6207 The main components of the PaSS are:

6208 * Main Patient Safety Switch and Controller (MPSStCgentral system that controls and
6209 supervises a unique beam line and area allocaiionly one user or treatment room (the
6210 Master treatment room) at a time and transfera@ggers interlock signals.

6211 * Local PaSSthe local patient safety system of a treatmeonrdt monitors all the signals
6212 (interlocks, warnings, and “beam ready”) connedttethe Therapy Control System of this
6213 room and can generate and send interlock to tla¢ dow remote actuators.

6214 « Emergency ORnhodule a logic unit that generates a global emergenayrbgwitch-off
6215 signal when either one of the input signals (pemn&hardwired connections to each
6216 room) is not OK. Being an independent device,dbalcts as a redundant safety switch-
6217 off for the MPSSC.

6218 » Detectors and sensarthese devices are wired to the PaSS.

6219 * Beame-interrupting device3he actuators are activated by the local Pa3BeoMPSSC.
6220 For details, see Sec. 8.2.

6221

6222 In addition, there are modules that read out, idegitprocess, and distribute the signals observed

6223 by the PaSS. These modules perform simple taskathanplemented in the low-level software or
6224 firmware and they operate independently of the robstystem (except for being informed of the
6225 currently requested beam tune).

6226

6227 In the following subsections, the function of thaimcomponents will be described in more
6228 detail. The organization of these components aadntierlock signals are schematically displayed in
6229 Figure 8.8.
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Therapy
. .| Steering
II!III _ Switch
- MPSSC
A ' Module
Module — 7] 182
— _ocal Emergency
Emer- Emé%gﬂw : 'ng'y
PR Module ~ Module
6230 I e e

6231

6232 Figure 8.8.The connection between the Local Patient Safetye8y¢l ocal PaSS) of each area, MPSSC
6233 (Main Patient Safety Switch and Controller), Em&igeOR module, and the major beam on/off

6234 actuators. The Emergency OR can generate a redusw#oh-off signal, hard wired to the RF and ion

6235 source. (Courtesy of PSI)
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8.5.4.1 Main Patient Safety Switch and Controller (MPSSC)A topology control must be
implemented because there are multiple areasdatrmrents or experiments in the facility. Therefame
important part of the PaSS is a central systemdbatirols and supervises a unique beam line arad are
allocation to only one user or treatment room {{fa&ster treatment room) at a time. This system, the
Main Patient Safety Switch and Controller (MPSS@hitors the interlocks and status of all areas. It
controls and supervises a unique beam line andadigEzation, then sets its operation mode accorting
a defined sequence including the following stejsatile the beam stoppers in all areas, and ernfable t
beam stopper BMx1 in the Master area. The exclysofithe granting of the Master status will be
checked. It enables the Master user to switch erfb&am with the fast kicker magnet AMAKI and
monitors its interlock status. Further, it monittre operation of the beam interrupting elements an
verifies the consistency of the ready signal regdrfrom the RPS and the reservation signal from the

Master area’s TCS.

The MPSSC will generate an interlock trip when ohthe above mentioned supervising
functions indicates an error or an inconsisteng\case of a failure within the MPSSC and its beam
actuators, the MPSSC will generate a emergencylocte(ETOT). The MPSSC has been built in a

redundant configuration.

8.5.4.2 Local PaSS Each area has a local PaSS that is embedded QS of that area and that
monitors all the signals connected to that TCS(latks, warnings, and “beam ready”). It generates
monitors the pre-programmed AMAKI on/off signals the spot scanning and monitors the remaining
beam intensity in case of a local interlock (“ALOKThe local PaSS can stop the beam independently

of the MPSSC status. In that case, it uses BMxXi&aan blocker controlled solely by the local PaSS.
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8.5.4.3 Emergency OR Module The Emergency ORodule is a logic unit with permanent
hardwired input signals from each area. It gensratglobal emergency switch-off signal “ETOT” when
there is an alarm signal on one of the input sgrBlhe electronic module has no processors ancaes
simple logic “OR” function to pass the alarm sigoalto the RF and ion source. As can be seen in Fig
8.8, the system is independent of the MPSSC andstestels. The independence guarantees that the beam

can be turned off by two redundant systems, eaicly @sseparate set of beam stopping actuators.

8.5.4.4 Detectors and Safety-Relevant Signals fromakious Components The signals from

the beam line leading to an interlock trip from Bettient Safety System come from:

dedicated beam-intensity monitors (ionization charaland a measurement of the

secondary electron emission from a foil, which doetssaturate at high intensities);

» dedicated reading of the degrader position to y¢nié set beam energy;

» dedicated magnetic switch in the AMAKI kicker magrte verify the action of the
kicker;

« dedicated Hall probes in each dipole magnet tdyére set beam energy;

* beam-intensity monitors at the check points (speltations along the beam line); and

e monitors in the beam nozzle upstream of the patieich encompase.g.,the plane

parallel-plate ionization chambers “Monitor 1” aidonitor 2” in Gantry 1 (the latter of

which has a larger gap to provide diversity in semesign; see Sec. 8.5.5). “Monitor 3”

is an ionization chamber to measure dose as weleduipped with a grid to have a faster

response. In addition, multi-strip ion chambersiaed to measure the position of the

pencil beam during the delivery of each spot.
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8.5.4.5 Electronics, Hardware, and Firmware The hardware platform used in the PaSS is an
Industry Pack (IP) carrier board with a Digital Sad Processor (DSP). The logic to switch the beim o

is embedded in IP modules mounted on the carriardso

Several methods are used to enhance reliabileguRdant paths were implemented between the
subsystems to avoid single points of failure. Ferthdiagnostic coverage in the system has been
increased. At the same time, care has been takesetdiversity, such as the use of different tygfes

sensors, but also the supervision of actuatorsefisas the direct detection of the beam status.

8.5.5 Implementation of the PaSS for Dose Application andoBt Scanning

The use of the spot-scanning technique at PSlgesfie implications for the design details of
the patient safety system. In Gantry-1 of PSI,dbge is applied by discrete spot scanning. The eye
treatment in OPTIS2 is performed with a scattereghiothat is applied as a sequence of single spots
from the control system point of view. The applicatof the spot sequence is the most critical pivase
terms of patient safety. The dose is delivered seqaence of static dose deliveries (“discrete spot
scanning”). The dose of each spot is checked odlimmg the spot application. The dose delivery is
based on the signal of Monitor 1 in the treatmerzizte. For the dose verification, two other morstor

Monitor 2 and Monitor 3, are used.

The radiation beam is switched off by the fast &icknagnet AMAKI between each spot
delivery. The Monitor 2 preset value is always pamgmed with a built-in safety margin added to the
prescribed dose. If Monitor 1 fails, then the bearswitched off by the Monitor 2 preset countereTh
spot overdose resulting from this delay is estimhé&bebe at maximum 0.04 Gy, which is 2 % of the

fraction dose (PaSS Safety Goal 2). This corresptma fault situation and therefore an interlagkal
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6308 will be generated (beam switch-off with interruptiof the treatment). If no interlock signals were
6309 generated and if all the measuring systems showitteapot deposition has been carried out coyrectl
6310 the TCS sets the actuators, verifies actuatorsappties the next dose spot. The maximum dosepmér s
6311 that can be planned or given is limited by the mmaxn value that is allowed to be stored in the tegis
6312 of the preset counter.

6313

6314 A fixed upper limit for the maximum dose and dwethe of a spot is defined within the

6315 hardware. These limits are checked by watchdogs @lled backup timers) in the PaSS. These are
6316 separate electronic counters measuring the spetatasthe spot dwell time. If a defined value is

6317 exceeded (counter overflow), then an error signthbe produced automatically. Each watchdog is set
6318 back to zero at the end of the irradiation and aygdrof the spot dose. If the beam remains switare
6319 unintentionally, the watchdogs will prevent a patieverdose greater than the maximum defined spot
6320 dose.

6321

6322 8.5.6 Rules for Turning the Beam Off

6323

6324 The layout of the safety system for beam switchwoth the interconnections between local
6325 interlock modules and the shared beam switch dsvwscdrawn schematically in Fig. 8.8. Here one can
6326 see the central role of the MPSSC. It checks ttexlotk status of all areas, enables the maintaser
6327 switch the kicker AMAKI, and controls its interlositatus. It controls the commands of the Master use
6328 and the operation of specific beam-interruptingreets (reduced RF and the mechanical beam stoppers
6329 BMAI1 and BMx1).

6330
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6331 The PaSS can generate beam-off signals with diffe@nsequences and for different reasons.
6332 The signals and their causes are listed in TaldleTheir interlock level (hierarchy) and the swiatfi

6333 action are listed in Table 8.5.
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PaSS General cause Examples of specific causes
interlock
signal
ALOK error detected within the  Functional errors in a local device of TG
local therapy control system ¢ Crossing of dose or position limits
checked in the steering software.
ATOT severe error detected in the « Error in the allocated user safety systen
allocated user safety systemes AMAKI error, area reservation error
or error in the shared safety « Watchdog error in any TCS which is in
system that might lead to an TherapyMode
uncontrolled deposition of | ¢ Error in any of the beam switch-off
dose or injury of a person devices BMA1, BME1, RF red.
* Error in MPSSC boards and firmware
ETOT emergency signal generatede Emergency button pushed in any user

in any user safety system or safety system

error detected in ATOT
generation

* Beam detected and ATOT interlock
present

off, or ion source
* Error in the local supervision of
emergency status.

* Error in the beam switch-off devices, RF

379
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6337 Table 8.5. The hierarchy of the interlock sigrfeden the Patient Safety System and the componkbats t
6338  will switch off the beam.

6339

Interlock Level / Measures for Beam-Off
Beam Switch-Off Control Function
Beam Off Send current through kicker magnet
ALOK | command AMAKI

Close local beam stopper BMx2
ATOT Close beam stopper BMx1

Close beam stopper BMA1

Reduce RF power to 80%
Switch off RF power

ETOT

Switch off ion-source power supply

6340
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6341 During treatment, all relevant safety checks aréopaed for each spot. If there is any

6342 discrepancy between the prescribed and measuredsvaf dose (Monitor 1, 2) or spot position (multi-
6343 strip monitor in the nozzle of the gantry, or areegted ion chamber in the nozzle of OPTIS2), dhé
6344 case of a technical fault, the result is alwaygamediate interruption of the treatment and the

6345 generation of a local interlock trip “ALOK.”

6346

6347 The watchdogs that check fixed upper limits for itieximum dose and dwell time of a spot will
6348 automatically produce a global interlock “ATOT afdefined value is exceeded (counter overflow).
6349 Figure 8.8 also shows that, through the separateemtion to the Emergency OR module, the local
6350 system has the redundant capability of generatgiglzal switch-off signal (“ETOT”), independent of
6351 the beam-line Master. The ETOT controls the swifflef the ion source and the RF system.

6352

6353 8.5.7 Quality Assurance

6354

6355 As described in Sec. 8.1.5, frequent checks afenpeed of the Patient Safety System and each
6356 treatment area. The checks are described in a Qiuahavhich also prescribes the frequency of the
6357 tests (daily, weekly, monthly, yearlgtc).

6358

6359 During the building phase of the facility, a rigagquality test program has been undertaken.
6360 Not all possible configurations of a complete syst@n be checked; therefore, a procedure has been
6361 developed for performing separate bench tests gltine production phase of the electronic components
6362 that are used in the Patient Safety System. Waiimalation program that generates many initial

6363 conditions for the electronic circuit boards untst, the boards have been tested and automdtic tes
6364 reports have been generated.

6365 8.6 Machine Safety: Run Permit System
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6366

6367 A machine safety interlock system should be usexl/a@ry accelerator system. The tasks of this
6368 interlock system are protection of the machine igmdubsystems from damage due to wrong actions or
6369 faulty devices, and to prevent unwanted high be#ensities. In the following sections, the systeith
6370 be described in more detail.

6371

6372 8.6.1 Purpose

6373

6374 The machine interlock system at PSI is called the Rermit System (RPS). It checks the status
6375 of signals from all beam lines and cyclotron desieaad compares these signals with the requested
6376 topology (beam-line sections that will be used)e Deam can only be switched on when the RPS allows
6377 this;i.e., when its “beam-off’ signal is “false.” This is de when a topology has been reserved and when
6378 all devices in this topology have been set to thaiues and return an “OK” status. After the bedm-o
6379 status has been set to false, it sends a “machauy’t signal to the (Master) TCS, which then can

6380 actually switch on the beam (with the kicker maghigtAKI).

6381

6382 The task of the RPS is to prevent the machine fseing damaged, to prevent unnecessary
6383 activation, and to prevent higher beam intenstti@és those allowed by the authorities. It doeschetk
6384 beam optics, or whether the calculated settingeagnets are correct. However, from beam diagngstics
6385 several signals are observed online and bendingi@agrrents should be within intervals

6386 corresponding with the used beam lines. FurthermbesRPS will switch the beam-off to “true” when
6387 fatal device faults are registered, such as anssiueetemperature in a power supply or excessive

6388 pressure in the vacuum system.

6389
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6390 A bridge can be set to ignore these signals irtése of non-severe failure signals. In Therapy
6391 Mode, however, no bridge is allowed. A protocoysd by designated persons, must be used for cases
6392 when one has to run with a bridged signal (“degladede”). Running in Therapy Mode with a bridged
6393 signal is only allowed when an approval procedyrgumlified persons is carried out, and only for a
6394 limited time €.g, one day).

6395

6396 Some functions of the RPS are redundantly impleetkint the PaSS for therapy purposeg(a
6397 limit on the maximum allowed beam intensity). Thesponsibilities” of RPS and PaSS, however, are
6398 strictly separated and the systems do not relyach ether.

6399

6400 8.6.2 Functional Requirements

6401

6402 The RPS is not intended to be used for personnedhtient safety; therefore, the requirements
6403 with respect to redundancy and “fail-safe” are la#tscal. However, for the RPS, general desigesul
6404 (e.g, cabling, where a failed connection invokes a stdte) apply that result in a high safety standard
6405 An important requirement that applies speciallydqroton therapy facility is that the RPS musabke
6406 to quickly change its settings, as the operatioeglirements change quickly. Because an important
6407 requirement for a proton therapy facility is a hightime and high availability for the treatmentsst
6408 requires special precautions against false alandghe implementation of a user interface with iclea
6409 data logging, failure recognition, and easy retrlef the sequences that can lead to an interlgqek t
6410

6411 Most of the auxiliary devices possess their ownaesgafety system that checks the proper
6412 working of the devices. From these devices onlyustaignals and, when available, detailed error

6413 information are sent to the RPS inputs. Theseememver fail-safe connections. Connections to the
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actuators as well as the end switches of beam isippievices are separate from the ones of PaSS and

PSS.

8.6.3 Description of System

Before turning the beam on, the topology and operahode (Therapy, Diagnostic or Machine)
are sent to a computer program that generatesifjgaulogic configurations and defines the beam
switch-off chain. Unlike the switch-off chain, whids hardwired to the various components that can
switch off the beam,; the data acquisition and elgrentrol are performed by software in VME

computers.

The user interface (Fig. 8.9) indicates the RP&istiay coloring the cyclotron and beam line
sections. Green indicates that the section is ré@dyeam; red that it is not ready for beam; aaltbyv
that it is ready, but with “bridges” applied. Whan interlock trip from the RPS occurs, the causief
sequences is logged and listed with time stampsmessage window. When clicking with the mouse on

a beam line section, a screen with the statud dsalomponents will show up for further analysis.
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Red: reason for .beam off*, error must be
remaved or bridged to allow operation.

Figure 8.90verview of the machine interlock (RPS) statughimtop figure, the beam line colors

indicate the status of the corresponding beamsi@ation. The bottom figure shows the status of

individual components in the “bridged” first beaimel section. (Courtesy of PSI)
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8.6.4 Components and Conditions That Are Checked

Inputs that cause the logic to generate a switdfiesignal are deduced from the status of the

following component groups:

a) Active devices: power supplies of bending magreisdrupole magnets, and steering
magnets belonging to the selected topology. THastgnals yield information on the
cooling, the ready signal (actual current = reqeetsurrent), and a few general signals of
the power supply.

b) Devices with a verification/guarding role: beamreat monitors (also ratios between
monitors), slit and collimator currents, beam cotsérom beam stoppers, temperature
measurements, water flow contrad$c

c) Configuration (topology) dependent parameters: ratgurrent intervals, positions of the

neutron stoppers, beam stoppers, vacuum valvég ihdam linegtc

Many of the interlock trips will be caused by a ieverror, sent by a device that is part of the
active topology. When an error occurs, it usualg hn effect on the beam characteristics and beam
losses. Some changes in beam losses can als@lgddrtock trips. This intrinsic redundancy is yer
useful and, with the aid of proper logging with érstamps, helps in a quick diagnosis of a problem

consisting of a chain of events.

8.6.5 High-Reliability Components and Fail-Safe Design
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The Run Permit System is built of dedicated mod(fRes Permit System module, RPSM), each

having multiple 1/0O channels. Up to 4 RPSMs are mted on a VME Basis plate. The direction of the

signal flow is programmed in firmware (XILINX). THegic that determines whether to switch off or not

is part of this program. Therefore, this logicndependent of the machine control system. The abntr

system communicates with the RPSWE 1/0O-Computers (IOCs) to obtain the switch-off diagtics

and information for the visualization programst@perform periodic tests.

The following security measures are incorporategsich RPSM:

a)

b)

d)

f)

The inputs and outputs are equipped with three-esoreections, so that disconnections
or shorts are recognized and the module changstatesinto “NC” (not connected) or
“err” (short).

Every RPSM is characterized by an individual ID toem

The consistency of the internal firmware prograrohisckable by means of Check Sums.
The Machine Control System must use an encryptedmmication procedure to write
into the control register or the bypass/bridgingiseer. The new content of these registers
must be identified with the ID number of the RPSMiihich has been written.

The data read from an RPSM must be signed witlDitsumber.

The RPSMs have a dedicated input which can be mgéte Machine Control System to
enforce a beam-off command for test purposes. infeinhterval between this command

and the actual beam off is logged and can be redldebMachine Control System.

8.6.6 Rules for Turning the Beam Off

Beam turn-off is implemented by the Run Permit 8ystith a three-fold redundancy:
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a) fast kicker magnet AMAKI,

b) RF at reduced power so that particles are not a@ted. This is done if the fast kicker
magnet does not react within 50 to 3&&c, or when the integrated charge on BMA1
increases by a certain value within a preset tirhés last error condition has been
implemented to avoid unnecessary activation;

c) Switch-off the ion source when the RF does nottrigaitme.

8.6.7 Tests and Quality Assurance (QA)

The frequency of component periodic tests dependbair relative importance in terms of

machine security.

Several tests are performed online: cross chedksRaSS signals; checks of cable connections
between RPS modules and those of the input sigaaéscheck-sum verification of the XILINX

contents.

In the Machine Control System, several test proeesiare built-in and are typically run every week:

a) test switch-offvia primary switch-off channels and analysis of swit¢htimes;

b) checks of contacts of limit switches of moveablmponents€.g, beam stoppers);

c) checks of interlocks on the allowed topology-dememnaurrent interval of magnet

currents.
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6510 Additional tests are done after maintenance orirephaese tests are of course related to the coemisen

6511 involved in the maintenance or repair.
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Glossary

absorbed dos€D): The quotient oD =%where de is the mean energy imparted by ionizing
m

radiation to matter of mas$m. The unit is J kg .The special name for the unit of absorbed dose
is the gray (Gy).

activation: The process of inducing radioactivity by irrada.

ALOK : Local interlock signal from PaSS

AMAKI : Fast magnetic kicker used at PSI

ambient dose equivalentid*(d)): The dose equivalent at a point in a radiatietdfthat would be
produced by the corresponding expanded and alifipleldn the ICRU sphere (diameter = 30
cm, 76.2 % O, 10.1 % H, 11.1 % C, and 2.6 % N)@#ath,d, on the radius opposing the
direction of the aligned field (ICRU, 1993). The laiamt dose equivalent is measured in Sv.

attenuation length (.): The penetration distance in which the intengftthe radiation is attenuated by
a factor of e.

BAL: Beam allocation system

BMxi: Mechanical beam stopper number i, in beam liaé RSI

bridge: The bypass of a system, irrespective its status.

compound nucleus A metastable nucleus that exists during the tieteveen the fusion of a target
nucleusX and a impinging particlp and the separation into a residual nucasd a outgoing
particleq. Niels Bohr introduced this concept in 1936.

computational human phantom Computer representation of the human body

conversion coefficients The quotient of the dose equivalent under sgetifonditions and the

associated field quantity (for example, fluence).
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Coulomb barrier: The repulsive Coulomb force between the targeteaus and the charged particle
that an impinging charged particle does not haaeeigh velocity to overcome ; hence, the
collision does not take place. The Coulomb bataeers the probability of nuclear reactions of
charged patrticles.

degrader. A system to slow down the particles to a chasegrgy.

directional dose equivalentH’(d, £2): The dose equivalent at a point in a radiatiefdfthat would be
produced by the corresponding expanded field in@#U sphere at a deptth, on the radius in a
specified direction2 (ICRU, 1993). The directional dose equivalennisasured in Sv.

dose equivalentd): The product of andD at a point in tissue, whek is the absorbed dose aQds
the quality factor at that point. Thud,= Q D. The unit of dose equivalent in the SI system of
units is joules per kilogram (J Kyand its special name is the sievert (Sv).

DSP. Digital Signal Processor

ECR source An ion source often used for heavy ions, apgyonization by electron cyclotron
resonance.

effective dose Weighted sum of various organ or tissue dosesgusigan weighting factors

Emergency OR module A logic “OR” unit used for an emergency-off.

equivalent dose K1): A quantity in a tissue or organ that is usedréaliation protection purposes and
takes into account the different probability ofeeffs which occur with the same absorbed dose

delivered by radiation with different radiation wkting factors ;). It is given by

H; = ZWRDT’R, where D;  is the mean absorbed dose in the tissue or ofgaiue to radiation
R

R, andwj, is the corresponding radiation weighting factdre Tnit of equivalent dose is the
sievert (Sv).

ETOT: Global emergency switch-off signal from PaSS
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excess absolute risk (EAR)Rate of an effect in an exposed population mthegate of the effect in an
unexposed population

excess relative risk (ERR)Rate of an effect in an exposed population dwvidg the rate of the effect
in an unexposed population minus 1

exemption The determination by a regulatory body thatdiaactive source need not be subject to
regulatory control on the basis that the exposueetd the source is too small.

external radiation: Secondary radiation produced in the treatmend hea

fluence(®): The quotient ofIN by dawheredN is the number of particles incident on a sphererass-
sectional areda. The unit is nf or cm?.

generalized intra-nuclear cascade Description of nuclear interactions at energipdo a few GeV
which is based on a cascade of elastic and inelesllisions between hadrons and nucleons
inside the nuclei involved in the interaction. Neenl potentials, Fermi motion, and relativistic
effects are taken into account.

general-purpose particle interaction and transport Monte Carlo odes Monte Carlo codes which
allow the simulation of hadronic and electromagneéiscades in matter in a wide energy range.
They can therefore be used in a large varietywfiss and is not restricted to certain
applications.

impact parameter. In a nuclear collision between a target nuckéasd an impinging particle, the
distance between the locusmpénd the straight line of the same direction tlzestsps the center of
X. The impact parameter is measured at a positioindian X, where any force does not affect the
locus ofp.

interlock system Interruption system of the particle beam

internal radiation : Secondary radiation produced in the patient

IOC: Computer dedicated communication (Input/Output)

isobar: A nucleus having the same mass number but havaifferent atomic number.
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isobaric yield: The isobaric yield is the production probabilifynuclei having a specific mass number
after a nuclear collision.

Local PaSS The local patient safety system of an area

MCS: Machine Control System

microscopic model Description of nuclear interactions based on ef®ébr interactions between the
constituents of the colliding hadrons and nuateg( nucleons, quarks, and gluons).

MPSSC. Main Patient Safety Switch and Controller

nuclear fragmentation: The break-up of a nucleus as a consequenceioktastic interaction.

operational quantity: A quantity with which, by means of its measuretmeampliance with dose limits
may be demonstrated. Examples of operational diemntire ambient dose equivalent, directional
dose equivalent, and personal dose equivalent.

OPTIS: A proton therapy beam line dedicated for eyattrents.

out-of-field dose Dose outside the area penetrated by the primazagnb

PaSS Patient Safety System

personal dose equivalen{H(d)): The dose equivalent in soft tissue at an appatgpdepthd, below a
specified point on the body. The personal dosevadgnt is measured in Sv.

PLC: Programmable Logic Controller

prompt radiation : Radiations that are immediately emitted by naicteactions of primary accelerated
particles.

protection quantity: Dosimetric quantities specified in the humanybyg the ICRP. Examples of
protection quantities are effective dose and edentalose.

PSI: Paul Scherrer Institute, Switzerland

PSS Personnel Safety System

quality factor: Conservatively defined weighting factor to indethe biological effectiveness as a

function of linear energy transfer
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radiation weighting factor: Conservatively defined weighting factor to indes¢he biological
effectiveness as a function of particle type anergyfor external whole body exposure

relative biological effectivenes¢RBE): Ratio of the doses required by two different g/péradiation
to cause the same level of effect for a specifredi goint

relative risk (RR): Rate of disease among groups with a specificfastor divided by the rate among a
group without that specific risk factor

residual radiation: Primary accelerated particles and their seconaatiations of neutrons and charged
particles produce radionuclides. Radiations, sgcphetons and beta rays, which are emitted by
disintegrations of these induced radionuclidescatied residual radiations.

resonance A phenomenon that occurs when the projectilé@arenergy coincides with the energy
level of the target nucleus, and a large peak appedhe reaction cross section.

RF: Radiofrequency; the accelerating voltage of @ekerator

RPS Run Permit System, also called accelerator/nm&cimiterlock system

RPSM: Dedicated modules in RPS having multiple 1/Oroteds

saturation activity: The maximum radioactivity induced by irradiati®@aturation activity is reached
when the irradiation time becomes longer than sgvienes the half-life.

scattered radiation Radiation caused by scattering of the primaryibea

secondary radiation Radiation by secondary particles produced wherptimary beam interacts with
beam-line components or within patients

SIL: Safety Integrity Level; the robustness of sucheasure or a device

spallation: The process in which a heavy nucleus emitsgelaumber of particles as a result of the
collision. between the target nucleus and a higdrgy heavy projectile nucleus. Any kind of
nucleus lighter than the disintegrating heavy nuglean be produced in a spallation reaction.

stylized phantoms Computer representation of the human body usmgle geometrical shapes

TCS: Treatment Control System
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Thick Target Yield (TTY) : Secondary radiation emission from a target, loichv the thickness is
slightly larger than the range of the irradiatimguged particles. Examples of TTY quantities are
the total neutron yield and the neutron energy kEmglistribution.

trip : A signal that switches the beam off.

tune: Predefined setting of the beam line

variance reduction techniques One of several procedures used to increaserdfoesipn of the
estimates that can be obtained for a given numiiégrations.

voxelized phantom Computer representation of the human body usigigdageometry

watchdog Backup timer; electronic counters measuringdimation of dose application

395



6642

6643

6644

6645

6646

6647

6648

6649

6650

6651

6652

6653

6654

6655

6656

6657

6658

6659

6660

6661

6662

6663

6664

6665

6666

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

References

AESJ (2004). Atomic Energy Society of JapRadiation Dose Conversion Coefficients for Radiatio
Shielding CalculationsAESJ-SC-R002:2004 (Atomic Energy Society of Jadakyo).

Agosteo, S. (2001). "Radiation Protection at Meldigacelerators,'Radiat. Prot. Dosim96, 393-406.

Agosteo, S., Fasso, A., Ferrari, A., Sala, P.SRayi, M. and Tabarelli de Fatis, P. (1995). “D&b
differential distributions attenuation lengths awdirce terms for proton accelerator shielding,”
in Proc. Shielding Aspects of Accelerators, Target$ laradiation Facilities (SATIF-2)12-13
October 1995, Geneva (Nuclear Energy Agency, Orgdioin for Economic Co-operation and
Development, Paris).

Agosteo, S., Fasso, A., Ferrari, A., Sala, P.,RariSM., and Tabarelli de Fatis, P., (1996a). Ubte
differential distributions and attenuation in coete for neutrons produced by 100-400 MeV
protons on iron and tissue targetdiM Phys. ReB114,70-80.

Agosteo, Set al.(1996b). "Shielding Calculations for a 250 MeV idibal-based Proton Accelerator,”
NIM Phys. ResA 374, 254-268.

Agosteo, S., Birattari, C., Corrado, M.,G., andaBjIM., (1996c). “Maze design of a gantry room for
proton therapy,NIM Phys. Res. 882, 573-582.

Agosteo, S., Birattari, C., Caravaggio, M., Siléfi, and Tosi, G. (1998). "Secondary neutron and
photon dose in proton therapyRadiother. Oncol48, 293-305.

Agosteo S., Nakamura, T., Silari, M., and Zajac@&/g2004a). “Attenuation curves in concrete of
neutrons from 100 to 400 MeV per nucleon He, C,AleFe and Xe ions on various targets,”
NIM Phys. Re€B217,221-236.

Agosteo, S., Magistris, M., Mereghetti, A., Silavl,, and Zajacova, Z. (2004b). “Shielding dataX60
to 250 MeV proton accelerators: double differdmi@utron distributions and attenuation in

concrete, NIM Phys. ResB265 581-589.

396



6667

6668

6669

6670

6671

6672

6673

6674

6675

6676

6677

6678

6679

6680

6681

6682

6683

6684

6685

6686

6687

6688

6689

6690

6691

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Agostinelli, S..et al (2003). “GEANT4 - A simulation toolkit,NIM Phys. Res. A06, 250-303.

Ahmed, S.N. (2007Physics and Engineering of Radiation Detecti@kcademic Press, San Diego,
CA).

Alberts, W.G., Dietze, E., Guldbakke, S., Kluge, #hd Schuhmacher, H. (1989). “International
intercomparison of TEPC systems used for radigtiotection,”’Radiat. Prot. Dosim29, 47-53.

Alghamdi, A.A., Ma, A., Tzortzis, M., and Spyrou,M (2005). "Neutron-fluence-to-dose conversion
coefficients in an anthropomorphic phantoiRddiat. Prot. Dosim115,606-611.

Alghamdi, A.A., Ma, A., Marouli, M., Albarakati, YKacperek, A., and Spyrou, N.M. (2007). "A high-
resolution anthropomorphic voxel-based tomograph&ntom for proton therapy of the eye,”
Phys. Med. Biol52, N51-59.

Allison, J.,et al. (2006). “GEANT4 Developments and Applicationd&sEE Transactions on Nuclear
Scienceb3, 270-278.

Amaldi, U. and Silari, M. (Eds.) (1995)he TERA Project and the Centre for Oncological
Hadrontherapy The TERA Foundation, (INFN, Frascati. Il ed).

Amaldi, U. and Kraft, G. (2005). "Recent applicasoof Synchrotrons in cancer therapy with Carbon
lons," Europhysics New36, 114-118.

ASTM (2003). ASTM InternationalCement Standards and Concrete Standa#&®&TM Standard C657
(ASTM International, West Conshohocken, PA).

ASTM (2007) . ASTM Internationabtandard Test Methods for Instrumental DetermimatbCarbon,
Hydrogen, and Nitrogen in Petroleum Products antrigants ASTM Standard D5291 (ASTM
International, West Conshohocken, PA).

Avery, S., Ainsley, C., Maughan, R., and McDonougjh(2008). "Analytical Shielding Calculations for
a Proton Therapy FacilityRadiat. Prot. Dosim131 (2),167-179.

Awschalom, M. (1987)Radiation Shielding for 250 MeV Protor§Eermi National Accelerator

Laboratory, USA).

397



6692

6693

6694

6695

6696

6697

6698

6699

6700

6701

6702

6703

6704

6705

6706

6707

6708

6709

6710

6711

6712

6713

6714

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Awschalom, M. and Sanna, R.S. (1985). “Applicatioh8onner sphere detectors in neutron field
dosimetry,’Radiat. Prot. Dosim10, 89-101.

Azzam, E.l., Raaphorst, G.P., and Mitchel, R.E9#)9"Radiation-induced adaptive response for
protection against micronucleus formation and nestp transformation in C3H 10T1/2 mouse
embryo cells,'Radiat. Res138,S528-31.

Ballarini, F., Biaggi, M., Ottolenghi, A., and SappO. (2002). "Cellular communication and bystande
effects: a critical review for modelling low-dosadiation action,Mutat. Res501,1-12.

Ban, S., Nakamura, H., and Hirayama, H. (2004)tifeation of amount of residual radioactivity in
high-energy electron accelerator component by migagsthe gamma-ray dose ratd,”Nucl. Sci.
Tech, Suppl.4, 168-171.

Barbier, M. (1969)Induced Radioactivity(North Holland Publ. Co., Amsterdam).

Barcellos-Hoff, M.H. (2001). "It takes a tissuenb@ake a tumor: epigenetics, cancer and the
microenvironment,J. Mammary Gland Biol. Neoplasty 213-221.

Bassal, M., Mertens, A.C., Taylor, L., Neglia, J®reffe, B.S., Hammond, S., Ronckers, C.M.,
Friedman, D.L., Stovall, M., Yasui, Y.Y., RobisorLL, Meadows, A.T., and Kadan-Lottick,
N.S. (2006). "Risk of selected subsequent carcirsamaurvivors of childhood cancer: a report
from the Childhood Cancer Survivor Study,"Clin. Oncol.24,476-483.

Battistoni, G., Muraro, S., Sala, P.,R., Ceruttj,Ferrari, A., Roesler, S., Fasso, A., and Ranft2007).
"The FLUKA code: Description and benchmarking,'Proc. of the Hadronic Shower Simulation
Workshop 2006, Fermilals-8 September 2006, M., Albrow, R., Raja EA$R, Conference
Proceeding896, 31-49.

Battistoni, G. et al.(2008). “The FLUKA code and its use in hadron tpgra Nuovo Cimentd® 31, 69-

75.

398



6715

6716

6717

6718

6719

6720

6721

6722

6723

6724

6725

6726

6727

6728

6729

6730

6731

6732

6733

6734

6735

6736

6737

6738

6739

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Bednarz, B. and Xu, X.G. (2008). "A feasibility dfuto calculate unshielded fetal doses to pregnant
patients in 6-MV photon treatments using Monte €ankthods and anatomically realistic
phantoms,'Med. Phys35 (7).

BEIR (2006).Health risks from exposure to low levels of iorgziadiation, BEIR VII, Phase, National
Research Council of the National Academy of ScigiNagional Academies Press, Washington,
DC).

BfG (2004). Bundesamt fir Gesundheit, Abteilun@Benschutz, Sektion Aufsicht und
Bewilligung,Richtwerte fiur Ortsdosisleistungen in nuklearmeudsthen Betrieben,
(Eidgendssisches Departement des Innern EDI, Stated.

Bhattacharjee, D. and Ito, A. (2001). "Deceleratibarcinogenic potential by adaptation with loesd
gamma irradiation,In Vivo 15, 87-92.

Binns, P.J. and Hough, J.H. (1997). "Secondary dgpesures during 200 MeV proton therapy,"
Radiat. Prot. Dosim70, 441-444.

Birattari, C., Ferrari, A., Nuccetelli, C., Pellioai, M., and Silari, M. (1990). “An extended range
neutron rem counterNucl. Instr. and Meth A297, 250-257.

Blettner, M. and Boice, J.D., Jr. (1991). "Radiatanse and leukaemia risk: general relative risk
techniques for dose-response models in a matclssdomantrol study,Stat. Med10 1511-1526.

Boag, J.W. (1975). "The statistical treatment dif a@rvival data,” pp. 40-53 iRroc. of the Sixth, L.H.
Gray Conference: Cell survival after low dosesadiation, Alper, T., Ed.

Boice, J.D., Jr., Blettner, M., Kleinerman, R.Atp@&ll, M., Moloney, W.C., Engholm, G., Austin, D,F
Bosch, A., Cookfair, D.L., Krementz, E.T., aatal.(1987). "Radiation dose and leukemia risk
in patients treated for cancer of the cerviX,Natl. Cancer Inst79, 1295-1311.

Bozkurt, A., Chao, T.C., and Xu, X.G. (2000). "Fhge-to-dose conversion coefficients from
monoenergetic neutrons below 20 MeV based on tReridn anatomical modePhys. Med.

Biol. 45,3059-79.

399



6740

6741

6742

6743

6744

6745

6746

6747

6748

6749

6750

6751

6752

6753

6754

6755

6756

6757

6758

6759

6760

6761

6762

6763

6764

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Bozkurt, A., Chao, T.C., and Xu, X.G. (2001). "Ahge-to-dose conversion coefficients based on the
VIP-man anatomical model and MCNPX code for monogetec neutrons above 20 MeV,"
Health Phys81,184-202.

Brada, M., Ford, D., Ashley, S., Bliss, J.M., Crew| S., Mason, M., Rajan, B., and Traish, D. (1992)
"Risk of second brain tumour after conservativeggety and radiotherapy for pituitary adenoma,”
BMJ304,1343-1346.

Brandl, A., Hranitzky, C., and Rollet, S., (200%8hielding variation effects for 250 MeV protons on
tissue targets,Radiat. Prot. Dosim115 195-199.

Brenner, D.J. and Hall, E.J. (1992). "Commentaty €ox and Little: radiation-induced oncogenic
transformation: the interplay between dose, dost&gwtion, and radiation qualityAdv. Radiat.
Biol. 16,167-179.

Brenner, D.J. and Hall, E.J. (2008) "Secondaryno@stin clinical proton radiotherapy:, A.charged
iIssue,"Radiother. Oncol.86 (2), 165-170.

Brenner, D.J., Curtis, R.E., Hall, E.J., and Ron(2ZB00). "Second malignancies in prostate carcanom
patients after radiotherapy compared with surgefgficer88, 398-406.

Brenner, D.J., Doll, R., Goodhead, D.T., Hall, ELAand, C.E., Little, J.B., Lubin, J.H., PrestonLD
Preston, R.J., Puskin, J.S., Ron, E., Sachs, Bdfnet, J.M., Setlow, R.B., and Zaider, M.
(2003). "Cancer risks attributable to low dosemaizing radiation: assessing what we really
know," Proc. Natl. Acad. Sci. U.S.A00,13761-13766.

Broerse, J.J., Hennen, L.A., and Solleveld, H.R28@). "Actuarial analysis of the hazard for mamary
carcinogenesis in different rat strains after Xd aeutron irradiation,Leukemia Researct0,
749-754.

Broniscer, A., Ke, W., Fuller, C.E., Wu, J., Gajjar and Kun, L.E. (2004). "Second neoplasms in
pediatric patients with primary central nervoustegstumors: the St. Jude Children's Research

Hospital experienceCancerl00, 2246-2252.

400



PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

6765 Brugger, M., Khater, H., Mayer, S., Prinz, A., RieesS., Ulrici, L., and Vincke, H., (2005).

6766 “Benchmark studies of induced radioactivity prodige LHC materials, Part II: remanent dose
6767 rates,”Radiat. Prot. Dosim116, 12-15.

6768 Brugger, M., Ferrari, A., Roesler, S., and Ulrlci, (2006). “Validation of the FLUKA Monte Carlo
6769 code for predicting induced radioactivity at higheegy acceleratorsNIM Phys. Res. A62,

6770 814-818.

6771 Calabrese, E.J. and Baldwin, L.A. (2000). "The @fef gamma rays on longevityBiogerontologyl,
6772 309-319.

6773 Calabrese, E.J. and Baldwin, L.A. (2003). "The hetismdose-response model is more common than the
6774 threshold model in toxicology;Toxicol. Sci.71, 246-250.

6775 Caon, M., Bibbo, G. and Pattison, J. (1999). "AnFGeady tomographic computational model of a 14-
6776 year-old female torso for calculating organ doses\fCT examinations Phys. Med. Biol44,
6777 2213-2225.

6778 Caporaso, G. (2009). “High Gradient Induction Liméar Hadron Therapy,Ist International Workshop
6779 on Hadron Therapy for Cance24 April — 1 May 2009, Erice, Sicily.

6780 http://erice2009.na.infn.it/TalkContributions/Capso.pdf, accessed May 15, 2009.

6781 Carter, L.,L., and Cashwell, E.,D. (1975). “Padittansport simulation with the Monte Carlo method,
6782 ERDA Crit. Rev. Ser(National Technical Information Service, Sprietd, VA).

6783 CFR (2007). Code of Federal Regulations, TitlePd#t 8350ccupational Radiation ProtectiofU.S.
6784 Department of Energy, Washington, DC).

6785 Chadwick, M.B., Oblozinsky, P., Herman, Mt,al.(2006). “ENDF/B-VII.0: Next generation evaluated
6786 nuclear data library for nuclear science and teldgyy’ Nuclear Data Sheets07, 2931-3060.
6787 Chao, T.C. and Xu, X.G. (2001). "Specific absorfradtions from the image-based VIP-Man body
6788 model and EGS4-VLSI Monte Carlo code: Internal etecemitters,'Phys. Med. Biol46, 901-

6789 927.

401



6790

6791

6792

6793

6794

6795

6796

6797

6798

6799

6800

6801

6802

6803

6804

6805

6806

6807

6808

6809

6810

6811

6812

6813

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Chao, T.C., Bozkurt, A. and Xu, X.G. (2001a). "Cersion coefficients based on the VIP-Man
anatomical model and GS4-VLSI code for external osorergetic photons from 10 keV to 10
MeV," Health Phys81, 163-183.

Chao, T.C., Bozkurt, A. and Xu, X.G. (2001b) "Org#ose conversion coefficients for 0.1-10 MeV
external electrons calculated for the VIP-Man amatal model,"Health Phys81,203-214.

Chaturvedi, A.K., Engels, E.A., Gilbert, E.S., ChBrE., Storm, H., Lynch, C.F., Hall, P., Langmadik,
Pukkala, E., Kaijser, M., Andersson, M., Fossa,. SJBensuu, H., Boice, J.D., Kleinerman, R.A
and Travis, L.B (2007). "Second cancers among B®strvivors of cervical cancer: evaluation
of long-term risk,"J. Natl. Cancer Inst99, 1634-1643.

Chen, J. (2006). "Fluence-to-absorbed dose comrecsiefficients for use in radiological protectioin
embryo and foetus against external exposure t@psdrom 100 MeV to 100 GeVRadiat.
Prot. Dosim.118,378-383.

Chilton, A.B., Shultis, J.K., and Faw, R.E. (1988jinciples of Radiation ShieldingPrentice-Hall Inc,
Englewood Cliffs, NJ).

Cho, S.H., Vassiliev, O.N., Lee, S., Liu, H.H., tth G.S., and Mohan, R. (2005). "Reference photon
dosimetry data and reference phase space dataeférMV photon beam from varian clinac
2100 series linear acceleratorsléd. Phys32,137-148.

Chung, C.S., Keating, N., Yock, T. and Tarbell,(RD08). "Comparative Analysis of Second
Malignancy Risk in Patients Treated with Proton rElipg versus Conventional Photon Therapy,"
Int. J. Radiat. Oncol. Biol. Phys/2 S8.

Cloth, P.et al.(1983). "The KFA-Version of the High-Energy TranspCode HETC and the
generalized Evaluation Code SIMPLEKgrnforschungsanlage Juliclil-Spez.96.

Coutrakon, G..B. (2007). “Accelerators for heavyded particle radiation therapy;gchnology in

Cancer Research and Treatmedd) Supplement.

402



PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

6814 Coutrakon, G., Bauman, M., Lesyna, D., Miller, Bysbaum, J., Slater, J., Johanning, J., Miranga, J
6815 DelLuca, P.M., Siebers, J., and Ludewigt, B. (199Q@)rototype beam delivery system for the
6816 proton medical accelerator at Loma Lindsl¢d. Phys18 (6) 1093-1099.

6817 Cristy, M. and Eckerman, K.F. (1987). "Specific atted fractions of energy at various ages from
6818 internal photon sources,"” Report ORNL/TM-8381/I-Y@ak Ridge National Laboratory,

6819 Battelle, TN, USA).

6820 Curtis, R.E., Rowlings, P.A., Deeg, H.J., Shring®., Socie, G., Travis, L.B., Horowitz, M.M.,

6821 Witherspoon, R.P., Hoover, R.N., Sobocinski, KAaumeni, J.F. Jr. and Boice, J.D., Jr. (1997).
6822 "Solid cancers after bone marrow transplantatibh,Engl. J. Med336,897-904.

6823 de Vathaire, F., Francois, P., Hill, C., Schweibg@., Rodary, C., Sarrazin, D., Oberlin, O., Beerét,
6824 C., Dutreix, A. and Flamant, R. (1989). "Role dfictherapy and chemotherapy in the risk of
6825 second malignant neoplasms after cancer in childfd@y. J. Canceb9, 792-796.

6826 Debus, J. (1998Proposal for a dedicated lon Beam Facility for Can@ heray Grof3, K.D., Pavlovic,
6827 M., Eds. (GSI, Darmstadt, Germany).

6828 Dementyev, A.,V., and Sobolevsky, N.,M. (1990). 16HD-universal Monte Carlo hadron transport
6829 code: scope and applicationRadiation Measuremen89, 553-557.

6830 Dennis, J.A. (1987). "The relative biological efigeness of neutron radiation and its implicatiéors
6831 quality factor and dose limitationProgress in Nuclear Energ?0, 133-149.

6832 Diallo, I., Lamon, A., Shamsaldin, A., Grimaud, Be Vathaire, F. and Chavaudra, J. (1996).

6833 "Estimation of the radiation dose delivered to point outside the target volume per patient
6834 treated with external beam radiotheragyddiother. Oncol38,269-271.

6835 DIN (2003). Deutsches Institut fir Normung, e.Mgdical Electron Accelerators — Part 2: Radiation
6836 Protection Rules for InstallatigrGerman Technical Standards 6847 (Deutschesuniit

6837 Normung, e.V., Berlin).

403



PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

6838 Dinter, H., Dworak, D., Tesch, K. (1993). "Attenigatt of the neutron dose equivalent in labyrinths
6839 through an accelerator shieldNTM Phys. ResA 330,507-512.

6840 Dittrich, W. and Hansmann, T. (2006Radiation Measurements at the RPTC in Munich for

6841 Verification of Shielding Measures around the Cydo Area,"in Proc. Shielding Aspects of
6842 Accelerators, Targets and Irradiation FacilitiesABIF 8),22-24 May 2006, Gyongbuk,
6843 Republic of Korea (Nuclear Energy Agency, Organiaafor Economic Co-operation and
6844 Development, Paris).

6845 Dorr, W. and Herrmann, T. (2002). "Second primamyaors after radiotherapy for malignancies.

6846 Treatment-related parameterSttahlenther Onkol78,357-362.

6847 Edwards, A.A. (1999). "Neutron RBE values and tinelationship to judgements in radiological

6848 protection,”J. Radiol. Prot19, 93-105.

6849 Egbert, S.D., Kerr, G.D. and Cullings, H.M. (200D S02 fluence spectra for neutrons and gamma rays
6850 at Hiroshima and Nagasaki with fluence-to-kermdfoments and transmission factors for

6851 sample measurement&adiat. Environ. Biophy<6,311-325.

6852 Eickhoff, H., Haberer, T., Schlitt, B., and WeirrjdJ. (2003). "HICAT — The German Hospital- based
6853 light lon Cancer Therapy Project," Hroc. of the Particle Accelerator Conference (PALQ2-
6854 16 May 2003, Portland, Oregon.

6855 Endo, S., Tanaka, K., Takada, M., Onizuka, Y., Mam@, N., Sato, T., Ishikawa, M., Maeda, N.,

6856 Hayabuchi, N., Shizuma, K. and Hoshi, M. (2007)icidosimetric study for secondary

6857 neutrons in phantom produced by, a.290 MeV/nuctawhon beam,Med. Phys34,3571-3578.
6858 Engle, W.A. Jr. (1967). "A User's Manual for ANISA one-dimensional discrete Ordinates Transport
6859 Code with anisotropic ScatterindJSAEC ReporK-1963.

6860 EPA (1994). Environmental Protection AgenEgtimating radiogenic cancer risk€PA 402-R-93-076

6861 (Environmental Protection Agency, Washington, DC).

404



PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

6862 EPA (1999). Environmental Protection AgenEgtimating radiogenic cancer risks. Addendum:
6863 Uncertainty analysisEPA 402-R-99-003 (Environmental Protection Agentdashington, DC).
6864 Epstein, R., Hanham, |. and Dale, R. (1997). "Rewiapy-induced second cancers: are we doing
6865 enough to protect young patient&=ir. J. CanceB3,526-530.

6866 EURATOM (1996). "Council Directive 96/29/Euratoiraying down basic safety standards for the
6867 Protection of the Health of Workers and the GenRtdllic against the Dangers arising from
6868 ionizing Radiation,Official Journal L159 29.6.1996]1-114.

6869 Fan, J.,Luo,,W., Fourkal, E., Lin, T., Li,J., Veltev, I. and Ma, C-M. (2007). “Shielding design
6870 for a laser-accelerated proton therapy systétys. Med. Biol52,3913-3930.

6871 Fasso, Aet al.(1997). "FLUKA: New Developments in FLUKA, Modelly Hadronic and EM

6872 Interactions," irProc. of the 3rd Workshop on Simulating Acceler&®adiation Environments
6873 May 1997, Ed., H. Hirayama, KEK Proc. 97-5. 32-KEK, Tsukuba, Japan).

6874 Fasso, A., Ferrari, A., Ranft, J., and Sala, P2B0{). "FLUKA: status and prospective for hadronic
6875 applications,'p.955in Proc. of the Monte Carlo 2000 Conferentesbon, 23-26 October 2000
6876 (Springer-Verlag, Berlin).

6877 Fasso, A., Ferrari, A., Ranft, J., and Sala, P2B0%). "FLUKA: A Multi-Particle Transport Code,"
6878 CERN-2005-10, INFN/TC_05/11, SLAC-R-773.

6879 Fehrenbacher, G., Gutermuth, F., and Radon, T 1(20Reutron Dose Assessments for the Shielding of
6880 the planned heavy lon Cancer Therapy Facility irdeleerg,” GSI Report 2001-05 (GSl,
6881 Darmstadt, Germany).

6882 Fehrenbacher, G., Gutermuth, F., and Radon, T2@00Calculation of Dose Rates near the Horizontal
6883 Treatment Places of the heavy lon Therapy Clinid@ndelberg by means of Monte-Carlo-

6884 Methods,"unpublished internal note at GEbSI, Darmstadt, Germany).

405



6885

6886

6887

6888

6889

6890

6891

6892

6893

6894

6895

6896

6897

6898

6899

6900

6901

6902

6903

6904

6905

6906

6907

6908

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Fehrenbacher, G., Gutermuth, F., and Radon, T 2(200Estimation of Carbon-lon caused Radiation
Levels by Calculating the Transport of the produlseditrons through Shielding Layer§'S|
Scientific Repor2001, 205

Fehrenbacher, G., Gutermuth, F., and Radon, T.700Shielding Calculations for the lon Therapy
Facility HIT," pp.33-36 inlon Beams in Biology and Medicine, 39, Annual Caafee of the
German-Swiss Association for Radiation Protectiod 41" Workshop of Heavy Charged
Particles in Biology and MedicingRPA Fachverband fir Strahlenschutz, Switzerland
Germany).

Fehrenbacher, G., Gutermuth, F., Kozlova, E., Ra@igrAumann, T., Beceiro, S., Bleis, T. Le,
Boretzky, K., Emling, H., Johansson, H., Kiselev, 8imon, H., and Typel, S. (2007b).
“Measurement of the fluence response of the GStraedall in high-energy neutron fields
produced by 500 AMeV and 800 AMeV deuterorRddiat. Prot. Dosim126, 497-500.

Fehrenbacher, G., Kozlova, E., Gutermuth, F., Ra@igrSchilz, R., Nolte, R., and Bottger, R. (2007c
“Measurement of the fluence response of the GSiroedall dosimeter in the energy range from
thermal to 19 MeV,'Radiat. Prot. Dosim126, 546-548.

Fehrenbacher, G., Festag, J.G., Grosam, S., Vogand Becker, F. (2008). “Measurements of the
ambient dose equivalent of produced X-rays atitteal accelerator UNILAC of GSI,” iRroc.
of the 12th Congress of the International Radiafvntection Association, IRPAXBuenos
Aires).

Feinendegen, L.E. (2005). "Evidence for benefimal level radiation effects and radiation hormésis,
Br. J. Radiol.78, 3-7.

Ferrari, A., Pelliccioni, M., and Pillon, M. (1996Fluence to effective dose and effective dose
equivalent conversion coefficients for photons fronkeV to 10 GeV,Radiat. Prot. Dosim).

67, 245-251.

406



6909

6910

6911

6912

6913

6914

6915

6916

6917

6918

6919

6920

6921

6922

6923

6924

6925

6926

6927

6928

6929

6930

6931

6932

6933

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Ferrari, A., Pelliccioni, M., and Pillon, M. (1997Fluence to effective dose conversion coefficseiotr
neutrons up to 10 TeVRadiat. Prot. Dosim.71, 165-173.

Ferrari, A., Sala, P.R., Fasso, A. and Ranft,J0%2. "FLUKA: a multi-particle transport codeCERN
Yellow Report CERN 2005-10; INFN/TC 05/11, SLAC/R{CERN, Geneva, Switzerland).

Ferrarini, M. (2007). personal communication, Ralitico di Milano, Dipatimento di Ingegneria
Nucleare Via Ponzio 34/3, 20133, Milano.

Firestone, R.B. (1999T.able of Isotopes: 1999 Updatéth ed. CD-ROM (Wiley Interscience, Malden,
MA).

Fix, M.K., Keall, P.J. and Siebers, J.V. (2005)h6Bn-beam subsource sensitivity to the initiatetmn-
beam parametersMed. Phys32, 1164-1175.

Flanz, J., Durlacher, S., Goitein, M., Levine, Reardon, P., and Smith, A. (1995) "Overview of the
MGH-Northeast Proton Therapy Center plans and pssgiNIM Phys. ResB 99, 830-834.

Flanz, J., DeLaney, T.F., and Kooy, H.M. (2008)rtiele Accelerators 27-32Proton and Charged
Particle RadiotherapyLippincott Williams & Wilkins, Philadelphia, USA).

Followill, D., Geis, P. and Boyer, A. (1997). "Heites of whole-body dose equivalent produced by
beam intensity modulated conformal therapgt' J. Radiat. Oncol. Biol. Phy38,667-672.

Fontenot, J., Taddei, P., Zheng, Y., Mirkovic, Iordan, T. and Newhauser, W. (2008). "Equivalent
dose and effective dose from stray radiation dupiagsively scattered proton radiotherapy for
prostate cancerPhys. Med. Biol53, 1677-1688.

Forringer, E. and Blosser, H.G. (2001). "Emitenteasurements of a cold cathode internal ion sourc
for cyclotrons; in Proc. of the 16th International Conference on Circons and their
Applications Matrti, F., Ed. AIP Conference Proceeding00, 277-279.

Foss Abrahamsen, A., Andersen, A., Nome, O., Jatol#sB., Holte, H., Foss Abrahamsen, J., and
Kvaloy, S. (2002). "Long-term risk of second mahgey after treatment of Hodgkin's disease:

the influence of treatment, age and follow-up tinAn. Oncol13, 1786-1791.

407



6934

6935

6936

6937

6938

6939

6940

6941

6942

6943

6944

6945

6946

6947

6948

6949

6950

6951

6952

6953

6954

6955

6956

6957

6958

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Francois, P., Beurtheret, C., and Dutreix, A. (188Calculation of the dose delivered to organside
the radiation beamsMed. Phys15, 879-883.

Francois, P., Beurtheret, C., Dutreix, A., and C#héire, F. (1988b) "A mathematical child phantam f
the calculation of dose to the organs at risked. Phys15, 328-333.

Frankenberg, D., Kelnhofer, K., Baer, K., and Femtderg-Schwager, M. (2002). "Enhanced Neoplastic
Transformation by Mammography, X.Rays Relative@0 RVp X Rays: Indication for a Strong
Dependence on Photon Energy of the RBE(M) for wariénd Points,Radiat. Res157,99-105.

Freytag, E. (1972). "Strahlenschutz an HocheneegigtleunigernReihe Wissenschaft und Technik:
Nukleare Elektronik und Messtechridgrisruhe.3 (G.Braun: Karlsruhe, Germany).

Fry, R.J. (1981). "Experimental radiation carcinoggs: what have we learned®ddiat. Res87, 224-
239.

Furukawa, Tet al. (2006). "Design of Synchrotron and Transport LimeCarbon Therapy Facility and
related Machine Study at HIMACNIM Phys. ResA 562 1050-1053.

Garrity, J.M., Segars, W.P., Knisley, S.B., andi;TBUM.W. (2003). "Development of, a.dynamic model
for the lung lobes and airway tree in the NCAT pgban" IEEE Transactions in Nuclear Science
50, 378-383.

Geisler, A.E., Hottenbacher, J., Klein, H.-U., Khel, D., Récken, H., Schillo, M., Stephani, T.,
Timmer, J.H. (2007). "Commissioning of the ACCELO29eV Proton Cyclotron,Cyclotrons
and Their Application48 (Accel Instruments GmbH, Bergich Gladbach, Germany)

Geithner, O., Andreo, P., Sobolevsky, N.,M., HamtimaG., and Jakel, O., (2006). “Calculation of
stopping power ratios for carbon ion dosimetB®tiys. Med. Biol51, 2279-2292.

Gibbs, S.J., Pujol, A, Chen, T.S. atdal. (1984). "Computer-simulation of patient dose frdemtal
radiography.'Journal of Dental Researd@B, 209.

Gilbert, W.S. et al. (1968). "Shielding Experiment at the CERN Protgn@rotron,"CERN-LBL-

RHEL, Rep. UCRL-1794(1 awrence Berkeley Lab., Berkeley, CA, USA).

408



6959

6960

6961

6962

6963

6964

6965

6966

6967

6968

6969

6970

6971

6972

6973

6974

6975

6976

6977

6978

6979

6980

6981

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Goebel, K., Stevenson, G.R., Routti, J.T., and VHgE. (1975). "Evaluating dose rates due to neutro
leakage through the access tunnels of the SPEERN Internal Report LABII-RA/Note/75-10.

Gottschalk, B. (2006). "Neutron dose in scattemsd scanned proton beams: in regard to Eric, J. Hall
(Int., J. Radiat. Oncol. Biol. Phys. 2006;65:1-Tjt. J. Radiat. Oncol. Biol. Phy$6, 1594;
author reply 5.

Grahn, D., Fry, R.J., and Lea, R.A. (1972). "Anayaf survival and cause of death statistics farami
under single and duration-of-life gamma irradiafidrife. Sci. Space. Res0, 175-186.

Gregoire, O. and Cleland, M.R. (2006). "Novel agitoto analyzing the carcinogenic effect of iorgzin
radiations,"Int. J. Radiat. Biol82,13-19.

GRPO (2005). German Radiation Protection Ordinavieerdnung tber den Schutz vor Schaden durch
ionisierende Strahlen (StrahlenschutzverordnungrtS&hV).(Bundesministerium der Justis,
Germany).

Gudowska, I. and Sobolevsky, N. (2005). "Simulatbsecondary particle production and absorbed
dose to tissue in light ion beam®&adiat. Prot. Dosim116,301-306.

Gudowska, I., Andreo, P., and Sobolevsky, N. (2002¢condary particle production in tissue-like and
shielding materials for light and heavy ions cadtetl with the Monte-Carlo code SHIELD-HIT,"
J. Radiat. Res. (TokydB Suppl S93-97.

Gudowska, I., Sobolevsky, N.,M., Andreo, P., BeRi¢ and Brahme, A., (2004). “lon beam transport in
tissue-like media using the Monte Carlo code SHIEHD,” Phys. Med. Biol49,1933-1958.

Gudowska, I., Kopec, M., and Sobolevsky, N. (200Meutron production in tissue-like media and
shielding materials irradiated with high-energy lmerams,'Radiat. Prot. Dosim126,652-656.

Gunzert-Marx, K., Schardt, D., and Simon, R.S. @00Fast neutrons produced by nuclear

fragmentation in treatment irradiations with 12@ime" Radiat. Prot. Dosim110,595-600.

409



PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

6982 Gunzert-Marx, K., Iwase, H., Schardt, D., and SipRrs. (2008). "Secondary beam fragments produced
6983 by 200MeVu-1 12C ions in water and their dose dbuations in carbon ion radiotherapyew
6984 Journal of Physic40,075003.

6985 Haberer, T., Becher, W., Schardt, D., and Kraft(X893). "Magnetic scanning system for heavy ion
6986 therapy,”"NIM Phys. ResA 330,296-305

6987 Haettner, E., Iwase, H., and Schardt, D. (2006 p&imental fragmentation studies with 12C therapy
6988 beams,'Radiat. Prot. Dosim122,485-487.

6989 Hagan, W.K., Colborn, B.L., Armstrong, T.W., andeX, M. (1988). "Radiation Shielding Calculations
6990 for a 70- to 350-MeV Proton Therapy Facilitjyuclear Science and Engineerii§,272-278
6991 Hall, E.J. (2004). "Henry S. Kaplan Distinguishezdeatist Award 2003: The crooked shall be made
6992 straight; dose response relationships for carcinegis,"Int. J. Radiat. Biol80, 327-337.

6993 Hall, E.J. (2006). "Intensity-modulated radiatitvertapy, protons, and the risk of second canchrs,J.
6994 Radiat. Oncol. Biol. Phys65, 1-7.

6995 Hall, E.J. (2007). "The impact of protons on theidence of second malignancies in radiotherapy,"
6996 Technol. Cancer Res. Tre&t.31-34.

6997 Hall, E.J. and Wuu C-S. (2003). "Radiation-indusedond cancers: The impact of 3D-CRT and IMRT,"
6998 Int. J. Radiat. Oncol. Biol. PhyS6, 83-88.

6999 Hall, E.J., Kellerer, A.M., Rossi, H.H., and Yuk-My, P.L. (1978). "The Relative Biological

7000 Effectiveness of 160 MeV Protons. Il. BiologicaltBand Their Interpretation in Terms of
7001 Microdosimetry,"Int. J. Radiat. Oncol. Biol. Physt, 1009-1013.

7002 Han, A. and Elkind, M.M. (1979). "Transformationrmbuse C3H/10T1/2 cells by single and

7003 fractionated doses of X-rays and fission-spectrentnons,"Cancer Res39,123-130.

7004 Hawkins, M.M., Draper, G.J., and Kingston, J.E.§ZP "Incidence of second primary tumours among

7005 childhood cancer survivorsBr. J. Canceb6, 339-347.

410



7006

7007

7008

7009

7010

7011

7012

7013

7014

7015

7016

7017

7018

7019

7020

7021

7022

7023

7024

7025

7026

7027

7028

7029

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Heeg, P., Eickhoff, H., Haberer, T. (2004). "Dierkkeption der Heidelberger lonentherapieanlage
HICAT," in Zeitschrift fur Medizinische Physild,17-24.

Heidenreich, W.F., Paretzke, H.G., and Jacob,¥7L "No evidence for increased tumor rates below
200 mSv in the atomic bomb survivors daRgddiat. Environ. Biophy$6, 205-207.

Hess, E., Takacs, S., Scholten, B., Tarkanyi, éer@én, H.H., and Qaim, S.M. (2001). “Excitation
function of the*®*0(p, n)°F nuclear reaction from threshold up to 30 MeRadiochim. Acta89,
357-362.

Heyes, G.J. and Mill, A.J. (2004). "The neoplastmsformation potential of mammography X rays and
atomic bomb spectrum radiatiorRadiat. Res162,120-127.

Hirao, Y. (2001). "Results from HIMAC and other tapy facilities in Japan,” pp.8-12 Rroc. of
Sixteenth International Conference on Cyclotrongd dreir Applications 2001, CP60Q,3-17
May 2001, Marti, F., Ed. (American Institute of RBigs, East Lansing, MI, USA).

Hirao, Y.et al. (1992). "Heavy lon Medical Accelerator in Chib&-Design Summary and Update —
Division of Accelerator ResearctReport NIRS-M-89, HIMAC-00(National Institute of
Radiological Sciences, Chiba, Japan).

Hofmann, W. and Dittrich, W. (2005). "Use of Isodd?ate Pictures for the Shielding Design of a
Proton Therapy Centre,"” pp. 181-187/roc. of Shielding Aspects of Accelerators, Targets
Irradiation Facilities (SATIF 7)17-18 May 2004, Portugal.

Hranitzky, C., Stadtmann, H., and Kindl, P. (200Zhe use of the Monte Carlo simulation technique
for the design of an H*(10) dosemeter based on TOD;” Radiat. Prot. Dosim.101, 279-282.

Hultgvist, M. and Gudowska, I. (2008). "Secondangek in anthropomorphic phantoms irradiated with
light ion beams,Nuclear Technolog$0-057-151.

IAEA (1987). International Atomic Energy Agendyandbook on Nuclear Activation DateAEA

Technical Report Series 273 (International Atormey Agency, Vienna).

411



7030

7031

7032

7033

7034

7035

7036

7037

7038

7039

7040

7041

7042

7043

7044

7045

7046

7047

7048

7049

7050

7051

7052

7053

7054

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

IAEA (1988). International Atomic Energy Agendyadiological Safety Aspects of the Operation of
Proton AcceleratorsTechnical Reports Series No. 283 (InternationalfitoEnergy Agency,
Vienna).

IAEA (1996). International Atomic Energy Agendpternational Basic Safety Standards for Protection
against lonizing Radiation and for the Safety ofiiRion SourcedAEA Safety Series No. 115
(International Atomic Energy Agency, Vienna).

IAEA (2006). International Atomic Energy Agendyadiation Protection in the Design of Radiotherapy
Facilities, IAEA Safety Reports Series No. 47 (Internationabdic Energy Agency, Vienna).

lancu, G. and Kraemer, M. (2009). personal comnairan, Biologie, GSI Helmholtzzentrum fur
Schwerionenforschung GmbH, Hessen, Darmstadt.

ICRP (1973). International Commission on RadiolagfrotectionPata for Protection Against
lonizing Radiation from External Sourcé€Supplement to ICRP Publication 15), ICRP
Publication 21 Annals of the ICRR1 (1-3) (Pergamon Press, Oxford, UK).

ICRP (1975). International Commission on RadiolagferotectionReference Man: Anatomical,
Physiological and Metabolic Characteristid§RP Publication 23, International Commission on
Radiological Protection (Pergamon Press, Oxford).UK

ICRP (1991). International Commission on RadiolagrotectionRecommendations of the
International Commission on Radiological Protecti®@RP Publication 60Annals of ICRP
21(1-3) (Pergamon Press, Oxford, UK).

ICRP (1996). International Commission on RadiolagferotectionConversion Coefficients for use in
Radiological Protection against External Radiatid8RP Publication 74 (Elsevier Science,
Oxford, UK).

ICRP (1998). International Commission on RadiolagferotectionRadiation Dose to Patients from
Radiopharmaceutica]4CRP Publication 53Annals of the ICRRS8 (Elsevier Science, Oxford,

UK).

412



7055

7056

7057

7058

7059

7060

7061

7062

7063

7064

7065

7066

7067

7068

7069

7070

7071

7072

7073

7074

7075

7076

7077

7078

7079

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

ICRP (1999). International Commission on RadiatagjProtectionGenetic Susceptibility to Canger
ICRP Publication 79%nnals of the ICRR8 (Elsevier Science, Oxford, UK).

ICRP (2000). International Commission on RadiatagProtection,Prevention of Accidental
Exposures to Patients Undergoing Radiation Ther&d@iRP Publication 86Annals of the ICRP
30 (Elsevier Science, Oxford, UK).

ICRP (2003a). International Commission on RadialaProtectionBasic Anatomical and
Physiological Data for Use in Radiological Protemti Reference ValugfCRP Publication 89,
Annals of the ICRB3 (3-4)(Elsevier Science, Oxford, UK).

ICRP (2003b). International Commission on RadiatafjProtectionRelative Biological Effectiveness
(RBE), QualityFactor (Q), and Radiation Weightingdtor (WR),ICRP Publication 92Annals of
the ICRP33 (4) (Elsevier Science, Oxford, UK).

ICRP (2007). International Commission on RadiolagjlerotectionRecommendations of the ICRP
ICRP Publication 103Annals of the ICRREIsevier Science, Oxford, UK).

ICRP (2008). International Commission on RadiolagfrotectionRecommendations of the
International Commission on Radiological Protecti®@RP Publication 60Annals of the ICRP
21(1-3) (Elsevier Science, Oxford, UK).

ICRU (1978). International Commission on Radiatiémts and Measuremen®asic Aspects of High
Energy Patrticle Interaction sand Radiation DosingtdCRU Report 28 (International
Commission on Radiation Measurements and Unit$)d3efa, MD).

ICRU (1986). International Commission on Radiatigmits and Measure3he Quality Factor in
Radiation ProtectionlCRU Report 40 (International Commission on RadaUnits and
Measurements, Bethesda, MD

ICRU (1989). International Commission on Radiatiémts and Measure§,issue Substitutes in
Radiation Dosimetry and Measuremeg@RU Report 44 (International Commission on

Radiation Units and Measurements, Bethesda,.MD)

413



7080

7081

7082

7083

7084

7085

7086

7087

7088

7089

7090

7091

7092

7093

7094

7095

7096

7097

7098

7099

7100

7101

7102

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

ICRU (1992a). International Commission on Radiatimts and Measure®Jeasurement of Dose
Equivalents from External Photon and Electron R#dias, ICRU Report 47 (International
Commission on Radiation Units and Measurements)d3efa, MD).

ICRU (1992b). International Commission on Radiafitmits and Measure®hoton, Electron, Proton
and Neutron Interaction Data for Body Tissug3RU Report 46 (International Commission on
Radiation Units and Measurements, Bethesda, MD).

ICRU (1993). International Commission on Radiatigmits and Measure§uantities and Units in
Radiation ProtectionlCRU Report 51 (International Commission on RadraMeasurements
and Units, Bethesda, MD).

ICRU (1998). International Commission on Radiatigmits and Measure€onversion Coefficients for
Use in Radiological Protection Against External Rabn, ICRU Report 57 (International
Commission on Radiation Units and Measurements)d3efa, MD).

ICRU (2000). International Commission on Radiatidmts and MeasureNuclear Data for Neutron
and Proton Radiotherapy and for Radiation ProtectitCRU Report 63 (International
Commission on Radiation Units and Measurements)d3efa, MD).

ICRU (2001). International Commission on Radiatigmts and Measuremen®etermination of Dose
Equivalent Quantities for NeutronkCRU Report 47 (Nuclear Technology Publishinghfssd).

ICRU (2007). International Commission on Radiatiémts and Measure®rescribing, Recording, and
Reporting Proton-Beam TherapgRU Report 78 (International Commission on RadratJnits
and Measurements, Bethesda, MD).

IEC (1998). International Electrotechnical ComnossMedical Electrical Equipment - Part 2-1,
“Particular requirements for the safety of electrancelerators in the Range 1 MeV to 50 MeV

International Standard IEC 60601-2-1(IHS, Englewd®@, USA).

414



7103

7104

7105

7106

7107

7108

7109

7110

7111

7112

7113

7114

7115

7116

7117

7118

7119

7120

7121

7122

7123

7124

7125

7126

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

IEC (2005). International Electrotechnical Comnuas Funnctional safety of electrical, electroraod
programmable electronic equipment, Internattionah&ard IEC 61508-SER (Ed. 1.0)
(International Electrotechnical Commission, Gené&aitzerland).

IEC (2006) International Electrotechnical Commissidedical device software - Software life cycle
processeslEC 62304(International Electrotechnical Commission, Gen&aitzerland).

Imaizumi, M., Usa, T., Tominaga, T., Neriishi, Rkahoshi, M., Nakashima, E., Ashizawa, K., Hida,
A., Soda, M., Fujiwara, S., Yamada, M., Ejima, ¥okoyama, N., Okubo, M., Sugino, K.,
Suzuki, G., Maeda, R., Nagataki, S., and Eguch{2R06). "Radiation dose-response
relationships for thyroid nodules and autoimmungdiud diseases in Hiroshima and Nagasaki
atomic bomb survivors 55-58 years after radiatigposure,"JAMA295 1011-1022).

Ipe, N.E. (2008). "Particle accelerators in pagtitierapy: the new wave," Froc. of the 2008 Mid-Year
Meeting of the Health Phys. Society on Radiationgg&ting DevicesOakland, CA (Health
Phys. Society, McLean, VA).

Ipe, N.E. (2009a). "Transmission of Shielding Metisrfor Particle Therapy Facilities,” iRroc.of the
ICRS-11 International Conference on Radiation 3lmg and RPSD-2008 15th Topical Meeting
of the Radiation Protection and Shielding Divismfiithe ANS1 3-18 April 2008, Pine Mountain,
Georgia, USA.

Ipe, N.E. and Fasso, A., (2008Rreliminary computational models for shielding desof particle
therapy facilities," pp. ifProc. of Shielding Aspects of Accelerators, Targets Irradiation
Facilities (SATIF 8)22-24 May 2006, Gyongbuk, Republic of Korea (NucEaergy Agency,
Organization for Economic Co-operation and DeveleptnParis).

IRPL (2000). Italian Radiation Protection Lavidecreto Legislativo del Governo n° 230/1995

modificato dal 187/2000 e dal 241/20@dinistero dell' Ambiente e della Tutela del Tagrib,

Italy).

415



7127

7128

7129

7130

7131

7132

7133

7134

7135

7136

7137

7138

7139

7140

7141

7142

7143

7144

7145

7146

7147

7148

7149

7150

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Ishikawa, T., Sugita, H., and Nakamura, T. (199Ihermalization of accelerator produced neutrons in
concrete,'Health Phys60, 209-221.

ISO (2007). International Organization for Stan@atiMedical devices--Application of risk management
to medical devicedSO Standard 14791 (International OrganizatiorStandardization, Geneva,
Switzerland).

Iwase, H., Niita, K., and Nakamura, T. (2002). "B®pment of General-Purpose Particle and heavy lon
Transport Monte Carlo Code]” Nucl. Sci. TechnoB9, 1142-1151.

Iwase, H., Gunzert-Marx, K., Haettner, E., Schabdt,Gutermuth, F., Kraemer, M., and Kraft, G.
(2007). "Experimental and theoretical study of tleeitron dose produced by carbon ion therapy
beams,'Radiat. Prot. Dosim126,615-618.

Janssen, J.J., Korevaar, E.W., van Battum, L.drcBit P.R., and Huizenga, H. (2001). "A model to
determine the initial phase space of a clinicattetsn beam from measured beam daPdys.

Med. Biol.46, 269-286.

Jemal, A., Siegel, R., Ward, E., Murray, T., Xy,Smigal, C. and Thun, M.J. (2006). "Cancer stasst
2006,"CA Cancer J. Clin56, 106-130.

Jenkinson, H.C., Hawkins, M.M., Stiller, C.A., Went D.L., Marsden, H.B., and Stevens, M.C. (2004).
"Long-term population-based risks of second malgmeeoplasms after childhood cancer in
Britain," Br. J. Cancei91, 1905-1910.

Jiang, H., Wang, B., Xu, X.G., Suit, H.D., and Pagé, H. (2005). "Simulation of Organ Specific
Patient Effective Dose Due to Secondary Neutroraraton Radiation Treatmen&hys. Med.
Biol. 50, 4337-4353.

Jirousek, I. andet al.(2003). “The concept of the PROSCAN Patient Sasststem,” inProc. of the 1X
International Conference on Accelerator and Largg&rimental Physics Control Systems

(ICALEPCS 2003)13-17 October, 2003, Gyenongju, Republic of Répuds Korea.

416



7151

7152

7153

7154

7155

7156

7157

7158

7159

7160

7161

7162

7163

7164

7165

7166

7167

7168

7169

7170

7171

7172

7173

7174

7175

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Joiner, M.C., Marples, B., Lambin, P., Short, Sabd Turesson, I. (2001). "Low-dose hypersensytivit
current status and possible mechanisiims,;' J. Radiat. Oncol. Biol. Phys19, 379-389.

Jones, D.G (1998). "A realistic anthropomorhpicrgben for calculating specific absorbed fractions of
energy deposited from internal gamma emittdRgtiat. Prot. Dosim79,411-414.

JORF (2006). "Arrété du 15 mai 2006 relatif auxditaons de délimitation et de signalisatoin dese=on
surveillées et controlées et des zones spécialedgleientées ou interdites compte tenu de
I'exposition aux rayonnements ionisants, ainsi gy’'eegles d’hygiene, de sécurité et d’entretien
qui y sont imposéesJournal Officiel de la Republique Francajskb juin 2006.

JRPL (2004). Japanese Radiation Protection Laves/@ation Law)].aw concerning Prevention from
Radiation Hazards due to Radioisotopes &67.

Kaido, T., Hoshida, T., Uranishi, R., Akita, N., téoi, A., Nishi, N., and Sakaki, T. (2001).
"Radiosurgery-induced brain tumor. Case repait,Neurosurg95, 710-713.

Kaschten, B., Flandroy, P., Reznik, M., Hainaut,athd Stevenaert, A. (1995). "Radiation-induced
gliosarcoma. Case report and review of the liteggtd. Neurosurg83, 154-162.

Kato, T. and Nakamura, T. (1992). "Estimation ouiMen Yields from thick Targets by high- energy He
lons for the Design of Shielding for a heavy iondibal Accelerator,NIM Phys. ResA 311,
548-557.

Kato, T., Kurosawa, K., Nakamura, T. (2002). “Sys#ic analysis of neutron yields from thick targets
bombarded by heavy ions and protons with movingc®model,"NIM Phys. ResA 480571-
590.

Keall, P.J., Siebers, J.V., Libby, B. ,and Mohan(Z03). "Determining the incident electron fluenc
for Monte Carlo-based photon treatment planninggisa.standard measured data 3d4gd.
Phys.30,574-582.

Kellerer, A.M. (2000). "Risk estimates for radiatioduced cancer - the epidemiological evidence,"

Radiat. Environ. Biophy<R9, 17-24.

417



7176

7177

7178

7179

7180

7181

7182

7183

7184

7185

7186

7187

7188

7189

7190

7191

7192

7193

7194

7195

7196

7197

7198

7199

7200

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Kellerer, A.M., Nekolla, E.A., and Walsh, L. (2001Pn the conversion of solid cancer excess redativ
risk into lifetime attributable risk,Radiat. Environ. Biophy<l0, 249-257.

Kellerer, A.M., Ruhm, W., and Walsh, L. (2006). dloations of the neutron effect contribution in the
solid cancer data of the A-bomb survivordgalth Phys90, 554-564.

Kenney, L.B., Yasui, Y., Inskip, P.D., Hammond, ISeglia, J.P., Mertens, A.C., Meadows, A.T.,
Friedman, D., Robison, L.L., and Diller, L. (2004Breast cancer after childhood cancer: a
report from the Childhood Cancer Survivor Studih. Intern. Med141,590-597.

Kim, E., Nakamura, T., Uwamino, Y., Nakanishi, Mnamura, M., Nakao, N., Shibata, S., and Tanaka,
S. (1999). “Measurements of activation cross saeatio spallation reactions fotCo and™Cu at
incident neutron energies of 40 to 120 Me¥, Nucl. Sci. TechnglI36 (1), 29-40.

Kim, J. (2003) "Proton Therapy Facility ProjectNiational Cancer Center, Republic of Koredurnal
of the Republic of Korean Physical Socj&y, Sep 50-54.

Kinoshita, N., Masumoto, K., Matsumura, H., Bes#hg,Toyoda, A., Tosaki, Y., Tamari, M.,
Takahashi, T., Sueki, K., Oki, T., Mihara, S., Nglgaa, Y., and Matsushi, Y. (2009).
“Measurement and Monte Carlo simulation of radivégtproduced in concrete shield in EP-1
beamline at the 12-GeV proton synchrotron faciltigK,” in Proc. 5th International Symposium
on Radiation Safety and Detection Technol&DRD-5), Kita-Kyushu, Japan.

Kirihara, Y., Hagiwara, M., lwase, H., Ban, S.,d& T., and Nakamura, T. (2008). “Comparison of
several Monte Carlo codes with neutron deep petimtraxperiments,” ifProc. 11"

International Conference on Radiation Shield{f@RS-11), Pine Mountain, Georgia, USA.

Kitwanga, S.W., Leleux, P., Lipnik, P., and Vanhdreeck, J. (1990). “Production of O-14,15, F-18 and
Ne-19 radioactive nuclei from (p, n) reactions o@0-MeV,” Phys. RevC 42, 748-752.

Klein, E.E., Maserang, B., Wood, R., and Mansur(dD06). "Peripheral doses from pediatric IMRT,"
Med. Phys33, 2525-2531.

Knoll, G.F. (1999)Radiation Detection and Measuremgsitd. ed., (John Wiley & Sons, Hoboken, NJ).

418



7201

7202

7203

7204

7205

7206

7207

7208

7209

7210

7211

7212

7213

7214

7215

7216

7217

7218

7219

7220

7221

7222

7223

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Ko, S.J., Liao, X.Y., Molloi, S., EImore, E., ané&ath, J.L. (2004). "Neoplastic transformationitno
after exposure to low doses of mammographic-en¥rgys: quantitative and mechanistic
aspects,Radiat. Res162,646-654.

Kocher, D.C., Apostoaei, A.l., and Hoffman, F.Q0@8). "Radiation effectiveness factors for use in
calculating probability of causation of radiogenancers,'Health Phys89, 3-32.

Komori, M. et al. (2004). "Design of Compact Irradiation Port for@an Radiotherapy Facility,” in
Proc. of the 3rd Asian Particle Accelerator Confece 22-26 March 2004, Gyeongju, Republic
of Republic of Korea.

Kotegawa, Het al.(1993). "Neutron-Photon Multigroup Cross SectitorsNeutron Energies Up to 400
MeV: H1L086R- Revision of HILO86 Library,” JAERI-M3-020 (Japan Atomic Energy
Research Institute).

Kraemer, Met al. (2004) "Treatment planning for scanned ion beafRagdiother. Oncol73, 80-85.

Kraft, G. (2000). "Tumor Therapy with Heavy Chardeartticles,'Progress in Particle and Nuclear
Physics45.

Kramer, R., Zankl, M., Williams, G., aret al. (1982). "The calculation of dose from external toimo
exposures using reference human phantoms and Namte methods. Part I: The male (ADAM)
and female (EVA) adult mathematical phanton@sg'sellschaft fuer Strahlen- und
UmweltforschungsSF-Bericht-S-885.

Kramer, R., Vieira, J.W., Khoury, H.J., Lima, F.Bnd Fuelle, D. (2003). "All about MAX: a male
adult voxel phantom for Monte Carlo calculationsadiation protection dosimetryPhys. Med.
Biol. 48, 1239-1262.

Kramer, R., Khoury, H.J., Vieira, J.W., and LimaJV(2006). "MAX06 and FAXO06: update of two

adult human phantoms for radiation protection desiyy" Phys. Med. Biol51, 3331-3346.

419



PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

7224  Kry, S.F., Salehpour, M., Followill, D.S., Stovalll., Kuban, D.A., White, R.A., and Rosen, L.I., (&).
7225 "The calculated risk of fatal secondary malignasd¢iem intensity-modulated radiation therapy,”
7226 Int. J. Radiat. Oncol. Biol. Phy$2, 1195-1203.

7227 Kry, S.F., Followill, D., White, R.A., Stovall, MKuban, D.A., and Salehpour, M. (2007). "Uncertgaint
7228 of calculated risk estimates for secondary maligremafter radiotherapylht. J. Radiat. Oncol.
7229 Biol. Phys. 68, 1265-1271.

7230 Kurosawa, T. (1999). "Measurements of secondaryroes produced from thick targets bombarded by
7231 high-energy neon ionsJ. Nucl. Sci. TechnoB6(1), 41-53.

7232 Kurosawa, T. (2000). "Neutron yields from thickAt, Cu and Pb targets bombarded by 400MeV ar, Fe,
7233 Xe and 800MeV SiionsPhys. RevC 62

7234 Kurosawa, T., Nakao, N., Nakamura, T., Uwamino,Shibata, T., Nakanishi, N., Fukamura, A., and
7235 Murakami, K., (1999). "Measurements of secondanytnoes produced from thick targets

7236 bombarded by high-energy helium and carbon ioNsg¢l. Sci. and Endl32,30-57.

7237 Kuttesch, J.F. Jr., Wexler, L.H., Marcus, R.B. rElaugh, D., Weaver-McClure, L., White, M., Mao, L.

7238 Delaney, T.F., Pratt, C.B., Horowitz, M.E., and KitE. (1996). "Second malignancies after
7239 Ewing's sarcoma: radiation dose-dependency of sicgrsarcomas,. Clin. Oncol.14, 2818-
7240 2825.

7241 Lee, C. and Bolch, W. (2003). "Construction of emtgraphic computational model of a 9-mo-old and
7242 its Monte Carlo calculation time comparison betwd#enMCNP4C and MCNPX codegealth
7243 Phys.84 S259.

7244  Lee, C., Williams, J.L., Lee, C., and Bolch, W.E0Q5). "The UF series of tomographic computational
7245 phantoms of pediatric patientdled. Phys32, 3537-3548.

7246 Lee, C., Lee, C., and Bolch, W.E. (2006a). "Ageaigfent organ and effective dose coefficients for
7247 external photons: a comparison of stylized and kbased paediatric phantom&hys. Med.

7248 Biol. 51, 4663-4688.

420



7249

7250

7251

7252

7253

7254

7255

7256

7257

7258

7259

7260

7261

7262

7263

7264

7265

7266

7267

7268

7269

7270

7271

1272

7273

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Lee, C., Lee, C., Williams, J.L .and Bolch, W.EO@BDb). "Whole-body voxel phantoms of paediatric
patients--UF Series BPhys. Med. Biol51, 4649-4661.

Lee, C., Lee, C., Lodwick, D. and Bolch, W. (20074 series of 4D pediatric hybrid phantoms
developed from the US series B tomographic phan{éistract],”"Med. Phys33.

Lee, C., Lodwick, D., Hasenauer, D., Williams, Jllee, C., and Bolch, W. (2007b). "Hybrid
computational phantoms of the male and female newpatient: NURBS-based whole-body
models,"Phys. Med. Biol52, 3309-3333.

Lee, C., Lodwick, D., Williams, J.L., and Bolch, \(2008). "Hybrid computational phantoms of the 15-
year male and female adolescent: Applications t@fgjan dosimetry for patients of variable
morphometry,'Med. Phys35, 2366-2382.

Lee, H.S. (2008). personal communicafiBadiation Safety Office, Pohang Accelerator Lalamgt
POSTECH, Nam-Gu Pohang, Gyongbuk, Republic of RepabKorea.

Leroy, C. and Rancoita, P.G. (200B}inciples of Radiation Interaction in Matter ance2ction
(World Scientific, Singapore).

Lim, S.M., DeNardo, G.L., DeNardo, D.A., Shen,¥ian, A., O'Donnell, R.T., and DeNardo, S.J.
(1997). "Prediction of myelotoxicity using radiatidoses to marrow from body, blood and
marrow sourcesJ. Nucl. Med 38, 1374-1378.

Little, M.P. (1997). "Estimates of neutron relativielogical effectiveness derived from the Japanese
atomic bomb survivors[ht. J. Radiat. Biolf2, 715-726.

Little, M.P. (2000). "A comparison of the degreecafvature in the cancer incidence dose-response in
Japanese atomic bomb survivors with that in chremmasaberrations measured in vitrmt. J.
Radiat. Biol76, 1365-1375.

Little, M.P. (2001). "Comparison of the risks ohcar incidence and mortality following radiation
therapy for benign and malignant disease with #reer risks observed in the Japanese A-bomb

survivors,"Int. J. Radiat. Biol77,431-464.

421



PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

7274  Little, M.P. and Muirhead, C.R. (2000). "Derivatiohlow-dose extrapolation factors from analysis of
7275 curvature in the cancer incidence dose respondapanese atomic bomb survivoisy. J.

7276 Radiat. Biol.76,939-953.

7277 Liwnicz, B.H., Berger, T.S., Liwnicz, R.G, and Arda.S. (1985). "Radiation-associated gliomas: a
7278 report of four cases and analysis of postradidtiomors of the central nervous system,”

7279 Neurosurgernil7,436-445.

7280 Loeffler, J.S., Niemierko, A. and Chapman, P.HO@0 "Second tumors after radiosurgery: tip of the
7281 iceberg or a bump in the roadQ€urosurgerb?2, 1436-1442.

7282 Loncol, T., Cosgrove, V., Denis, J.M., GueuletteMhazal, A., Menzel, H.G., Pihet, P., and Sabgtie

7283 (1994). "Radiobiological effectiveness of radiatlmeams with broad LET spectra:
7284 microdosimetric analysis using biological weightfagctions,"Radiat. Prot. Dosim52, 347-
7285 352.

7286 Lux, ., and Koblinger, L., (1991Monte Carlo particle transport methods: neutron gitbton

7287 calculations(CRC Press, Boca Raton, FL).

7288 Maisin, J.R., Wambersie, A., Gerber, G.B., Mattetin, Lambiet-Collier, M., De Coster, B., and
7289 Gueulette, J. (1991). "Life-shortening and diseasglence in mice after exposure to g rays or
7290 high-energy neutronsRadiat. Res128S117-S23.

7291 Mares, V., Leuthold, G., and Schraube, H. (199@ygan doses and dose equivalents for neutrons above
7292 20 MeV,” Radiat. Prot. Dosim.70, 391-394.

7293 Marquez, L. (1952). “The yield of F-18 from mediand heavy elements with 420 MeV protorRliys.
7294 Rev.86, 405-407.

7295 Mashnik, S.,G. (2009). “Overview and Validationtbé CEM and LAQGSM Event Generators for
7296 MCNP6, MCNPX, and MARS15,” iProc. of the First International Workshop on Accater

7297 Radiation Induced Activation (ARIA'Q#®SI, SwitzerlandPSI Proceedings 09-01, 20-29.

422



7298

7299

7300

7301

7302

7303

7304

7305

7306

7307

7308

7309

7310

7311

7312

7313

7314

7315

7316

7317

7318

7319

7320

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Masumoto, K., Matsumura, H., Bessho, K., and Toy@dd42008). “Role of activation analysis for
radiation control in accelerator facilitiesldournal of Radioanalytical and Nuclear Chemistry
278 449-453.

Matsufuji, N., Fukumura, A., Komori, M., Kanai, Tand Kohno, T. (2003). "Influence of fragment
reaction of relativistic heavy charged particlesheavy-ion radiotherapyPhys. Med. Biol48,
1605-1623.

Mazal, A., Gall, K., Bottollier-Depois, J.F., Michd, S., Delacroix, D., Fracas, P., Clapier, F.,
Delacroix, S., Nauraye, C., Ferrand, R., Louis, &hd Habrand, J.L. (1997). “Shielding
measurements for a proton therapy beam of 200 Madliminary results,Radiat. Prot. Dosim.
70, 429-436.

McKinney, G.,et al (2006). “Review of Monte Carlo all-particle trgnmst codes and overview of recent
MCNPX features,” irProc. of the International Workshop on Fast NeutBetectorgUniversity
of Cape Town, South Africa).

Meier, M.M., Goulding, C.A., Morgan, G.L., and Ulémn, J.L. (1990). "Neutron Yields from Stopping-
and Near-Stopping-Length Targets for 256-MeV PrsfoNucl. Sci. and Endl.04, 339-363.
Mesoloras, G., Sandison, G.A., Stewart, R.D., FaB,, and Hsi, W.C. (2006). "Neutron scatterededos

equivalent to, a.fetus from proton radiotherapyhef mother,'Med. Phys33, 2479-2490.

Michel, R.,et al. (1997). “Cross sections for the production ofaaal nuclides by low- and medium-
energy protons from the target elements C, N, OMgSIi, Ca, Ti, V, Mn, Fe, Co, Ni, Cu, Sr, Y,
Zr, Nb, Ba and Au,NIM Phys. Re€B129, 153-193.

Minniti, G., Traish, D., Ashley, S., Gonsalves, And Brada, M. (2005). "Risk of second brain tumor
after conservative surgery and radiotherapy farifsity adenoma: update after an additional 10

years,"J. Clin. Endocrinol. Metal®0, 800-804.

423



7321

7322

7323

7324

7325

7326

7327

7328

7329

7330

7331

7332

7333

7334

7335

7336

7337

7338

7339

7340

7341

7342

7343

7344

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Miralbell, R., Lomax, A., Cella, L., and Schneidek, (2002). "Potential reduction of the incidende o
radiation-induced second cancers by using protamian the treatment of pediatric tumors,"
Int. J. Radiat. Phys. Med. Biob4, 824-829.

Mokhov, N.V. (1995). “The MARS Code System Userlgdg,” Fermilab-FN-628 (1995).

Mokhov, N.V. (2009). “MARS Code System,” Version @909),_http://www-ap.fnal.gov/IMARS

accessed 20 September 2009.

Mokhov, N.V. and Striganov, S.I. (2007). “MARS15 @view,” in Proc. of the Hadronic Shower
Simulation Workshop 2006, Fermil&b3 September 2006, M., Albrow, R., Raja EA$R,
Conference Proceedir8p6.

Moritz, L.E. (1994). “Summarized experimental diésof neutron shielding and attenuation lengtip” p
in Proc. Shielding Aspects of Accelerators, Targets laradiation Facilities (SATIF)28-29
April 1998, Arlington, Texas (Nuclear Energy Agen€yganization for Economic Co-operation
and Development, Paris).

Moritz, L.E. (2001). "Radiation protection at l@mergy proton accelerator®adiat. Prot. Dosim.
96(4),297-309.

Morone, M.C., Calabretta, L., Cuttone, G., andiRipF. (2008). "Monte Carlo simulation to evaluate
the contamination in an energy modulated carborbeam for hadron therapy delivered by
cyclotron,"Phys. Med. Biol53, 6045-6053.

Morstin, K., and Olko, P. (1994). "Calculation a¢futron energy deposition in nanometric sit€atiat.
Prot. Dosim.52, 89-92.

Moyer, B.J. (1957) "University of California Rad@ Laboratory Proton SynchrotrgrRep. TID-7545,
38(U.S. Army Environmental Command, Washington, DC).

Moyers, M.F., Benton, E.R., Ghebremedhin, A., andt@kon, G. (2008). "Leakage and scatter

radiation from a double scattering based protomiiea,” Med. Phys35, 128-144.

424



7345

7346

7347

7348

7349

7350

7351

7352

7353

7354

7355

7356

7357

7358

7359

7360

7361

7362

7363

7364

7365

7366

7367

7368

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Nakamura, T. (2000). “Neutron production from thimd thick targets by high-energy heavy ion
bombardment,” pp. iRroc. Shielding Aspects of Accelerators, Targets laradiation Facilities
(SATIF-5),18-21 July 2000, Paris (Nuclear Energy Agency,aization for Economic Co-
operation and Development, Paris).

Nakamura, T. (2002). “Double differential thick-gat neutron yields bombarded by high-energy heavy
ions,”pp. 19-25 iProc. Shielding Aspects of Accelerators, Targets$ laradiation Facilities
(SATIF-6),10-12 April 2002, Stanford, CA (Nuclear Energy Agg Organization for Economic
Co-operation and Development, Paris).

Nakamura, T. (2004). "Summarized experimentalltesd neutron shielding and attenuation length,”
pp. 129-146 irProc. Shielding Aspects of Accelerators, Targets laradiation Facilities
(SATIF-7),17-18 May 2004, Portugal (Nuclear Energy Agef@rganization for Economic Co-
operation and Development, Paris).

Nakamura T., and Heilbronn, L. (2006)andbook on Secondary Particle Production and Tpamsby
High-Energy Heavy longWorld Scientific, Singapore).

Nakamura, T., Nunomiya, T., Yashima, H., and Yo8ai(2004). "Overview of recent experimental
works on high energy neutron shieldingfogress in Nuclear Energy4(2),85-187.

Nakashima, H., Takada, H., Meigo, S., Maekawaktkahori, T., Chiba, S., Sakamoto, Y., Sasamoto,
N., Tanaka, S., Hayashi, K., Odano, N., Yosh&aM., Sato, O., Suzuoki, Y., lwai, S., Uehara,
T., Takahashi, H., Uwamino, Y., Namito, Y., Ban, Sirayama, H., Shin, K. and Nakamura, T.
(1995). “Accelerator shielding benchmark experimamlyses,” inProc. Shielding Aspects of
Accelerators, Targets and Irradiation FacilitiesABF-2),12-13 October 1995, CERN, Geneva
(Nuclear Energy Agency, Organization for Economgz@peration and Development, Paris).

Nasagawa, H. and Little, J.B. (1999). "Unexpectusgivity to the induction of mutations by verylo

doses of alpha-particle radiation: evidence foystdnder effect,Radiat. Res152,552-557.

425



7369

7370

7371

7372

7373

7374

7375

7376

7377

7378

7379

7380

7381

7382

7383

7384

7385

7386

7387

7388

7389

7390

7391

7392

7393

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

NCRP (1971). National Council on Radiation Protatind MeasurementBrotection Against Neutron
Radiation NCRP Report 38 (National Council on Radiationt®cton and Measurements,
Bethesda, MD).

NCRP (1977). National Council on Radiation Protattand MeasurementRadiation Protection
Design Guidelines for 0.1-100 MeV Particle Accelerdacilities;, NCRP Report 51 (National
Council on Radiation Protection and Measuremergth&da, MD).

NCRP (1990). National Council on Radiation Protatiind MeasuremenfBhe Relative Biological
Effectiveness of Radiations of Different QualtfCRP Report 104 (National Council on
Radiation Protection and MeasuremeBisthesda, MD).

NCRP (1991). National Council on Radiation Protati@nd MeasurementSalibration of Survey
Instruments Used in Radiation Protection for thedssment of lonizing Radiation Fields and
Radioactive Surface ContaminatiddCRP Report 112 (National Council on Radiation
Protection and MeasuremenBgthesda, MD).

NCRP (1993). National Council on Radiation Protti&nd Measurementsimitation of Exposure to
lonizing Radiation (Supersedes NCRP Report No.MCRP Report 116 (National Council on
Radiation Protection and MeasuremeBisthesda, MD).

NCRP (1996). National Council on Radiation Protatiind MeasurementSpsimetry of X-Ray and
Gamma-Ray Beams for Radiation Therapy in the EnRagyge 10 keV to 50 Me\NCRP
Report 69 (National Council on Radiation Protectaond Measurements, Bethesda, MD).

NCRP (2001). National Council on Radiation Protatiind MeasurementSyaluation of the Linear-
Nonthreshold Dose-Response Model for lonizing RextiaNCRP Report 136 (National Council
on Radiation Protection and Measurements, Beth@&sOa,

NCRP (2003). National Council on Radiation Promtt@and Measurementladiation Protection for
Particle Accelerator FacilitiesNCRP Report 144 (National Council on Radiatioat€ction and

MeasurementBethesda, MD).

426



7394

7395

7396

7397

7398

7399

7400

7401

7402

7403

7404

7405

7406

7407

7408

7409

7410

7411

7412

7413

7414

7415

7416

7417

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

NCRP (2005). National Council on Radiation Protatiand MeasurementStructural Shielding Design
and Evaluation for Megavoltage X- and Gamma-Rayi®hdrapy Facilities NCRP Report 151
(National Council on Radiation Protection and Meaments, Bethesda, MD).

Neglia, J.P., Meadows, A.T., Robison, L.L., KimHT,.Newton, W.A., Ruymann, F.B., Sather, H.N.,
and Hammond, G.D. (1991). "Second neoplasms afteéedymphoblastic leukemia in
childhood,"N. Engl. J. Med325 1330-1336.

Neglia, J.P., Friedman, D.L., Yasui, Y., MertensCA Hammond, S., Stovall, M., Donaldson, S.S.,
Meadows, A.T., and Robison, L.L. (2001). "Secondignant neoplasms in five-year survivors
of childhood cancer: childhood cancer survivor gtud. Natl. Cancer Inst93, 618-629.

Newhauser, W.D., Titt, U., Dexheimer, D., Yan, XdaNill, S. (2002). "Neutron shielding verification
measurements and simulations for a 235-MeV prdterapy center,NIM Phys. ResA 476,80-
84.

Newhauser, W.D., Ding, X., Giragosian, D., Nill, &d Titt, U., (2005a). “Neutron radiation area
monitoring system for proton therapy facilitieRadiat. Prot. Dosim115 149-153.

Newhauser, W., Koch, N., Hummel, S., Ziegler, M &itt, U. (2005b). "Monte Carlo simulations of a
nozzle for the treatment of ocular tumours withhhenergy proton beams?hys. Med. Biol50,
5229-5249.

Newhauser, W.D., Fontenot, J.D., Mahajan, A., KathgD., Stovall, M., Zheng, Y., Taddei, P.J.,
Mirkovic, D., Mohan, R., Cox, J.D., and Woo, S. Q2. "The risk of developing a second
cancer after receiving craniospinal proton irradiat Phys. Med. Biol54, 2277-2291.

Niita, K., Meigo, S., Takada, H., and lkeda, Y.@2Q “High energy particle transport code
NMTC/JAM,” NIM Phys. ResB184, 406-420.

Niita, K., Sato, T., lwase, H., Nose, H., Nakashiidg and Sihver, L. (2006). "PHITS: a particlelan

heavy ion transport code systerRddiation Measurementsl, 1080-1090.

427



PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

7418 Nipper, J.C., Williams, J.L., and Bolch, W.E. (200Zreation of two tomographic voxel models of
7419 paediatric patients in the first year of lif®hys. Med. Biol47, 3143-3164.

7420 Nishimura, H., Miyamoto, T., Yamamoto, N., Koto,,Mugimura, K., and Tsujii, H. (2003).

7421 "Radiographic pulmonary and pleural changes a#idoan ion irradiation,Int. J. Radiat. Oncol.
7422 Biol. Phys.55,861-866.

7423 Noda, K. (2004). "HIMAC and new Facility Design fdfidespread Use of Carbon Cancer Therapy,"
7424 552-556 inProc. of the 3rd Asian Particle Accelerator Conface 22-26 March 2004,

7425 Gyeongju, Republic of Korea.

7426 Noda, K.et al. (2006a). "Development for new Carbon Cancer-Thefagzility and Future Plan of
7427 HIMAC," in Proc. of EPAC 2006, 995-95Applications of Accelerators, Technology Transfer
7428 and Industrial Relations, Edinburgh, Scotland).

7429 Noda, K.et al. (2006b). "Design of Carbon Therapy Facility BasedlO Years Experience at HIMAC,"
7430 NIM Phys. ResA 562 1038-1041.

7431 Nolte, E., Ruhm, W., Loosli, H.H., Tolstikhin, Kato, K., Huber, T.C., and Egbert, S.D. (2006).
7432 "Measurements of fast neutrons in Hiroshima byafg§89)Ar," Radiat. Environ. Biophysgi4,
7433 261-271.

7434  Norosinski, S. (2006Erstellung eines Handbuches zur Abschatzung voohtinsungen Diploma

7435 thesis 31 May 2006, Zittau, Gorlitz.

7436  Numajiri, M. (2007). "Evaluation of the radioactyiof the pre-dominant gamma emitters in components
7437 used at high-energy proton accelerator faciliti®gtiiat. Prot. Dosim23 (4) 417-425.

7438 Oishi, K., Nakao, N., Kosako, K., Yamakawa, H., Bsthima, H, Kawai, M., Yashima, H., Sanami, T.,

7439 Numajiri, M., Shibata, T., Hirayama, H., and Nakaaur. (2005). “Measurement and anylysis
7440 of induced activities in concrete irradiated udmgh-energy neutrons at KENS neutron
7441 spallation source facility,Radiat. Prot. Dosim115 623-629.

428



7442

7443

7444

7445

7446

7447

7448

7449

7450

7451

7452

7453

7454

7455

7456

7457

7458

7459

7460

7461

7462

7463

7464

7465

7466

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Olsen, J.H., Garwicz, S., Hertz, H., JonmundssonL&hgmark, F., Lanning, M., Lie, S.O., Moe, P.J.,
Moller, T., Sankila, R., andt al.(1993). "Second malignant neoplasms after camceiildhood
or adolescence. Nordic Society of Paediatric Haelogy and Oncology Association of the
Nordic Cancer RegistriesBMJ 307, 1030-1036.

Olsher, R.H., Hsu, H.H., Beverding, A, Kleck, J.Basson, W.H., Vasilik, D.G., and Devine, R.T.
(2000). “WENDI: An improved neutron rem meteHealth Phys70, 171-181.

Olsher, R.H., Seagraves, D.T., Eisele, S.L., Bj@kV., Martinez, W.A., Romero, L.L., Mallett, M.W.,
Duran, M.A., and Hurlbut, C.R. (2004). “PRESCILA:n&w, lightweight neutron rem meter,”
Health Phys86, 603-612.

Paganetti, H. (1998). "Monte Carlo method to sttiyproton fluence for treatment planninigléd.
Phys.25, 2370-2375.

Paganetti, H. (2002). "Nuclear Interactions in BnoTherapy: Dose and Relative Biological Effect
Distributions Originating From Primary and Secoryd@articles,'Phys. Med. Biol47,747-764.

Paganetti, H. (2005). "Changes in tumor cell respatue to prolonged dose delivery times in
fractionated radiation therapyyit. J. Radiat. Oncol. Biol. Phy$3, 892-900.

Paganetti, H. (2006). "Monte Carlo calculationsdbsolute dosimetry to determine output factors for
proton therapy treatment$?hys. Med. Biol51,2801-2812.

Paganetti, H., Olko, P., Kobus, H., Becker, R.,i8ith T., Waligorski, M.P.R., Filges, D., and MueH
Gaertner, H.W. (1997). "Calculation of RBE for Rmotbeams Using Biological Weighting
Functions,'Int. J. Radiat. Oncol. Biol. Phy87,719-729.

Paganetti, H., Jiang, H., Lee S-Y., and Kooy, O@®. "Accurate Monte Carlo for nozzle design,
commissioning, and quality assurance in protoraghnef Med. Phys31, 2107-2118.

Paganetti, H., Bortfeld, T., and Delaney, T.F. @00Neutron dose in proton radiation therapy: in
regard to Eric, J. Hall (Int., J. Radiat. OncoloBPhys. 2006;65:1-7)Jht. J. Radiat. Oncol.

Biol. Phys. 66, 1594-5; author reply 5.

429



PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

7467 Paganetti, H., Jiang, H., Parodi, K., Slopsemaafd, Engelsman, M. (2008). "Clinical implementation
7468 of full Monte Carlo dose calculation in proton betdrarapy,"Phys. Med. Biol53,4825-4853.
7469 Palm, A. and Johansson, K.A. (2007). "A.reviewhs impact of photon and proton external beam
7470 radiotherapy treatment modalities on the doseiligton in field and out-of-field; implications
7471 for the long-term morbidity of cancer survivorgta. Oncol46, 462-473.

7472 Parodi, K., Ferrari, A., Sommerer, F., and Pagaréit (2007). “Clinical CT-based calculations afs®
7473 and positron emitter distributions in proton thegraging the FLUKA Monte Carlo codefPhys.
7474 Med. Biol 52, 3369-3387.

7475 Pedroni, E.et al. (2005). “The 200 MeV proton therapy project at Beail Scherrer Institute: conceptual
7476 design and practical realizatioMed. Phys22, 37-53.

7477 Pelliccioni, M. (2000). "Overview of fluence-to-efftive dose and fluence-to-ambient dose equivalent
7478 conversion coefficients for high energy radiatiafcalated using the FLUKA CodeRadiat.

7479 Prot. Dosim.88(4), 277-297.

7480 Pelowitz, D.B., ed. (2005). “MCNPX User's Manuakrgion 2.5.0,” Los Alamos National Laboratory

7481 report, LA-CP-05-0369, http://mcnpx.lanl.géaccessed 18 September 2009).

7482 Perez-Andujar, A., Newhauser, W.D., and Deluca,.F2@09). "Neutron production from beam-

7483 modifying devices in a modern double scatteringgrdherapy beam delivery systerRHys.

7484 Med. Biol.54,993-1008.

7485 Petoussi-Henss, N., Zanki, M., Fill, U., and ReguD. (2002). "The GSF family of voxel phantoms,"
7486 Phys. Med. Biol47,89-106.

7487 Piegl, L. (1991). "On NURBS: A survey EEE Computer Graphics and Applicatioh$, 55-71.

7488 Pierce, D.A. and Preston, D.L. (2000). "Radiatietaied cancer risks at low doses among atomic bomb
7489 survivors,"Radiat. Res154,178-186.

7490 Pierce, D.A., Shimizu, Y., Preston, D.L., Vaeth, Bhd Mabuchi, K. (1996). "Studies of the mortatfy

7491 atomic bomb survivors. Report 12, Part, I. Cant8E0-1990,'Radiat. Res146,1-27.

430



7492

7493

7494

7495

7496

7497

7498

7499

7500

7501

7502

7503

7504

7505

7506

7507

7508

7509

7510

7511

7512

7513

7514

7515

7516

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Polf, J.C. and Newhauser, W.D. (2005). "Calculaiohneutron dose equivalent exposures from range-
modulated proton therapy beamBys. Med. Biol50, 3859-3873.

Polf, J.C., Newhauser, W.D., and Titt, U., (200Pgatient neutron dose equivalent exposures outdide
the proton therapy treatment fieldRadiat. Prot. Dosim115 154-158.

Popova, I.I. (2005). "MCNPX vs DORT for SNS shieldidesign studiesRadiat. Prot. Dosim115
559-563.

Porta, A., Agosteo, S., and Campi, F. (2005). "Maodarlo Simulations for the Design of the Treatment
Rooms and Synchrotron Access Mazes in the CNAO d#dlderapy Facility,"Rad. Prot. Dosim.
113 (3)266-274.

Porta, A., Agosteo, S., Campi, F., and Caresand2008). “Double-differential spectra of secondar
particles from hadrons on tissue equivalent tafg&adiat. Prot. Dosim132 (1),29-41.

Potish, R.A., Dehner, L.P., Haselow, R.E., Kim, T.Eevitt, S.H., and Nesbit, M. (1985). "The
incidence of second neoplasms following megavoltagetion for pediatric tumorsCancer
56, 1534-1537.

Preston, D.L., Shimizu, Y., Pierce, D.A., Suyama,ahd Mabuchi, K. (2003). "Studies of mortality of
atomic bomb survivors. Report 13: Solid cancer mmacancer disease mortality: 1950-1997,"
Radiat. Res160,381-407.

Preston, D.L., Pierce, D.A., Shimizu, Y., CullingsM., Fujita, S., Funamoto S, .and Kodama, K.
(2004). "Effect of Recent Changes in Atomic Bominvtor Dosimetry on Cancer Mortality
Risk Estimates,Radiat. Res162,377-389.

Pshenichnov, I., Mishustin, I., and Greiner, W.Q2D "Neutrons from fragmentation of light nuclei i
tissue-like media: a study with the GEANT4 toolkRhys. Med. Biol50, 5493-5507.

Pshenichnov, I., Larionov, A., Mishustin, I., andeder, W. (2007). “PET monitoring of cancer tharap
with *He and*“C beams: a study with the GEANT4 toolkiPhys. Med. Biol52, 7295-7312.

PTCOG (2009). Particle Theory Co-Operative Grouip:Hwww.psi.org.ch/ Accessed 4 May 09.

431



7517

7518

7519

7520

7521

7522

7523

7524

7525

7526

7527

7528

7529

7530

7531

7532

7533

7534

7535

7536

7537

7538

7539

7540

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Raju, M.R. (1980)Heavy Particle RadiotherapyAcademic Press, New York).

Reft, C.S., Runkel-Muller, R., and Myrianthopoulds(2006). "In vivo and phantom measurements of
the secondary photon and neutron doses for prqsasients undergoing 18 MV IMRTMed.
Phys.33, 3734-3742.

RIBF (2005). “Radiation safety assessment for RdrBEactory,” Promotion Office of Rl Beam Factory,
Nishina Center for Accelerator-Based Science, RIKEKko, Japan).

Ries, L.A.G., Eisner, M.P., Kosary, C.L., Hankeyi-B Miller, B.A., Clegg, L., Mariotto, A., Fay, M.,
Feuer, E.J., Edwards, B.K., eds. (20@&EER Cancer Statistics Review, 1975-2000
http://seer.cancer.gov/csr/1975 2000/, access&eptember 2009 (National Cancer Institute.
Bethesda, MD).

Ries, L.A.G., Harkins, D., Krapcho, M., Mariotto, Miller, B.A., Feuer, E.J. anet al.eds. (2006).

SEER cancer statistics review, 1975-20t8p://seer.cancer.gov/csr/1975 20G®cessed 20

September 2009 (National Cancer Institute. Bethdd@y.

Rijkee, A.G., Zoetelief, J., Raaijmakers, C.P., \b®r Marck, S.C. and Van Der Zee, W. (2006).
"Assessment of induction of secondary tumours duatious radiotherapy modalitie®adiat.
Prot. Dosim.118,219-226.

Rinecker, H. (2005Protonentherapie — Neue Chance bei KrglbsA. Herbig Verlagsbuchhandlung
GmbH: Munich, Germany).

Rogers, J., Stabin, M., and Gesner, J., (2007)e ‘©d<GEANT4 for Monte Carlo studies in voxel-based
anthropomorphic modelsJ. Nucl. Med48, Suppl. 2, 295P.

Ron, E. (2006). "Childhood cancer--treatment abst,tJ. Natl. Cancer Ins©98,1510-1511.

Ron, E. and Hoffmann, F.O. (1997). "Uncertaintyadiation dosimetry and their impact on dose-
response analysisiNational Cancer Institute, National Institute of &l#n Workshop

Proceedings99-4541.

432



7541

7542

7543

7544

7545

7546

7547

7548

7549

7550

7551

7552

7553

7554

7555

7556

7557

7558

7559

7560

7561

7562

7563

7564

7565

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Ron, E., Modan, B., Boice, J.D., Alfandary, E.,\&ii4 M., Chetrit, A., and Katz, L. (1988). "Tumoo$
the brain and nervous system after radiotheragpiidhood,"N. Eng. J. Med319,1033-1039.

Ron, E., Lubin, J.H., Shore, R.E., Mabuchi, K., dda, B., Pottern, L.M., Schneider, A.B., Tucker,
M.A., and Boice, J.D., Jr. (1995). "Thyroid caneéter exposure to external radiation:, a.pooled
analysis of seven studie®adiat. Res141,259-277.

Roy, S.C. and Sandison, G.A. (2004). "Scatteredroewose equivalent to a fetus from proton therapy
of the mother,'Radiat. Phys. Chen71,997-998.

Ruth, T.J. and Wolf, A.P. (1979). “Absolute crosstions for the production &fF via the*®0 (p, n)**F
peaction,”’Radiochim. Acta26, 21-24.

Sadetzki, S., Flint-Richter, P., Ben-Tal, T., anakhl D. (2002). "Radiation-induced meningioma: a
descriptive study of 253 cases,"Neurosurg97,1078-1082.

Sakamoto, Y., Sato, O., Tsuda, S., Yoshizawa,wai,IS., Tanaka, S., and Yamaguchi, Y. (2003).
“Dose conversion coefficients for high-energy pmstcelectrons, neutrons and protons,” JAERI-
1345 (Japan Atomic Energy Research Institute, Tiokai

Sasaki, S. and Fukuda, N. (1999). "Dose-respomatareship for induction of solid tumors in female
B6C3F1 mice irradiated neonatally with a singleedoEgamma rays,J. Radiat. Res. (Tokyo)
40,229-241.

Sato, O., Yoshizawa, N., Takagi, S., lwai, S., Ueh&., Sakamoto, Y., Yamaguchi, Y., and Tanaka, S.
(1999). “Calculations of effective dose and ambiwge equivalent conversion coefficients for
high energy photons,J. Nucl. Sci. Tech36, 977-987.

Sato, T., Endo, A., Zankl, M., Petoussi-Henss ald Niita, K. (2009). "Fluence-to-dose conversion
coefficients for neutrons and protons calculatedgithe PHITS code and ICRP/ICRU adult
reference computational phantomBhys. Med. Biol54, 1997-2014.

Schardt, D., lwase, H., Simon, R.S., and GunzentxiM&. (2006). "Experimental investigation of

secondary fast neutrons produced in carbon iomtaeliapy,” inProc. of the International

433



7566

7567

7568

7569

7570

7571

7572

7573

7574

7575

7576

7577

7578

7579

7580

7581

7582

7583

7584

7585

7586

7587

7588

7589

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Workshop on Fast Neutron Detectors and Applicati@a8 April 2006, University of Cape
Town, South Africa.

Scharf, W.H. and Wieszczycka, W. (200Rjoton Radiotherapy Acceleratofg/orld Scientific
Publishing Co., London, UK).

Schimmerling, W., Miller, J., Wong, M., Rapkin, Mdpward, J., Spieler, H.G., and Jarret, B.V. (1989)
"The fragmentation of 670A MeV neon-20 as afunctiddepth in water. | ExperimentRadiat.
Res.120,36-71.

Schippers, J.Met al, (2007). “The SC cyclotron and beam lines of P8&s proton therapy facility
PROSCAN,”NIM Phys. ResB 261,773-776.

Schneider, U. and Kaser-Hotz, B. (2005). "Radiatisk estimates after radiotherapy: applicatiothef
organ equivalent dose concept to plateau dose-mespelationshipsRadiat. Environ. Biophys.
44,235-2309.

Schneider, U., Agosteo, S., Pedroni, E., and Begs&r(2002). "Secondary neutron dose during proto
therapy using spot scanningyit. J. Radiat. Oncol. Biol. Phy$3,244-251.

Schneider, U., Fiechtner, A., Besserer, J. and xoMa(2004). "Neutron dose from prostheses mdteria
during radiotherapy with protons and photori®)ys. Med. Biol49,N119-N24

Schneider, U., Lomax, A., Hauser, B. and Kaser-HB8t2006). "Is the risk for secondary cancersraft
proton therapy enhanced distal to the Planning&targlume? A two-case report with possible
explanations,Radiat. Environ. Biophysl5, 39-43.

Schneider, U., Lomax, A., Besserer, J., Pemlel,dmbriser, N., and Kaser-Hotz, B. (2007). "The
impact of dose escalation on secondary canceafisk radiotherapy of prostate cancén: J.
Radiat. Oncol. Biol. Phys68,892-897.

Schottenfeld, D. and Beebe-Dimmer, J.L. (2006). ltMle cancers,'Cancer epidemiology and

prevention.Schottenfeld, D. and Fraumeni, J.F., Jr., Ed€941280.

434



7590

7591

7592

7593

7594

7595

7596

7597

7598

7599

7600

7601

7602

7603

7604

7605

7606

7607

7608

7609

7610

7611

7612

7613

7614

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Schultz-Ertner, Det al. (2004). "Results of Carbon lon Radiotherapy in Pa#ents,'Int., J. Radiation
Onc. Biol. Phys58 (2)631-640.
Schwarz, R., (2008). “Graphical User InterfaceHagh Energy Multi-Particle Transport,”

http://www.mcnpvised.comaccessed 20 September 2009.

Segars, W.P (2001). "Development and applicatiathh@hew dynamic NURBS-based cardiac-torso
(NCAT) phantom.," Dissertation in Biomedical Enganieg. (University of North Carolina, NC,
USA).

Segars, W.P. and Tsui, B.M.W. (2002). "Study ofeffecacy of respiratory gating in myocardial
SPECT using the new 4-D NCAT phantortEEE Transactions in Nuclear Scierd®, 675-679.

Segars, W.P., Lalush, D.S., and Tsui, B.M.W. (199Y)ealistic spline-based dynamic heart phantom,"
IEEE Transactions in Nuclear Sciend@, 503-506.

Shamisa, A., Bance, M., Nag, S., Tator, C., WongN8ren, G., and Guha, A. (2001). "Glioblastoma
multiforme occurring in a patient treated with gaakmife surgery. Case report and review of
the literature,'d. Neurosurg94, 816-821.

Shellabarger, C.J., Chmelevsky, D., and Kellerek.A1980). "Induction of mammary neoplasms in the
Sprague-Dawley rat by 430keV neutrons and X-raysiNatl. Cancer Inst64,821-833.

Shi, C. and Xu, X.G. (2004). "Development of a 3@ak-pregnant female tomographic model from
computed tomography (CT) images for Monte Carlaardose calculationsied. Phys31,
2491-2497.

Shi, C.Y., Xu, X.G., and Stabin, M.G. (2004). "Siheabsorbed fractions for internal photon emster
calculated for a tomographic model of a pregnanha,"Health Phys87,507-511.

Shin, K, Ono, S., Ishibashi, K., Meigo, S., Takadag,Sasa, N., Nakashima, H., Tanaka, S., Nakao, N.
Kurosawa, T., Nakamura, N., and Uwamino, Y. (199Thick target yield measurements in
Tiara, KEK and HIMAC,” inProc. Shielding Aspects of Accelerators, Targets laradiation

Facilities (SATIF-3),12-13 May 1997, Tohoko University, Sendai, Japdunc{ear Energy

435



7615

7616

7617

7618

7619

7620

7621

7622

7623

7624

7625

7626

7627

7628

7629

7630

7631

7632

7633

7634

7635

7636

7637

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Agency, Organization for Economic Co-operation Bedelopment, Paris).

Shin, M., Ueki, K., Kurita, H., and Kirino, T. (2@). "Malignant transformation of a vestibular
schwannoma after gamma knife radiosurgergsicet360,309-310.

Siebers, J.V. (1990). "Shielding Measurements 8@ MeV Proton BeamDoctoral Thesis,
Department of Med. Phys. (University of Wisconditadison, WI).

Siebers, J.V., DelLuca, P.M., Pearson, D.W., andr@kon, G. (1992). "Measurement of Neutron Dose
Equivalent and Penetration in Concrete for 230 NRedton Bombardment of Al, Fe and Pb
Targets,"Radiat. Prot. Dosim44 (1) 247-251.

Siebers, J.V., DelLuca, P.M., Pearson, D.W., andr@kon, G. (1993). "Shielding Measurements for
230-MeV Protons,Nucl. Sci. and Engl115 13-23.

Sigurdson, A.J., Ronckers, C.M., Mertens, A.C.yv8llo M., Smith, S.A., Liu, Y., Berkow, R.L.,
Hammond, S., Neglia, J.P., Meadows, A.T., Sklaf.(Robison, L.L., and Inskip, P.D. (2005).
"Primary thyroid cancer after a first tumour inldhiood (the Childhood Cancer Survivor Study):
a nested case-control studiancet365 2014-2023.

Simmons, N.E. and Laws, E.R., Jr. (1998). "Gliommeunrence after sellar irradiation: case report and
review,"Neurosurgeryt2,172-178.

Sisterson, J.M., Brooks, F.D., Buffler, A. Allie,.Bl, Jones, D.T.L., and Chadwick, M.B. (2005).”Gros
section measurements for neutron-induced reacioospper at neutron energies of 70.7 and
110.8 MeV,”"NIM Phys. ResB240, 617-624.

Slater, J.M, Archambeau, J.O., Miller, D.W., No&wrM.l., Preston, W., and Slater, J.D. (1991). "The
Proton Treatment Center at Loma Linda UniversitydMal Center: Rationale for and
Description of its Developmentiit. J. Radiat. Oncol. Biol. Phy&2, 383-389.

Smith, A.R. (2009) Vision 20/20: Proton therapyMed. Phys36 (2), 556-568.

436



7638

7639

7640

7641

7642

7643

7644

7645

7646

7647

7648

7649

7650

7651

7652

7653

7654

7655

7656

7657

7658

7659

7660

7661

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Snyder, W.S., Fisher, H.L., Jr., Ford, M.R., andrié¢a, G.G. (1969). "Estimates of absorbed fractions
for monoenergetic photon sources uniformly distigoluin various organs of a heterogeneous
phantom,"J. Nucl. Med10 (Suppl 3), 7-52.

Sobolevsky, N.M. (2008) “Multipurpose hadron tramtgode SHIELD,” http://www.inr.ru/shield,
accessed 20 September 2009.

Sorge, H. (1995). "Flavor production in Pb (160AVGeon Pb collisions: Effect of color ropes and
hadronic rescatteringPhys. RevC 52, 3291-3314.

Spitzer, V.M. and Whitlock, D.G. (1998). "The VigtHuman Dataset: the anatomical platform for
human simulation,Anat. Rec253,49-57.

Stabin, M.G., Watson, E., Cristy, M., aatlal.(1995). "Mathematical models and specific absorbed
fractions of photon energy in the nonpregnant aeatiale and at the end of each trimester of
pregnancy,ORNL/TM-12907.

Stabin, M.G., Yoriyaz, H., Brill, A.B., and Dawam. (1999). "Monte Carlo calculations of dose
conversion factors for a new generation of dosiynelvantoms,'d. Nucl. Med.40, 310-311.

Stapleton, G.B., O’Brien, K., and Thomas, R.H. @P9Accelerator skyshine: Tyger, tiger, burning
bright," Part. Accel44.

Staton, R.J., Pazik, F.D., Nipper, J.C., Williadhs.., and Bolch, W.E. (2003). "A comparison of
newborn stylized and tomographic models for dosessmnent in paediatric radiologPhys.
Med. Biol.48, 805-820.

Stevenson, G.R. (1999). “The shielding of high-ggexccelerators,” CERN-TIS-99-RP-CF8 (CERN,
Geneva).

Stevenson, G.R. (2001). “Shielding high-energy kra#ors,”Radiat. Prot. Dosim96, 359-371.

Stevenson, G.R. and Thomas, R.H. (1984). "A simppbeedure for the estimation of neutron skyshine

from proton acceleratorstiealth Phys46, 155.

437



7662

7663

7664

7665

7666

7667

7668

7669

7670

7671

7672

7673

7674

7675

7676

7677

7678

7679

7680

7681

7682

7683

7684

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Stichelbaut, F., Canon, T., and Yongen, Y. (2008hielding Studies for a Hadron Therapy Center," i
Proc. of the ICRS-11 International Conference odiRi@on Shielding and RPSD-2008 15th
Topical Meeting of the Radiation Protection andefting Division of the ANS,3-18 April 2008
(Pine Mountain, Georgia, USA).

Stovall, M., Smith, S.A., and Rosenstein, M. (198%)ssue doses from radiotherapy of cancer of the
uterine cervix,"Med. Phys16, 726-733.

Stovall, M., Donaldson, S.S., Weathers, R.E., Robi&.L., Mertens, A.C., Winther, J.F., Olsen, J.H.
and Boice, J.D., Jr. (2004). "Genetic effects digtherapy for childhood cancer: gonadal dose
reconstruction,nt. J. Radiat. Oncol. Biol. Phy<$0, 542-552.

Strong, L.C., Herson, J., Osborne, B.M. and Sutdy. (1979). "Risk of radiation-related subsequent
malignant tumors in survivors of Ewing's sarconda,Natl. Cancer Inst62, 1401-1406.

Suit, H., Goldberg, S., Niemierko, A., Ancukiewid,, Hall, E., Goitien, M., Wong, W., and Paganetti
H. (2007). "Secondary Carcinogenesis in Patierggf€éd with Radiation:, A.Review of Data on
Radiation-Induced Cancers in Human, Non-human Rein@anine and Rodent Subjects,”
Radiat. Res167,12-42.

Sullivan, A.H. (1992)A Guide to Radiation and Radioactivity Levels Ndayh-Energy Particle
Accelerators(Nuclear Technology Publishing, Kent, UK).

Sutton, M.R., Hertel, N.E., and Waters, L.S. (2008)high-energy neutron depth-dose experiment
performed at the LANSCE/WNR facility,” pp. 231-2#0Proc. 5th Meeting of the Task Force
on Shielding Aspects of Accelerators, Targets aradliation Facilities Paris.

Taddei, P.J., Fontenot, J.D., Zheng, Y., Mirkodc, Lee, A.K., Titt, U., and Newhauser, W.D. (2008)
"Reducing stray radiation dose to patients recgipassively scattered proton radiotherapy for

prostate cancerPhys. Med. Biol532131-2147.

438



PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

7685 Taddei, P.J., Mirkovic, D., Fontenot, J.D., Gielbgke, Zheng, Y., Kornguth, D., Mohan, R., and

7686 Newhauser, W.D. (2009). "Stray radiation dose awbid cancer risk for a pediatric patient
7687 receiving craniospinal irradiation with proton beghiPhys. Med. Biol54, 2259-2275.

7688 Takacs, S., Tarkanyi, F., Hermanne, A., and PawetCorcuera, R. (2003). “Validation and upgratle o
7689 the recommended cross section data of chargedlpariactions used for production pet

7690 radioisotopes,NIM Phys. ResB 211, 169-189.

7691 Tayama, R., Nakano, H., Handa, H., Hayashi, K.ajyima, H., Shin, K., Masukawa, H., Nakashima,
7692 H., and Sasamoto, N. (2001). "DUCT-III: A simpledign Code for Duct-Streaming

7693 Radiations," KEK Internal Report (Tsukuba, Japan).

7694 Tayama, R., Handa, H., Hayashi, H., Nakano, H.n®&s, N., Nakashima, H., and Masukawa, F.

7695 (2002). "Benchmark calculations of neutron yieldd dose equivalent from thick iron target fro
7696 52-256 MeV protons,Nucl. Eng. and Desigi13 119-131.

7697 Tayama, R., Hayashi, K., and Hirayama, H. (2004)LEB-I Radiation Shielding Tool for Accelerator
7698 Facilities,"KEK Internal, Report, NEA-1727/01 (Tsukuba, Japan).

7699 Tayama, R., Fujita, Y., Tadokoro, M., Fujimaki, Bakae, T., and Terunuma, T. (2006). "Measurement
7700 of neutron dose distribution for apassive scattenozzle at the Proton Medical Research Center
7701 (PMRC),"NIM Phys. Res. /%64,532-536.

7702 Teichmann, S. (2002) "Shielding Calculations fandean,"PSI — Scientific and Technical Rep6r58-
7703 59.

7704 Teichmann, S. (2006). "Shielding Parameters of @drand Polyethylene for the PSI Proton

7705 Accelerator Facilities,” ifProc. Shielding Aspects of Accelerators, Targets laradiation
7706 Facilities (SATIF 8)22-24 May 2006, Gyongbuk, Republic of Korea (NucEaergy Agency,
7707 Organization for Economic Co-operation and DevelepmParis).

7708 Tesch, K. (1982) "The attenuation of the neutrosedequivalent in a labyrinth through an accelerator

7709 shield,"Part. Accel, 12 (N 3),169-175.

439



7710

7711

7712

7713

7714

7715

7716

7717

7718

7719

7720

7721

1722

7723

1724

7725

7726

7727

7728

7729

7730

7731

7732

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Tesch, K. (1985). “A simple estimation of the latleshielding for proton accelerators in the enesmnge
50 to 1000 MeV,Radiat. Prot. Dosim11(3), 165-172.

Theis, C., Buchegger, K.,H., Brugger, M., Forkeldj D., Roesler, S., and Vincke, H., (2006).
“Interactive three dimensional visualization andatron of geometries for Monte Carlo

calculations,NIM Phys. Res. A62,827-829, http://theis.web.cern.ch/theis/simplegacéessed

20 September 2009.

Thomas, R.H. (1993). “Practical Aspects of Shiaydiigh-Energy Particle Accelerators,” Report
UCRL-JC-115068 (U.S. Department of Energy, Washind2C).

Titt, U., and Newhauser, W.D. (2005). “Neutron #ttireg calculations in a proton therapy facility bes
on Monte Carlo simulations and analytical modelgedon for selecting the method of choice,”
Radiat. Prot. Dosim115 144-148.

Tsoulfanidis, N. (1995Measurement and Detection of Radiatifidiemisphere Publishing, Washington,
D.C.)

Tsui, B.M.W., Zhao, X.D., Gregoriou, G.K., aetlal. (1994). "Quantitative cardiac SPECT
reconstruction with reduced image degradation dymtient anatomyJEEE Transactions in
Nuclear Sciencdl,2838-2844.

Tubiana, M. (2005). "Dose-effect relationship astreation of the carcinogenic effects of low dosés
ionizing radiation: the joint report of the Acadendies Sciences (Paris) and of the Academie
Nationale de Medecinelht. J. Radiat. Oncol. Biol. Phy$3,317-319.

Tubiana, M. (2009). "Can we reduce the incidencgeabnd primary malignancies occurring after
radiotherapy? A critical reviewRadiother. Oncol.91, 4-15, discussion 1-3.

Tubiana, M., Feinendegen, L.E., Yang, C., and KakijrJ.M. (2009). "The linear no-threshold

relationship is inconsistent with radiation biologind experimental dataRadiology251,13-22.

440



7733

7734

7735

7736

7737

7738

7739

7740

7741

7742

7743

7744

7745

7746

7747

7748

7749

7750

7751

7752

7753

1754

7755

7756

7757

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Tucker, M.A., Meadows, A.T., Boice, J.D., Jr., atdil. (1984). "Cancer risk following treatment of
childhood cancer,Radiation carcinogenesis: Epidemiology and biolagjgignificance Boice,
J.D., Jr., and Fraumeni, J.F., Jr., Eds. 211-224.

Tucker, M.A., D'Angio, G.J., Boice, J.D., Jr., Stgp L.C., Li, F.P., Stovall, M., Stone, B.J., Green
D.M., Lombardi, F., Newton, W., aret al.(1987). "Bone sarcomas linked to radiotherapy and
chemotherapy in childrenN. Engl. J. Med317588-593.

Tujii, H., Akagi, T., Akahane, K., Uwamino, Y., On®., Kanai, T., Kohno, R., Sakae, T., Shimizu, M.,
Urakabe, E., Nakayama, T., Nakamura, T., NishipNishizawa, Ka., Nishizawa, Ku., Fukuda,
S., Matsufuji, N., Yamashita, H., and Yonai, S.q2p "Research on radiation protection in the
application of new technologies for proton and lygan radiotherapy,Jpn., J. Med. Phys28,
172-206.

Turner, J.E. (1986 Atoms, Radiation, and Radiation ProtectigRergamon Press, New York).

Ueno, A.M., Vannais, D.B., Gustafson, D.L., Wong;.Jand Waldren, C.A. (1996). "A low, adaptive
dose of gamma-rays reduced the number and alteeespectrum of S1-mutants in human-
hamster hybrid AL cells,Mutat. Res358,161-169.

Ullrich, R.L. (1980). "Effects of split doses ofrays or neutrons on lung tumor formation in RFM aglc
Radiat. Res83, 138-145.

Ullrich, R.L. and Davis, C.M. (1999). "Radiationdinced cytogenetic instability in vivoRadiat. Res.
152,170-173.

Ullrich, R.L., Jernigan, M.C., Satterfield, L.Cn@&Bowles, N.D. (1987). "Radiation carcinogenesis:
time-dose relationshipsRadiat. Res111,179-184.

Upton, A.C. (2001). "Radiation hormesis: data artdrpretations,Crit. Rev. Toxicol31,681-695.

USNRC (2009). United States Nuclear Regulatory Casion, Standards for Protection Against
Radiation 10CFR20, Code of Federal Regulatiomsy.nrc.gov/reading-rm/doc-

collections/cfr/part020/, accessed 18 Septembed.200

441



7758

7759

7760

7761

7762

7763

7764

7765

7766

7767

7768

7769

7770

7771

7772

7773

7774

7775

7776

aaas

7778

7779

7780

7781

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Uwamino, Y. (2007) personal communication, RIKENf&y Management Group (RIKEN, Japan).

Uwamino, Y. and Nakamura, T. (1985). “Two typesraflti-moderator neutron spectrometers: gamma-
ray insensitive type and high-efficiency typ8&lIM Phys. ResA239, 299-309.

Uwamino, Y., Fujita, S., Sakamoto, H., Ito, S., &nishi, N., Yabutani, T., Yamano, T., and Fukumura,
A. (2005). “Radiation protection system at the Rikd Beam Factory,Radiat. Prot. Dosim.

115 279-283.

van Leeuwen, F.E. and Travis, L.B. (2005). "Seccautcers,'Cancer: Principles and practice of
oncology, 7th editiorDevita, V.T.et al. (Eds.) 2575-2602.

Verellen, D. and Vanhavere, F. (1999). "Risk agsess of radiation-induced malignancies based on
whole-body equivalent dose estimates for IMRT trestt in the head and neck region,”
Radiother. Oncol53, 199-203.

Vlachoudis, V., (2009). “FLAIR: FLUKA Advanced Intace,” http://www.fluka.org/flair/, accessed 20
September 2009.

Wang, Q.B., Masumoto, K., Bessho, K., MatsumuraMiura, T., and Shibata, T. (2004). “Tritium
activity induced in the accelerator building argldorrelation to radioactivity of gamma-
nuclides,”Journal of Radioanalytical and Nuclear Chemis2g2 587-592.

Weber, U. (2007). "The Particle Therapy Centre odRRKlinikum AG at the University Hospital
Marburg," pp.242-243 inlon Beams in Biology and Medicine, 39. Annual Cafee of the
German-Swiss Association for Radiation Protectiod 41" Workshop of Heavy Charged
Particles in Biology and MedicingRPA Fachverband fir Strahlenschutz, Switzerland
Germany).

White, R.G., Raabe, O.G., Culbertson, M.R., Pakk3,, Samuels, S.J., and Rosenblatt, L.S. (1993).
"Bone sarcoma characteristics and distributioneiagbes fed strontium-90Radiat. Res136,

178-189.

442



7782

7783

7784

7785

7786

7787

7788

7789

7790

7791

7792

7793

7794

7795

7796

7797

7798

7799

7800

7801

7802

7803

7804

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Wiegel, B. and Alevra, A.V. (2002). “NEMUS - the Bheutron multisphere spectrometer: Bonner
spheres and morelNIM Phys. ResA476, 36-41.

Wolff, S. (1998). "The adaptive response in raddgy: evolving insights and implication€hviron.
Health Perspectl06 (Suppl 1),277-283.

Wood, D.H. (1991). "Long-term mortality and candsk in irradiated rhesus monkey&adiat. Res.
126,132-140.

Wroe, A., Rosenfeld, A., and Schulte, R. (2007)ut0f-field dose equivalents delivered by proton
therapy of prostate canceMed. Phys34, 3449-3456.

Wroe, A., Clasie, B., Kooy, H., Flanz, J., SchuRe, and Rosenfeld, A. (2009). "Out-of-field dose
equivalents delivered by passively scattered theerip proton beams for clinically relevant field
configurations,'Int. J. Radiat. Oncol. Biol. Phys(3,306-313.

Xu, X.G., Chao, T.C., and Bozkurt, A. (2000). "VNPAN: an image-based whole-body adult male
model constructed from color photographs of thebesHuman Project for multi-particle Monte
Carlo calculations,Health Phys78,476-485.

Xu, X.G., Chao, T.C., and Bozkurt, A. (2005). "Caamipon of effective doses from various
monoenergetic particles based on the stylised lamd/ IP-Man tomographic modelRRadiat.
Prot. Dosim.115,530-535.

Xu, X.G., Taranenko, V., Zhang, J., and Shi, CO@0"A boundary-representation method for
designing whole-body radiation dosimetry modelggpant females at the ends of three
gestational periods—RPI-P3, -P6 and -FhYs. Med. Biol52, 7023-7044.

Xu, X.G., Bednarz, B., and Paganetti, H. (2008) Réview of Dosimetry Studies on External-Beam
Radiation Treatment with Respect to Second Camekrction,"Phys. Med. Biol53, R193-

R241.

443



7805

7806

7807

7808

7809

7810

7811

7812

7813

7814

7815

7816

7817

7818

7819

7820

7821

7822

7823

7824

7825

7826

7827

7828

7829

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Yan, X., Titt, U., Koehler, A.M., and Newhauser,(2002). "Measurement of neutron dose
equivalent to proton therapy patients outside efgfoton radiation field,NIM Phys. ResA 476,
429-434.

Yashima, H., Uwamino, Y., Sugita, H., Nakamura,lib, S., and Fukumura, A. (2002). "Projectile
dependence of radioactive spallation products iedus copper by high-energy heavy ions,*”
Phys. RevC66, 044607-1 to 11.

Yashima, H., Uwamino, Y., lwase, H., Sugita, H.kBiaura, T., Ito, S., and Fukumura, A. (2003).
“Measurement and calculation of radioactivitiespéllation products by high-energy heavy
ions,” Radiochim. Acta91, 689-696.

Yashima, H., Uwamino, Y., lwase, H., Sugita, H.kBiaura, T., Ito, S., and Fukumura, A. (2004a).
“Cross sections for the production of residual ided by high-energy heavy ion$yIM Phys.
ResB226, 243-263.

Yashima, H., Uwamino, Y., Sugita, H., Ito, S., Nakaa, T., and Fukumura, A. (2004b). “Induced
radioactivity in Cu targets produced by high-endnggvy ions and the corresponding estimated
photon dose ratesRadiat. Protec. Dosinl112 195-208.

Yonai, S., Matsufuji, N., Kanai, T., Matsui, Y., kashita, K., Yamashita, H., Numano, M., Sakae, T.,
Terunuma, T., Nishio, T., Kohno, R., and Akagi(4008). "Measurement of neutron ambient
dose equivalent in passive carbon-ion and protdiotizerapies,Med. Phys35, 4782-4792.

Yu, J.S., Yong, W.H., Wilson, D., and Black, K.2000). "Glioblastoma induction after radiosurgery
for meningioma,'Lancet356, 1576-1577.

Zacharatou Jarlskog, C. and Paganetti, H. (2008ahsitivity of different dose scoring methods on
organ specific neutron doses calculations in prthenapy,"Phys. Med. Biol53, 4523-4532.

Zacharatou Jarlskog, C. and Paganetti, H. (2008bg risk of developing second cancer due to neutro
dose in proton therapy as a function of field chtmastics, organ, and patient agt. J. Radiat.

Oncol. Biol. Phys69, 228-235.

444



7830

7831

7832

7833

7834

7835

7836

7837

7838

7839

7840

7841

7842

7843

7844

7845

7846

7847

7848

7849

PTCOG Publications Report 1 © 2010 PTCOG All rights reserved

Zacharatou Jarlskog, C., Lee, C., Bolch, W., X Xand Paganetti, H. (2008). "Assessment of organ
specific neutron doses in proton therapy using edibmdy age-dependent voxel phantoms,”
Phys. Med. Biol53,693-714.

Zaidi, H. and Xu, X.G. (2007). "Computational ampomorphic models of the human anatomy: the path
to realistic monte carlo modeling in radiologiceienices,’Ann. Rev. Biomed. En§, 471-500.

Zankl, M., Veit, R., Williams, G., Schneider, Keidel, H., Petoussi, N., and Drexler, G. (1988he'T
construction of computer tomographic phantoms &ed aipplication in radiology and radiation
protection,"Radiat. Environ. Biophy27, 153-164.

Zhang, G., Liu, Q., Zeng, S., and Luo, Q. (2008)xdan dose calculations by Monte Carlo modeling of
the updated VCH adult male phantom against idehkzeernal proton exposurd?hys. Med.

Biol. 53, 3697-3722.

Zheng, Y., Newhauser, W., Fontenot, J., Taddeam®d,Mohan, R. (2007). "Monte Carlo study of
neutron dose equivalent during passive scattenogp therapy,Phys. Med. Biol52, 4481-

4496.

Zheng, Y., Fontenot, J., Taddei, P., Mirkovic, 8nd Newhauser, W. (2008). "Monte Carlo simulations
of neutron spectral fluence, radiation weightingtda and ambient dose equivalent for a
passively scattered proton therapy uriftiys. Med. Biol53, 187-201.

Zubal, 1.G. and Harell, C.H. (1992). "Voxel basedmit Carlo calculations of nuclear medicine images

and applied variance reduction techniquésgdge and Vision Computirkf, 342-348.

445



