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PREFACE 342 

 343 

The current report on shielding and radiation protection for charged particle therapy facilities is 344 

the first report produced by the Publications Subcommittee of the Particle Therapy Co-Operative Group 345 

(PTCOG). The PTCOG Publications Subcommittee was authorized at the PTCOG 46 Steering 346 

Committee meeting in Wanjie, China, and has the following membership: 347 

 348 

 Co-Chairpersons:  Al Smith and Erik Blomquist 349 

 350 
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    Carl Rossi 355 

    Thomas Bortfeld 356 

 357 

 De Facto Members:  Hirohiko Tsujii, PTCOG Steering Committee Chariman 358 

    Martin Jermann, PTCOG Secretary/Treasurer 359 

 360 

The Publications Subcommittee was charged with defining topics of interest to PTCOG members 361 

and establishing Task Groups to develop reports on such topics. The first Task Group to be established 362 

was Task Group I: Shielding Design and Radiation Protection of Charged Particle Therapy Facilities. 363 

The Task Group has the following members:  364 

 365 

Task Group Leader: Nisy Ipe, Shielding Consultant, San Carlos, CA USA 366 
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 The topic of shielding and radiation protection was proposed by a number of PTCOG members 387 

and  was deemed to be important to all particle therapy facilities. The topic is, however, somewhat 388 

difficult to address due to the variety of particle accelerators, treatment delivery systems, and regulations 389 

encountered throughout the world. Because of these differences, some of the material in the report is, by 390 

necessity, more general than would have been the case if specific circumstances were being addressed.  391 
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We have tried, as far as possible, to describe modern and up-to-date methodology, procedures, 393 

and instrumentation used in shielding calculations and radiation measurements. That said, we have not 394 

attempted to be exhaustive and therefore have not covered every possible technique and every new 395 

technology. We have focused on the “tried and proven” with the assumption that this approach would 396 

provide the most useful document for particle therapy users and developers. It is our intent, however, to 397 

periodically update the document in order to keep it current with the latest thinking experience and 398 

technologies. The document is being published electronically and is available on the PTCOG web site: 399 

http://ptcog.web.psi.ch. 400 

 401 

We encourage PTCOG members, and others, to send comments, critiques, and corrections to the 402 

address specified in the PTCOG Publication Subcommittee link on the PTCOG web site. We will 403 

attempt to address corrections in a timely manner.  Comments and critiques will be addressed as time 404 

permits.  405 
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reviewers. Everyone involved in the production of this document has been a volunteer and therefore has 408 

not received any tangible compensation for their work. Everyone reading the document will realize that a 409 

tremendous amount of work went into each individual effort. I especially want to thank Nisy Ipe who 410 

organized and led this tremendous effort. The document was brought to conclusion on time and on zero 411 

budget (except for the services of the editorial assistant), in spite of the demands of her private consulting 412 

business. I would also like to acknowledge Kory Stamper for the editorial assistance.  413 

 414 
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1.  Introduction 421 

Nisy Elizabeth Ipe 422 

 423 

1.1 Brief Overview of Charged Particle Therapy Facilities 424 

 425 

Charged particle therapy facilities might use protons and various ions such as helium, lithium, 426 

boron, carbon, nitrogen, oxygen, neon, and argon to treat malignant and nonmalignant diseases. Particle 427 

energies are required that allow penetration of 30 cm or more in tissue.  In this report, the primary 428 

emphasis will be on protons and carbon ions. There are currently about thirty operational particle therapy 429 

facilities (both proton and carbon) worldwide (PTCOG, 2009). Another twenty-three facilities or so are 430 

in the planning, design, or construction stage at the time of writing this report. 431 

 432 

A typical large particle therapy (PT) facility might consist of an injector, a cyclotron or a 433 

synchrotron to accelerate the particles, a high-energy beam transport line, several treatment rooms 434 

including fixed beam and 360° gantry rooms, and, often, a research area (ICRU, 2007). Recently, single-435 

room therapy systems with a synchrocyclotron integrated in the treatment room have also become 436 

available. These and other novel technologies are discussed in Chapter 2. Several vendors offer single-437 

room systems with the accelerator outside the treatment room; such facilities usually have the ability to 438 

add additional treatment rooms in future facility expansions. For both cyclotron- and synchrotron-based 439 

systems, dose rates of 1 to 2 Gy/min are typically used for patient treatment using “large” fields in the 440 

order of 30 cm x 30 cm. Special beam lines devoted to eye treatments use dose rates in the order of 15 to 441 

20 Gy/min but for smaller fields of about 3 cm diameter. There are a few systems used specifically for 442 

radiosurgery techniques that use dose rates and field sizes intermediate to those for large field treatments 443 

and eye treatments.  444 

 445 
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During the operation of particle therapy facilities, secondary radiation is produced at locations 446 

where beam losses occur. Such losses may occur in the synchrotron and cyclotron along the beam line 447 

during injection, acceleration, extraction, energy degradation, and transport of the particles in the beam 448 

line to the treatment room, and in the beam shaping devices in the treatment nozzle. In addition, the 449 

deposition of beam proton interactions in the patient, beam stop, or dosimetry phantom also results in 450 

radiation production. Thus, the entire facility requires shielding. The interaction of protons and carbon 451 

ions with matter results in “prompt” and “residual” radiation. Prompt radiation persists only during the 452 

time that the beam is present. Residual radiation from activation continues after the beam is shut off. For 453 

charged particle therapy facilities, neutrons dominate the prompt radiation dose outside the shielding.  454 

 455 

Proton energies in therapy facilities typically range from about 230 MeV to 250 MeV, while 456 

carbon ions may have maximum energies of 320 MeV u-1 to 430 MeV u-1. For ions, it is customary to use 457 

the specific energy defined as the ratio of the total energy to the atomic mass number (MeV amu-1 or 458 

MeV u-1) (NCRP, 2003). The specific energy is generally considered equivalent to the kinetic energy per 459 

nucleon. Because there are 12 carbon nucleons the total energy available for interactions is 5.16 GeV for 460 

430 MeV u-1  carbon ions. Thus, the maximum neutron energy will exceed 430 MeV in this case. For 461 

carbon ion beams, the maximum energy of the neutrons is approximately two times the energy of the 462 

carbon ion (Kurosawa et al., 1999). For proton beams, the neutron energies extend to a maximum, which 463 

is the energy of the incident proton.   464 

 465 

Figure 1.1 shows a schematic of a cyclotron-based PT facility capable of accelerating protons or 466 

carbon ions.  Figure 1.2 shows an example of a  synchrotron-based PT facility. 467 

468 
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 469 

 470 

 471 

Figure 1.1.  Schematic of a cyclotron-based particle therapy facility (Courtesy of IBA1)  472 
473 

 
1 Ion Beam Applications, Belgium 
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 474 

 475 

 476 

 477 

Figure 1.2.  Heidelberg Ion Therapy Center (Courtesy of G. Fehrenbacher) 478 

479 
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1.2 Overview of Particle Accelerator Shielding 480 

 481 

The history of particle accelerator shielding dates back to the 1930s, with the construction and 482 

operation of particle accelerators at Cambridge by Cockroft and Walton, and at Berkeley by Lawrence 483 

and Livingstone (Stevenson, 1999; IAEA, 1988). The early accelerators were of low energy and 484 

intensity, and many of them were constructed underground. However, as larger accelerators producing 485 

particles with much higher energies were developed (e.g., the Cosmotron at Brookhaven and the 486 

Bevatron at Berkeley), knowledge of the prompt radiation fields and the requirements for effective 487 

shielding design became necessary. An understanding of the generation of prompt and residual radiation 488 

requires knowledge of the nuclear reactions that occur in the energy range of interest. These are 489 

discussed in Chapter 2. 490 

 491 

The prompt radiation field produced by protons (67 MeV to 250 MeV) encountered in proton 492 

therapy is quite complex, consisting of a mixture of charged and neutral particles as well as photons. 493 

When these protons react with matter, a hadronic or nuclear cascade (spray of particles) is produced in 494 

which neutrons have energies as high as the proton energy (ICRU, 2000). Further discussion can be 495 

found in Chapter 2.  This high-energy component with neutron energies (En) above 100 MeV propagates 496 

the neutrons through the shielding; and continuously regenerates lower-energy neutrons and charged 497 

particles at all depths in the shield via inelastic reactions with the shielding material (Moritz, 2001). 498 

Thus, the neutron energy distribution consists of two components, high-energy neutrons produced by the 499 

cascade and evaporation neutrons with energy peaked at ~ 2 MeV. The high-energy neutrons are forward 500 

peaked but the evaporation neutrons are isotropic. The highest-energy neutrons detected outside the 501 

shielding are those that arrive without interaction, or that have undergone only elastic scattering or direct 502 

inelastic scattering with little loss of energy, and a small change in direction. Low-energy neutrons and 503 

charged particles detected outside the shielding are those that have been generated at the outer surface of 504 
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the shield. Thus, the yield of high-energy neutrons (En > 100 MeV) in the primary collision of the 505 

protons with the target material determines the magnitude of the prompt radiation field outside the shield 506 

for intermediate-energy protons. The high-energy neutrons are anisotropic and are forward peaked. In the 507 

therapeutic energy range of interest, the charged particles produced by the protons will be absorbed in 508 

shielding that is sufficiently thick to protect against neutrons. Thus, neutrons dominate the radiation field 509 

outside the shielding. Degraded neutrons might undergo capture reactions in the shielding, giving rise to 510 

neutron-capture gamma rays.  511 

 512 

The prompt radiation field produced by carbon ions is also dominated by neutrons with much 513 

higher energies than is the case with protons. Dose contributions from pions, protons, and photons are 514 

significantly lower than from neutrons. Additional information is provided in Chapter 2. 515 

 516 

The goal of shielding is to attenuate secondary radiation to levels that are within regulatory or 517 

design limits for individual exposure, and to protect equipment from radiation damage, which should be 518 

done at a reasonable cost and without compromising the use of the accelerator for its intended purpose 519 

(Stevenson, 2001). This requires knowledge of the following parameters (Ipe, 2008), some of which are 520 

discussed in detail in Chapter 3. 521 

 522 

1. Accelerator type, particle type, and maximum energy 523 

2. Beam losses and targets 524 

3. Beam-on time 525 

4. Beam shaping and delivery 526 

5. Regulatory and design limits 527 

6. Workload, including number of patients to be treated, energies for treatment, field sizes, 528 

dose per treatment  529 
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7. Use factors 530 

8. Occupancy factors 531 

 532 

There are several powerful computer codes discussed in Chapter 6 that are capable of providing 533 

detailed spatial distributions of dose equivalent outside the shielding. However, it is often desirable to 534 

perform simpler calculations, especially during the schematic design of the facility. Shielding can be 535 

estimated over a wide range of thicknesses by the following equation for a point source, which combines 536 

the inverse square law and an exponential attenuation through the shield, and is independent of geometry 537 

(Agosteo et al., 1996a): 538 

 (H Ep, θ, d/λ(θ)) = 







−

)()(
exp

),(
2

0





g

d

r

EH p
 (1.1) 539 

where: 540 

H is the dose equivalent outside the shielding;  541 

H0 is source term at a production angle θ with respect to the incident beam and is assumed 542 

to be geometry independent; 543 

Ep is the energy of the incident particle; 544 

r is the distance between the target and the point at which the dose equivalent is scored; 545 

d is the thickness of the shield; 546 

d/g(θ) is the slant thickness of the shield at an angle θ; 547 

λ(θ) is the attenuation length for dose equivalent at an angle θ and is defined as the 548 

penetration distance in which the intensity of the radiation is attenuated by a factor of e; 549 

g(θ) = cosθ for forward shielding; 550 

g(θ) = sinθ for lateral shielding; 551 

g(θ) = 1 for spherical geometry. 552 

 553 
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Approximation of the radiation transmission by an exponential function works well over a limited 554 

range of thickness (NCRP, 2003). The attenuation length is usually expressed in cm (or m) and in g cm-2  555 

(or kg m-2 ) when multiplied by the density () and will be referred to hereafter as λ. For thicknesses (ρd)  556 

that are less than  ~ 100 g cm-2, the value of λ changes with increasing depth in the shield because the 557 

“softer” radiations are more easily attenuated, and the neutron spectrum hardens. Figure 1.3 shows the 558 

variation of attenuation length (λ) for monoenergetic neutrons in concrete as a function of energy. The 559 

attenuation length increases with increasing neutron energy at energies greater than ~ 20 MeV . In the 560 

past, it has typically been assumed that the attenuation length reaches a high-energy limiting value of 561 

about 120 g cm-2., even though the data in Fig. 1.3 show a slightly increasing trend above 200 MeV. 562 

 563 

Figures 1.4a and 1.4b show the comparison of neutron dose attenuation lengths measured at 564 

various facilities, for concrete and iron, respectively, as a function of the effective maximum energy 565 

(Emax) of the source neutrons, for neutrons with energies from thermal to maximum.  Figures 1.5a and 566 

1.5b show the comparison of neutron dose attenuation lengths measured at various facilities, for concrete 567 

and iron, respectively, as a function of the effective maximum energy (Emax) of the source neutrons, for 568 

neutrons with energies greater than 20 MeV. As expected, the attenuation lengths in the latter case are 569 

larger than for neutrons with energies greater than thermal energy. The experiments are described in a 570 

paper by Nakamura and include measurements for Emax ranging from 22 MeV to 700 MeV, and various 571 

production angles for a variety of neutron sources (Nakamura, 2004). Table 1.1 summarizes the site and 572 

properties of the neutron source, shielding material, and the detectors. According to Nakamura, the 573 

measured neutron dose attenuation length (thermal to maximum energy) for concrete lies between 30 g 574 

cm-2 and 40 g cm-2 from about 22 MeV to 65 MeV in the forward direction and then gradually increases 575 

above 100 MeV to a maximum value of about  130 g cm-2, which may be the high-energy limit. For 400 576 

MeV u-1 carbon ions, the measured attenuation length in the forward direction for concrete (0° 577 

production angle) for a maximum neutron energy of 700 MeV is 126 ± 9 g cm-2, while the calculated 578 
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value is 115.2 ± 9 g cm-2. The corresponding measured and calculated attenuation lengths for iron in the 579 

forward direction were 211± 9 g cm-2, and 209.2 ± 1.5 g cm-2, respectively.  Monte Carlo calculations by 580 

Ipe and Fasso (Ipe and Fasso, 2006) yielded a total dose (from all particles) attenuation length in the 581 

forward direction of 123.8± 0.5 g cm-2 for 430 Mev u-1 carbon ions in concrete.  Steel is much more 582 

effective than concrete for the shielding of high-energy neutrons. It is important to note that, in addition 583 

to energy and production angle (θ), λ also depends upon the material composition and density. Monte 584 

Carlo calculations by Ipe indicate that, for concrete, shielding for 250 MeV protons in the forward 585 

direction can differ by about 30 cm for shielding thicknesses of the order of 2 m to 3 m when two 586 

concretes with the same density but differing compositions are used. Thus, all concretes will not have the 587 

same λ at a given angle and energy, and the differences can be quite pronounced, especially in the 588 

forward direction for concretes with different compositions and densities. More information on shielding 589 

is provided in Chapter 3. 590 

591 
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 592 

 593 

 594 

Figure 1.3.  The variation of attenuation length (λ) for monoenergetic neutrons in concrete of density  595 

= 2400 kg m-3 (NCRP, 2003). Reprinted with permission of the National Council on Radiation Protection 596 

and Measurements, http://NCRPonline.org 597 

598 

http://ncrponline.org/
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Figure 1.4a.  Comparison of measured neutron dose attenuation lengths in concrete for neutrons of 600 

energy from thermal to maximum source energy (Nakamura, 2004)  601 
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Figure 1.4b. Comparison of measured neutron dose attenuation lengths in concrete for neutrons of energy 605 

greater than 20 MeV (Nakamura, 2004) 606 
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Figure 1.5a.  Comparison of measured neutron dose attenuation lengths in iron for neutrons with energy 608 

from thermal to maximum source energy (Nakamura, 2004)  609 
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Figure 1.5b.  Comparison of measured neutron dose attenuation lengths in iron for neutrons with energy 613 

greater than 20 MeV (Nakamura, 2004)  614 

615 
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 616 

Table 1.1.  Summary of site, neutron source, shielding material, and detector properties 617 

 618 

Site Projectile Target (thickness) Neutron source 
and measured 

angle 

Shield material 
(thickness) 

Detector 

Cyclotron and Radioisotope 

Center (CYRIC), Tohoko 
University, Japan 

25 , 35 MeV proton Li (2 mm) Quasi-

monoenergetic 
collimated beam at 

0° 

Concrete (10 cm to 

40 cm) 
Iron (25 cm to100 

cm) 

NE213 proton recoil 

proportional counter 
Bonner Ball with 3He 

counter 

TIARA proton cyclotron 
facility, Japan Atomic 

Energy Research Institute 

(JAERI), Japan  

43 MeV proton 
 

Li (3.6 mm) 
 

Quasi-
monoenergetic 

collimated beam at 

0° 

Concrete (25 cm to 
200 cm) 

Iron (10 to 30 cm) 

BC501A 
Bonner Ball with 3He 

counter 68 MeV proton Li (5.2 mm) 

Loma Linda University 

Medical Center, U.S.A. 

230 MeV proton Al, Fe, Pb 

(stopping length,  

10.2- cm diameter) 

White spectrum 

(0°, 22°, 45°, 90°)  

Concrete (39 g cm-2  

515 g cm-2 , 1.88 g 

cm-3 density) 

Tissue Equivalent 

Proportional Counter 

(TEPC) 

Orsay Proton Therapy 
Center, France 

200 MeV proton Al (15 cm long, 9 
cm diameter) 

Water (20 cm x 20 

cm x 32 cm) 

White spectrum 
(0°, 22°, 45°, 

67.5°, 90°) 

Concrete (0 cm to 
300 cm) 

Ion chamber 
TEPC 

Rem counter 

Rem counter with lead 
(LINUS) 

LiF TLD with moderators 

HIMAC, National Institute 
of Radiological Sciences 

(NIRS), Japan 

400 MeV u-1 C Cu (10 cm x 10 
cm x 5 cm) 

White spectrum 
(0°) 

Concrete (50 cm to 
200 cm) 

Iron (20 cm to 100 

cm) 

TEPC 
NE213 

Activation detectors (Bi, C) 

Self-Time of Flight (TOF) 
detector 

National Superconducting 

Cyclotron Laboratory 

(NSCL), U.S.A. 

155 MeV u-1 He, C, O Hevimet (5.08 cm 

x 5.093 cm) 

White spectrum 

(44°-94°) 

Concrete (308 to 

1057 g cm-2 , 2.4 g 

cm-3 density) 

Bonner Ball with 

LiI (Eu) 

TRIUMF, Canada 500 MeV proton  White spectrum Concrete Bonner Ball with 

LiI (Eu) 
11C activation of NE102A 

KENS, High Energy 
Accelerator Research 

Organization (KEK), Japan 

500 MeV proton W (stopping 
length) 

White spectrum 
(0°) 

Concrete( 0 m to 4 
m) 

Activation detectors (Bi, Al, 
Au) 

LANSCE, Los Alamos 
National Laboratory 

(LANL), U.S.A. 

800 MeV proton Cu (60 cm long, 
21 cm diameter) 

White spectrum 
(90°) 

Iron (4 to 5 m) 6 ton water Cherenkov 
detector 

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

800 MeV proton Ta (30 cm long, 9 
cm diameter) 

White spectrum 
(90°) 

Concrete (20 cm to 
120 cm) 

Iron (10 cm to 60 

cm)  After 284 cm 
thick iron and 97 cm 

thick concrete 

Bonner Ball with 
LiI (Eu) 

Rem counter 

AGS, Brookhaven National 

Laboratory, U.S.A. 

1.6, 12, 24 GeV proton Hg (130 cm long, 

20 cm diameter ) 

White spectrum 

(0°) 
 

Steel (0 m to 3.7 m) 

 

Activation detectors (Bi, Al, 

Au) 

White spectrum 

(90°) 

Concrete (0 m to 5 

m) 
Steel (0 to 3.3 m) 

SLAC, Stanford National 

Accelerator Laboratory, 

U.S.A. 

28.7 GeV electron Al (145 cm long, 

30 cm diameter) 

White spectrum 

(90°) 

Concrete 

(274, 335, 396 cm) 

NE213 

Bonner Ball with LiI (Eu) 

CERN, Switzerland 120, 205 GeV/c proton Cu (50 cm long, 7 

cm diameter) 

White spectrum 

(90°) 

Iron (40 cm) 

Concrete (80 cm) 

TEPC (HANDI) 

Bonner Ball with LiI (Eu) 

LINUS 
209Bi and 232Th fission 

chambers 

160 Gev u-1 lead Pb White spectrum Concrete 

619 
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The attenuation length of neutrons in the shielding material determines the thickness of shielding 620 

that is required to reduce the dose to acceptable levels. Shielding for neutrons must be such that 621 

sufficient material is interposed between the source and the point of interest, and neutrons of all energies 622 

must be attenuated effectively (Moritz, 2001). Dense material of high-atomic mass such as steel meets 623 

the first criterion, and hydrogen meets the second criterion because of effective attenuation by elastic 624 

scattering. However, steel is transparent to neutrons of energy ~ 0.2 MeV to 0.3 MeV. Therefore, a layer 625 

of hydrogenous material must always follow the steel. Alternatively, large thicknesses of concrete or 626 

concrete with high-z aggregates can be used as discussed in Chapter 3. 627 

 628 

1.3  Dose Quantities and Conversion Coefficients 629 

 630 

1.3.1 Protection and Operational Dose Quantities   631 

 632 

The interaction of radiation with matter is comprised of a series of events (collisions) in which 633 

the particle energy is dissipated and finally deposited in matter. The dose quantities that are used in 634 

shielding calculations and radiation monitoring are discussed below.  635 

 636 

Shielding calculations and radiation monitoring are performed solely for radiation protection. The 637 

former are performed to ensure that the facility is designed so that exposures of personnel and the public 638 

are within regulatory limits. The latter is performed to demonstrate compliance with design or regulatory 639 

limits (NCRP, 2003). Thus, the calculations and measurements must be expressed in terms of quantities 640 

in which the limits are defined.  The International Commission on Radiological Protection (ICRP) 641 

defines dose limits. They are expressed in terms of protection quantities measured in the human body.  642 

Compliance with these limits can be demonstrated by measurement of the appropriate operational 643 

quantity defined by the International Commissions on Radiological Units and Measurements (ICRU). 644 
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ICRP Publication 60 (ICRP, 1991) recommended the use of equivalent dose (HT) and effective dose (E) 645 

as protection quantities. However, these quantities are not directly measurable. For external individual 646 

exposure the accepted convention is the use of operational quantities, ambient dose equivalent H*(d), the 647 

directional dose equivalent H(d,), and  personal dose equivalent Hp(d), defined by ICRU. The two sets 648 

of quantities might be related to the particle fluence and, in turn, by conversion coefficients to each other. 649 

Note that the term “dose” might  be used in a generic sense throughout this document to refer to the 650 

various dose quantities. The definitions of protection and operational quantities taken from ICRU Report 651 

51 (ICRU, 1991), ICRP Publication 60 (ICRP, 1991) and ICRP Publication 103 (ICRP, 2007) are as 652 

follows: 653 

 654 

The absorbed dose, D, is the quotient of 
dm

d
D


= where d  is the mean energy imparted by 655 

ionizing  radiation to  matter of mass dm . The unit is J kg-1 .The special name for the unit of 656 

absorbed dose is the gray (Gy). 657 

 658 

The dose equivalent, H, is the product of Q and D at a point in tissue, where D is the absorbed 659 

dose and Q is the quality factor at that point. Thus, H = Q D. The unit of dose equivalent in the SI 660 

system of units is joules per kilogram (J kg-1) and its special name is the sievert (Sv). 661 

 662 

The dose equivalent was specified in ICRP Publication 21 (ICRP, 1973). ICRP Publication 60 663 

(ICRP, 1991) introduced the concept of equivalent dose. ICRP Publication 103 (ICRP, 2007) 664 

modified the weighting factors. 665 

 666 
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The equivalent dose, TH , in a tissue or organ is given by 
RT

R

R DwH ,=T , where 
RTD ,

 is the 667 

mean absorbed dose in the tissue or organ, T, due to radiation, R, and Rw  is the corresponding 668 

radiation weighting factor. The unit of equivalent dose is the sievert (Sv). 669 

 670 

The weighting factor, Rw  for the protection quantities recommended by ICRP Publication 103 671 

(ICRP, 2007) is shown in Table 1.2. In the case of neutrons, Rw varies with energy and therefore 672 

the computation for the protection quantities is made by integration over the entire energy 673 

spectrum. 674 

675 
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 676 

Table 1.2.  Radiation weighting factors recommended by ICRP Publication 103 677 

 678 

 

Radiation Type 

Energy Range 
Rw  

Photons, electrons and muons All energies 1 

Neutrons < 1 MeV 
]

6

))(ln(
exp[2.185.2

2E
WR −+=  

Neutrons 1 MeV to 50 MeV 
]

6

))2(ln(
exp[175

2E
WR −+=  

Neutrons > 50 MeV 
]

6

))04.0(ln(
exp[5.35.2

2E
WR −+=  

Protons, other than recoil 

protons 

> 2 MeV 2 

Alpha particles, fission 

fragments and heavy nuclei 

All energies 20 

 679 

680 
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 681 

The effective dose, E , is given by 
T

R

T HwE = , where TH is the equivalent dose in the tissue or 682 

organ, T, and Tw is the corresponding tissue weighting factor. The effective dose is expressed in 683 

Sv. 684 

 685 

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

would be produced by the corresponding expanded and aligned field, in the ICRU sphere 687 

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

opposing the direction of the aligned field (ICRU, 1993). The ambient dose equivalent is 689 

measured in Sv. For strongly penetrating radiation, a depth of 10 mm is recommended. For 690 

weakly penetrating radiation, a depth of 0.07 mm is recommended. In the expanded and aligned 691 

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

interest as in the actual field at the point of reference, but the fluence is unidirectional.  693 

 694 

The directional dose equivalent, H’(d,  ),  at a point in a radiation field, is the dose equivalent 695 

that would be produced by the corresponding expanded field in the ICRU sphere at a depth, d, on 696 

the radius in a specified direction,  (ICRU, 1993). The directional dose equivalent is measured 697 

in Sv. For strongly penetrating radiation, a depth of 10 mm is recommended. For weakly 698 

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

 700 

The personal dose equivalent, Hp(d), is the dose equivalent in soft tissue, at an appropriate 701 

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

For strongly penetrating radiation, a depth of 10 mm is recommended. For weakly penetrating 703 

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

1.3.2   Conversion Coefficients    706 

 707 

Conversion coefficients are used to relate the protection and operational quantities to physical 708 

quantities characterizing the radiation field (ICRU, 1998). Frequently radiation fields are characterized in 709 

terms of absorbed dose or fluence.  The fluence, , is the quotient of dN by da where dN is the number 710 

of particles incident on a sphere of cross-sectional area da. The unit is m-2 or cm-2. Thus, for example, the 711 

effective dose can be obtained by multiplying the fluence with the fluence-to-effective dose conversion 712 

coefficient. 713 

 714 

The fluence-to-dose conversion coefficients at high energies are the basic data for shielding 715 

calculations. Conversion coefficients for electrons with energies up to 45 MeV, photons with energies up 716 

to 10 MeV and neutrons with energies up to 180 MeV can be found in ICRU Report 57 (ICRU, 1998). 717 

Fluence-to-effective dose and fluence-to-ambient dose equivalent conversion coefficients have been 718 

calculated by the Monte Carlo transport code FLUKA (Ferrari, 2005; Battistoni et al., 2007) for many 719 

types of radiation (photons, electrons, positrons, protons, neutrons, muons, charged pions, kaons) and 720 

incident energies (up to 10 TeV). The data are summarized in a paper by Pelliccioni (Pelliccioni, 2000). 721 

Conversion coefficients for high-energy electrons, photons, neutrons, and protons have also been 722 

calculated by others using various Monte Carlo codes. These references are cited in ICRU Report 57 723 

(ICRU, 1998) and Pelliccioni (2000). Figure 1.5 shows the fluence-to effective dose conversion 724 

coefficients for anterior-posterior (AP) irradiation for various particles as a function of particle energy 725 

(Pelliccioni, 2000). Figure 1.6 shows the fluence-to ambient dose equivalent conversion coefficients. 726 

Figure 1.7 shows the fluence-to effective dose conversion coefficients for isotropic (ISO) irradiation. 727 

728 
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 729 

 730 

 731 

 732 

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

for various types of radiation (Pelliccioni, 2000) 734 
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735 
Figure 1.6.  Fluence-to-ambient dose conversion coefficients  as a function of energy for various types of 736 

radiation (Courtesy of M. Pellicioni; Pelliccioni, 2000)  737 

738 
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 739 

Figure 1.7.  Fluence-to-effective dose conversion coefficients  for ISO (isotropic) irradiation as a 740 

function of energy for various types of radiation (Courtesy of M. Pelliccioni) 741 

742 
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1.4 Shielding Design and Radiation Safety 743 

 744 

The remainder of this report is devoted to shielding design (Chapters 2 and 3) and radiation safety 745 

(chapters 4-6) of charged particle therapy accelerators. The literature is replete with data and information 746 

for high-energy proton accelerators (> 1 GeV); however, such information is sparse for intermediate-747 

energy protons and carbon ions. The purpose of this report is to provide sufficient information for the 748 

design of new facilities; therefore, it does not necessarily provide a comprehensive citation of all related 749 

references for proton and carbon ion. 750 

751 
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2.  Radiological Aspects of Particle Therapy Facilities 752 

Nisy Elizabeth Ipe 753 

 754 

2.1 Charged Particle Interactions 755 

 756 

The literature is replete with the physics of high-energy particle accelerator shielding, but there is 757 

a dearth of related information for intermediate energy charged particle accelerators. The first section of 758 

this chapter provides a summary of the particle interactions with the emphasis placed mainly on the 759 

interactions pertaining to shielding of charged particle therapy facilities.   760 

 761 

The interaction of an accelerated beam of charged particles with matter results in the production 762 

of different types of radiation (NCRP, 2003). The yield (number of secondary particles emitted per 763 

incident primary particle) and types of secondary radiation generally increase with increasing kinetic 764 

energy of the incident particle. The processes that are important in energy deposition include the strong 765 

(or nuclear) interaction, the electromagnetic interaction, and the weak interaction (ICRU, 1978). The 766 

electromagnetic interaction is comprised of the direct interactions that are long range and that occur 767 

between particles that carry charge or have a magnetic moment, and the interactions in which photons are 768 

emitted or absorbed. The strong interaction occurs only between hadrons or between photons and 769 

hadrons. It is the strongest of all the interactions but occurs over a short range (<10-13 cm). It is 770 

responsible for the binding of protons and neutrons in the atomic nucleus. 771 

 772 

Hadrons comprise the majority of all known particles and interact via strong interactions (ICRU, 773 

1978). They consist of baryons and mesons. Baryons are particles with mass equal to or greater than that 774 

of the proton and have a half-integral spin. They include protons and neutrons. Mesons are particles that 775 

have an integral or zero spin, and include pions (pi-mesons, π) and kaons (k-mesons, K). Pions are 776 
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produced in high-energy reactions and charged pions play a dominant role in the propagation of the 777 

hadronic cascade (described in section 2.1.2). They decay to muons in air or a vacuum, but have a high 778 

probability of stopping in condensed matter. Positive pions will decay and negative pions will be 779 

captured, forming pi-mesic atoms. In the latter case, the atoms will quickly de-excite and emit 780 

characteristic x rays, while the pions will be captured by the nucleus. The interactions of pions with 781 

nuclei lead to nuclear break-up and the subsequent emission of low-energy protons (p), alpha particles 782 

(α) and high-LET nuclear fragments. Heavier mesons and baryons are also produced, but the probability 783 

of their production is significantly lower than that of pions. Hadrons interact with each other via strong 784 

interactions when their distance of separation is less than 10-13 cm. At distances larger than this, they can 785 

interact via electromagnetic interactions such as proton scattering and proton energy-loss by ionization.  786 

 787 

The interactions of charged particles include electromagnetic interactions with atomic electrons 788 

and the nucleus, nuclear reactions and the production of secondary hadrons, nuclear reactions of 789 

secondary hadrons, and the electromagnetic cascade. These are described in the following sections. 790 

 791 

2.1.1  Electromagnetic Interactions of Charged Particles 792 

 793 

Interaction of charged particles with atomic electrons and the nucleus are briefly described in the 794 

following sections. 795 

 796 

2.1.1.1 Interaction of Charged Particles with Atomic Electrons.  A heavy charged particle 797 

loses energy mainly through ionization and excitation of atoms as it traverses matter. Except at low 798 

velocities, it loses a negligible amount of energy in nuclear collisions. Its encounters with atomic 799 

electrons can be divided into two categories: hard collisions, where the energy imparted is much greater 800 

than the binding energy of the electron; and soft collisions, where the energy imparted to the electron is 801 
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similar in magnitude to its binding energy (ICRU, 1978). In the derivation of the formulae for energy 802 

loss, it is assumed that the incident particle is moving at a speed v that is much greater than the mean 803 

velocity of the electrons in their atomic orbits. 804 

 805 

For hard collisions, the energy transferred is very large compared to the electron binding energy. 806 

Thus, the atomic electrons are considered initially at rest and free (unbound). The maximum energy Tmax 807 

that can be imparted by a charged particle to an electron in a head-on collision is given by: 808 

 EmccMcm

cp
mcT

24242

22
2

max
2

2
++

=
 

(3.1) 809 

where m is the electron rest mass, c is the speed of light in vacuum, p is the momentum of the incident 810 

particle, M is the rest mass of the particle, and E is the total energy of the particle.  811 

 812 

When M is much greater than m, as in the case of mesons or protons, and when pc << (M/m)Mc2,  813 
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(3.2) 814 

where β = v/c is the relative velocity of the particle. 815 

 816 

At very high energies, Tmax approaches pc or E, and does not depend on the value of M. Thus, 817 

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

incident particle. 819 

 820 

The linear rate of energy loss to atomic electrons along the path of a heavy charged particle in a 821 

medium (expressed as MeV/cm or MeV/m) is the basic physical quantity that determines the dose 822 

delivered by the particle in the medium (Turner, 1980). This quantity referred to as -dE/dx is called the 823 

stopping power of the medium for the particle and is given by the Bethe formula: 824 
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(3.3) 825 

where z is the atomic number of the heavy particle, e is the magnitude of electron charge, n is the number 826 

of electrons per unit volume in the medium, and I is the mean excitation energy of the medium. 827 

 828 

The stopping power depends only on the charge ze and the relative velocity β of the heavy 829 

particle, and on the relevant properties of the medium such as its mean excitation energy I and the 830 

electronic density n.  831 

 832 

The range of a charged particle is the distance that it travels before coming to rest. The distance 833 

traveled per unit energy loss is given by the reciprocal of the stopping power. Thus, the range R(T) of a 834 

particle of kinetic energy (T) is the integral of the reciprocal of the stopping power down to zero energy, 835 

and can be written in the following form (Turner, 1980): 836 

 
)()(

2
f
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M
TR =

 
(3.4) 837 

 838 

It is important to note that the mean range of particles of a given speed is proportional to the mass 839 

and varies as the inverse square of their charge. The dependence of the Bethe formula on z2 implies that 840 

particles with the same mass and energy but opposite charge (such as pions and muons) have the same 841 

stopping power and range. However, departures from this prediction have been measured and 842 

theoretically explained by the inclusion of higher powers of z in the Bethe formula. Statistical 843 

fluctuations in the energy-loss process can also result in an r.m.s. (root mean square) spread in the actual 844 

range of individual monoenergetic particles, resulting in “range straggling.” 845 

 846 
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2.1.1.2 Interaction of Charged Particles with Nucleus.  A charged particle is also scattered 847 

when it passes near a nucleus (ICRU, 1978). The scattering process is generally considered an elastic 848 

one, because of the relatively small probability of a photon being emitted with an energy comparable to 849 

the kinetic energy of the charged particle. When a charged particle penetrates an absorbing medium, 850 

most of the scattering interactions lead to small deflections. Small net deflections occur because of a 851 

large number of very small deflections and are referred to as multiple scattering. Large net deflections 852 

are the result of a single large-angle scatter plus many very small deflections and are referred to as single 853 

scattering. The intermediate case is known as plural scattering.  854 

 855 

2.1.2 Nuclear Interactions  856 

 857 

Nuclear interactions include nucleon-nucleus interactions and heavy ion-nucleus interactions. 858 

 859 

2.1.2.1  Nucleon-Nucleus Interactions.  The incident nucleon enters the nucleus, is deflected by 860 

the nuclear potential, and emerges again at a different angle but with the same energy (Moritz, 2001). 861 

This is known as direct elastic scattering. The nucleon can also directly collide with a target nucleon and 862 

excite it to form a compound state. There are two possibilities: 863 

 864 

• Either one or both nucleons have energy greater or less than their separation energy. In the 865 

former case, the nucleon with energy greater than the separation energy leaves the nucleus 866 

without further interaction, other than being deflected. If the change in mass is zero, the 867 

reaction is either an inelastic scattering or a charge-exchange reaction. This is considered a 868 

direct reaction. When the change in mass is not zero, the reactions are either transfer or 869 

knock-out reactions. The angular distribution of the scattered particles is anisotropic and 870 

forward peaked.  871 
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• The nucleons will undergo further collisions in the compound nucleus, thus spreading the 872 

excitation energy over the entire nucleus. The nuclear state becomes complex during the pre-873 

equilibrium phase but eventually attains statistical equilibrium. Sufficient energy is 874 

concentrated on one nucleon, which may escape the nucleus or “boil off.” Similarly, the 875 

kinetic energy may be concentrated on a group of nucleons, and deuterons, tritons, and alpha 876 

particles may be emitted. Heavy fragments may also be emitted. The emission of the particles 877 

is described by an evaporation process similar to the evaporation of a molecule from the 878 

surface of a liquid. For example, the spectrum of the emitted neutrons may be described by a 879 

Maxwellian distribution of the form: 880 

 
)/exp( TE

n
BE

dE

dN

n

n

−=
  (3.4) 881 

where En is the energy of the neutron, B is a constant, and T is the nuclear temperature. The 882 

nuclear temperature is characteristic of the target residual nucleus and its excitation energy, 883 

and has dimensions of energy. Its value lies between 2 and 8 MeV. When the spectra are 884 

plotted as ln(En
-1x dN/dE) versus En, the Maxwellian distribution appears on a semi 885 

logarithmic scale as a straight line with a slope of -1/T. The evaporated particles are emitted 886 

isotropically and the energy distribution of the neutrons extends up to about 8 MeV. 887 

Compound reactions may also occur during the pre-equilibrium phase, in which case the 888 

angle of emission will be strongly correlated with the direction of the incident particle. After 889 

statistical equilibrium has been attained, the emitted particles will have an isotropic 890 

distribution. 891 

 892 

All the scattered and emitted particles can interact again resulting in an intra-nuclear cascade. 893 

Above the pion production threshold (135 MeV), pions also contribute to the nuclear cascade. Neutral 894 
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pions decay into a pair of gamma rays after traversing a short distance. Charged pions will decay into 895 

muons and then electrons if they have a clear flight path (i.e., no further interactions), resulting in an 896 

electromagnetic cascade. Neutrons or protons can also induce fission in high-atomic-mass nuclei. 897 

 898 

2.1.2.2 Heavy Ion-Nucleus Interactions. Nuclear interactions of heavy ions as they pass through 899 

matter arise from grazing or head-on collisions (Raju, 1980). In grazing collisions, fragmentation of 900 

either the incident heavy ion or the target nucleus occurs. Fragmentation is the major nuclear interaction. 901 

Head-on collisions are less frequent, but in such collisions, large amounts of energy are transferred 902 

compared to grazing collisions. In heavy-ion interactions, many secondary particles are created from 903 

nucleus-nucleus interactions. Nucleus-nucleus interactions have features that are different from typical 904 

hadron-nucleus interactions at either the same total energy or energy per nucleon (ICRU, 1978). The 905 

cross section for nuclear collisions between two nuclei is larger than that between a single hadron and 906 

either nucleus. When two high-energy nuclei interact, only the segments that interpenetrate each other 907 

undergo a significant interaction and mutual disintegration. The remainder of each nucleus is uninvolved 908 

even though each is likely to have become highly excited, as is evidenced by the fact that a substantial 909 

fragment is usually observed traveling in the same direction and at a similar speed to the incident primary 910 

ion. Even though the part of the nucleus that escapes the severe interaction becomes highly excited, it 911 

does not undergo evaporation to the extent that it breaks up into fragments with Z < 3 (ICRU, 1978). It is 912 

only in a head-on collision that the projectile breaks up into many small pieces, so that no high-velocity 913 

fragment survives. The residual nucleus and the alpha particles that evaporate from the primary fragment 914 

are concentrated about the incident direction.  915 

 916 

The process of fragmentation is frequently described as an abrasion-ablation process and is 917 

schematically illustrated in Fig. 2.1 (Gunzert-Marx, 2004). The first step is known as abrasion. In grazing 918 

collisions, a small fraction of the nuclear material overlaps and this overlapping zone is known as the 919 
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fireball. The abraded projectile pre-fragment keeps most of its initial energy while the abraded pre-920 

fragment target remains at rest. The fireball recoils with an intermediate velocity. During ablation, the 921 

second step of fragmentation, the pre-fragments and the highly excited fireball evaporate nucleons and 922 

light clusters. 923 

924 
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 927 

Figure 2.1.  Schematic illustration of fragmentation in a target (Courtesy of GSI) 928 

929 
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 930 

The average number of mesons produced in a nucleus-nucleus interaction is larger than that 931 

produced in a proton collision. The number of mesons produced in a single collision between heavy 932 

nuclei fluctuates significantly due to the varying degree of overlap between the two nuclei. At high 933 

energies (> ~ 200 MeV/nucleon), the probability and type of fragmentation does not depend on the 934 

incident energy. At low energies, the cross sections for fragmentation decrease significantly. At still 935 

lower energies, there is a higher probability that the nuclei come to rest without any interaction. At very 936 

low energies (~ [1 to 2] MeV/nucleon) the colliding nuclei may interact as a whole, resulting in the 937 

production of a compound nucleus. 938 

 939 

At high energies (Moritz, 1994), heavy ion interactions may be treated as interactions between 940 

individual nucleons, i.e., Z protons and (A-Z) neutrons acting independently approximate a heavy ion 941 

(Moritz, 1994). Most of the ion interactions occur at a finite impact parameter (the perpendicular distance 942 

between the velocity vector of a projectile and center of the target that it is approaching). Therefore, part 943 

of the ion may shear off and continue forward as a nuclear fragment. Thus, less than A nucleons are 944 

available for further interactions. However, interaction cross sections are large. Therefore the fragmented 945 

ion may interact very close to the initial interaction point. Thus, it may appear that all nucleons interact at 946 

a single point.  947 

 948 

Agosteo et al. (2004a; 2004b) point out that the approach of considering an ion of mass A 949 

equivalent to A protons is not a good approximation in shielding calculations for ions in the therapeutic 950 

range of interest, but is correct at ultra-relativistic energies, i.e., hundreds of GeV/nucleon. At low 951 

energies, the above-mentioned approach leads to an underestimate of shielding thicknesses, with the 952 

underestimation increasing with larger shielding thicknesses especially in the forward direction. This can 953 
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be attributed to the fact that secondary neutrons generated from ion interactions have energies that extend 954 

to a maximum of about two times the specific energy of the ion. 955 

 956 

Experimental data from heavy ion reactions for ions with specific energy greater than 100 957 

MeV/nucleon have been tabulated in a handbook (Nakamura and Heilbron, 2006). This handbook 958 

includes thick-target secondary neutron yields, thin-target secondary neutron production cross sections, 959 

measurements of neutron penetration behind shielding, spallation product cross sections and yields, and 960 

parameterizations of neutron yields. 961 

 962 

2.1.3 Hadron Interactions 963 

 964 

The hadronic cascade and proton interactions are discusses in the following sections. 965 

 966 

2.1.3.1 Hadronic or Nuclear Cascade.  Figure 2.2 provides a schematic representation of the 967 

hadronic or nuclear cascade (ICRU, 1978; NCRP, 2003). The typical energy per particle in the figure 968 

refers to the energy of the outgoing particle, and not the energy of the incoming particle. 969 

970 
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 971 

 972 

 973 

 974 

Figure 2.2.  Six levels of hadronic cascade (NCRP, 2003). Reprinted with permission of the National 975 

Council on Radiation Protection and Measurements, http://NCRPonline.org. 976 

977 

http://ncrponline.org/
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 978 

Six distinct and independent processes characterize the hadronic cascade. The extra-nuclear 979 

cascade is the most important process and feeds all other processes. The hadrons (p, n, π±, etc) propagate 980 

this cascade. When a baryon or a meson interacts with a nucleus as a whole, it will release fast forward-981 

directed baryons and mesons, which will propagate the shower by collisions with other nuclei. With each 982 

interaction the number of particles increases.  983 

 984 

An intra-nuclear cascade may also occur when the particles in the extra-nuclear cascade interact 985 

with individual nucleons inside the struck nucleus. This gives rise to similar reaction products, but of 986 

lower energy, and emitted at wider angles. These particles may also contribute to the extra-nuclear 987 

cascade, but to a much lesser extent. The intra-nuclear cascade process occurs within ~ 10-22 s.  988 

Above the pion production threshold (135 MeV), pions also contribute to the nuclear cascade. The 989 

neutral pions (π0 ) from the extra- and intra-cascades decay into two photons, which in turn can initiate an 990 

electromagnetic cascade. The energy transferred is deposited by ionization losses within a distance of 991 

several radiation lengths. The radiation length X0 is the mean path length required to reduce the energy of 992 

a relativistic charged particle by a factor of e. The neutral pion decay occurs within ~ 10-16 s. 993 

Some of the charged pions and kaons (π±, K±) will decay before they have dissipated all their energy, 994 

releasing one muon (μ±) from each meson decay. Muons are very penetrating particles and deposit their 995 

energy mainly by ionization. Muon photonuclear reactions are also possible. The charged pion and kaon 996 

decays occur within ~ 10-8 s. 997 

 998 

After interaction with the incoming hadron, the prefragment, i.e., what remains of the original 999 

nucleus, is left in an excited state. It de-excites by emitting particles, mainly neutrons and protons, that 1000 

do not contribute to the cascade or are involved with any of the other processes. These low-energy 1001 

neutrons travel long distances, continuously depositing energy. The proton energy is deposited locally. 1002 
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The evaporation of nucleons takes place within ~ 10-19 s. The de-excited nucleus may be radioactive, 1003 

thus leading to residual radiation. 1004 

 1005 

Thus, the interaction of a high-energy hadron with a nucleus results in the production of a large 1006 

number of particles, mainly nucleons, pions, and kaons. A large fraction of the incident energy may be 1007 

transferred to a single nucleon, that can be considered the propagator of the cascade. Energy transfer 1008 

mainly occurs by the interaction of high-energy nucleons with energies greater than ~ 150 MeV, and 1009 

these particles propagate the cascade. Nucleons with energies between 20 MeV and 150 MeV also 1010 

transfer their energy by nuclear interactions, but the energy is transferred to a large number of nucleons 1011 

instead of to a single nucleon. Therefore, each nucleon receives on average only a fraction of the total 1012 

energy transferred and therefore has a low kinetic energy of ~ 10 MeV. Charged particles at these 1013 

energies are quickly stopped by ionization. Thus, neutrons predominate at low energies. Charged pions 1014 

and kaons decay into muons and neutrinos. Because muons are not subject to the strong interaction, they 1015 

are primarily stopped in matter by ionization energy losses. Energetic gamma rays produced by the decay 1016 

of neutral pions initiate electromagnetic cascades. However, the attenuation length (defined in Chapter 1) 1017 

of these cascades is much shorter than the absorption length (distance traveled in which the intensity of 1018 

the particles is reduced by a factor of e due to absorption) of strongly interacting particles; therefore, they 1019 

do not contribute significantly to the energy transport. Thus, with increasing depth in the shield, neutrons 1020 

are the principal propagators of the cascade because protons and pions with energies less than ~ 450 1021 

MeV have a high rate of energy loss. 1022 

 1023 

2.1.3.2  Proton Interactions.  The interactions of protons with matter result in the degradation of 1024 

the energy of the protons, and the production of a spray or cascade of secondary particles known as the 1025 

hadronic or nuclear cascade, as described in the previous section. The extra-nuclear cascade occurs at 1026 

primary proton energies above a few GeV (Moritz, 1994), and is followed by an intra-nuclear cascade. 1027 
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The intra-nuclear cascade takes place at proton energies between 50 MeV and 1000 MeV. Therefore, the 1028 

intra-nuclear cascade is of importance for shielding in the proton therapeutic energy range of interest (67 1029 

to 250 MeV), and the yield of low-energy neutrons increases as the primary proton energy increases 1030 

(ICRU, 1978). However, the greater yield is more than compensated for by greater attenuation in the 1031 

shield due to a higher cross section at low energy. Shielding studies indicate that the radiation field 1032 

reaches an equilibrium condition beyond a few mean-free paths within the shield. Neutrons with energies 1033 

greater than 150 MeV regenerate the cascade even though they are present in relatively small numbers. 1034 

They are accompanied by numerous low-energy neutrons produced in the interactions. The shape of the 1035 

neutron spectrum observed at the shield surface is very similar to that which exists in the shield. The 1036 

presence of holes or penetrations in the shielding may perturb the shape of the neutron spectrum, with an 1037 

increased number of low-energy neutrons in the vicinity of the penetrations. Both experiments and 1038 

calculations confirm that for a well-developed cascade the shape of the spectrum is rather independent of 1039 

the location within the shield, the incident energy, or even the shielding material, as long as the hydrogen 1040 

content is essentially the same (ICRU, 1978). The typical neutron spectrum observed outside a thick 1041 

concrete shield consists of peaks at a few MeV and at ~ 100 MeV.  1042 

 1043 

At proton energies below 10 MeV, the proton is absorbed into the target nucleus and creates a 1044 

new compound nucleus, as explained in section 2.1.2.1 (IAEA, 1988). 1045 

 1046 

Photons are produced by inelastic neutron scattering and neutron capture by hydrogen within the 1047 

concrete wall, and the inelastic scattering of evaporation neutrons in the target. The contribution of dose 1048 

from photons produced in the shield is important only for primary neutrons with energies below 25 MeV 1049 

and for thick concrete shields. The total photon dose is much lower than the neutron dose for proton 1050 

energies higher than 150 MeV and for a sufficiently thick shield.  1051 

 1052 
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The energy loss at the lowest proton energy is mainly due to ionization of the material in which 1053 

the protons are stopped. The lowest-energy proton produces the greatest specific ionization resulting in 1054 

the formation of the Bragg peak at the end of the proton range. This property has been exploited in 1055 

proton therapy. Protons can penetrate the Coulomb barrier when their kinetic energy is sufficiently high. 1056 

In this case, nuclear reactions are also possible in addition to Coulomb scattering. As the energy of the 1057 

protons increase, the nuclear reactions compete with the electromagnetic interactions.  1058 

 1059 

2.1.4 Electromagnetic Cascade 1060 

 1061 

Electromagnetic cascades are initiated by pion decay as shown in Fig. 2.2; however, the intra-1062 

nuclear cascade dominates for protons in the therapeutic range of interest. When a high-energy electron 1063 

interacts with matter, only a small fraction of the energy is dissipated as a result of collision processes. A 1064 

large fraction is spent in the production of high-energy photons or bremsstrahlung. These photons 1065 

interact through pair production or Compton collisions resulting in the production of electrons. These 1066 

electrons radiate more photons, which in turn interact to produce more electrons. At each new step, the 1067 

number of particles increases and the average energy decreases. This process continues until the 1068 

electrons fall into the energy range where radiation losses can no longer compete with collision losses. 1069 

Eventually, the energy of the primary electron is completely dissipated in excitation and ionization of the 1070 

atoms, resulting in heat production. This entire process resulting in a cascade of photons, electrons, and 1071 

positrons is called an electromagnetic cascade. A very small fraction of the bremsstrahlung energy in the 1072 

cascade is utilized in the production of hadrons such as neutrons, protons, and pions. 1073 

 1074 

2.2 Secondary Radiation Environment 1075 

 1076 

The secondary radiation environment for charged particle therapy accelerators is comprised of: 1077 
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 1078 

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

inelastic hadronic interactions; 1080 

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

3. Muons and other particles; 1082 

4. Characteristic x rays due to transfer of energy from the charged particle to an electron in 1083 

the bound state and the subsequent emission of a photon from the decay of the excited 1084 

state; 1085 

5. Bremsstrahlung radiation produced by the transfer of energy from the accelerated charged 1086 

particle to a photon in the electromagnetic field of an atom; and 1087 

6. Residual radiation from radioactivation produced by nuclear reactions of the particle with 1088 

atomic nuclei. 1089 

 1090 

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

shielding. In general, the radiation dose outside the shielding depends upon the energy, type of incident 1092 

particle, the beam-on time, the target material and dimensions, and the shielding itself.  1093 

 1094 

2.2.1 Neutron Energy Classifications  1095 

 1096 

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

Thermal:  Ēn =  0.025 eV at 20° C, typically En ≤ 0.5 eV (cadmium resonance) 1098 

Intermediate: 0.5 eV < En ≤ 10 keV 1099 

Fast: 10 keV < En ≤ 20 MeV 1100 

Relativistic or high-energy: En  > 20 MeV 1101 

where Ēn is the average energy of the neutrons and En is the energy of the neutrons. 1102 
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 1103 

2.2.2 Neutron Interactions 1104 

 1105 

Because neutrons are uncharged, they can travel appreciable distances in matter without 1106 

undergoing interactions. When a neutron collides with an atom, it can undergo an elastic or an inelastic 1107 

reaction (Turner, 1986). An elastic reaction is one in which the total kinetic energy of the incoming 1108 

particle is conserved. In an inelastic reaction, the nucleus absorbs some energy and is left in an excited 1109 

state. The neutron can also be captured or absorbed by a nucleus in reactions such as (n,p), (n,2n), (n,α) 1110 

or (n,γ). 1111 

 1112 

Thermal neutrons (nth) are in approximate thermal equilibrium with their surroundings and gain 1113 

and lose only small amounts of energy through elastic scattering. They diffuse about until captured by 1114 

atomic nuclei. Thermal neutrons undergo radiative capture, i.e., neutron absorption followed by the 1115 

immediate emission of a gamma ray, such as in the 1H(nth,γ)2H reaction. The gamma ray has an energy 1116 

of 2.22 MeV. The capture crosssection is 0.33  10-24 cm2. This reaction occurs in shielding materials 1117 

such as polyethylene and concrete. Borated polyethylene is used because the cross section for capture in 1118 

boron is much higher (3480 x 10-24 cm2) and the subsequent capture gamma ray from the 10B(nth,α)7Li is 1119 

much lower energy (0.48 MeV). The capture cross sections for low-energy neutrons (< 1 keV) decrease 1120 

as the reciprocal of the velocity or as the neutron energy increases.  1121 

 1122 

Intermediate energy neutrons lose energy by scattering and are absorbed.  1123 

 1124 

Fast neutrons include evaporation neutrons from charged particle accelerators. They interact with 1125 

matter mainly through a series of elastic and inelastic scattering, and are finally absorbed after giving up 1126 

their energy (ICRU, 1978). On the average, approximately 7 MeV is given up to gamma rays during the 1127 
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slowing down and capture process. Above 10 MeV, inelastic scattering is the dominant process in all 1128 

materials. At lower energies elastic scattering dominates. Below 1 MeV, elastic scattering is the principle 1129 

process by which neutrons interact in hydrogenous materials such as concrete and polyethylene. When 1130 

high-Z material such as steel is used for shielding, it must always be followed by hydrogenous material 1131 

because the energy of the neutrons may be reduced by inelastic scattering to an energy where they may 1132 

be transparent to the non-hydrogenous material. For example, as stated in Chapter 1, steel is transparent 1133 

to neutrons of energy ~ 0.2 MeV to 0.3 MeV. 1134 

 1135 

Relativistic neutrons arise from cascade processes in proton accelerators, and nuclear and 1136 

fragmentation processes at ion accelerators, and are important in propagating the radiation field. This 1137 

high-energy component with neutron energies (En) above 100 MeV propagates the neutrons through the 1138 

shielding; and continuously regenerates lower-energy neutrons and charged particles at all depths in the 1139 

shield via inelastic reactions with the shielding material (Moritz, 2001). For neutrons with energies 1140 

between 50 and 100 MeV, reactions occur in three stages (NCRP, 1971). An intra-nuclear cascade 1141 

develops in the first stage. The incident high-energy neutron interacts with an individual nucleon in the 1142 

nucleus. The scattered and recoiling nucleons from the interaction proceed through the nucleus. Each of 1143 

these nucleons may in turn interact with other nucleons in the nucleus, leading to the development of a 1144 

cascade. Some of the cascade particles that have sufficiently high energy escape from the nucleus, while 1145 

others do not. In the second stage, the energy of those particles that do not escape is assumed to be 1146 

distributed among the remaining nucleons in the nucleus, leaving it in an excited state. The residual 1147 

nucleus evaporates particles such as alpha particles and other nucleons. In the third stage, after particle 1148 

emission is no longer energetically possible, the remaining excitation energy is emitted in the form of 1149 

gamma rays.  1150 

 1151 
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2.2.3 Protons: Neutron Yield, Energy Spectra, and Angular Distributions  1152 

 1153 

As stated in Chapter 1, the prompt radiation field produced by protons of energies up to 250 MeV 1154 

encountered in proton therapy is quite complex, consisting of a mixture of charged and neutral particles 1155 

as well as photons. Neutrons dominate the prompt radiation field. As the proton energy increases, the 1156 

threshold for nuclear reactions is exceeded and more nuclear interactions can occur. At energies above 1157 

200 MeV, the nuclear cascade process occurs. Between proton energies of 50 and 500 MeV the neutron 1158 

yields increase as approximately EP
2 where EP is the energy of the incident proton (IAEA, 1988). 1159 

Calculations and measurements of neutron yields, energy spectra, and angular distributions for protons of 1160 

various energies incident on different types of materials can be found in the literature (Agosteo et al., 1161 

1995; Agosteo et al., 1996; Agosteo et al., 2007; Kato et al., 2002; Nakashima et al., 1995; NCRP, 2003; 1162 

Tayama et al., 2002; Tesch, 1985). Comparisons between calculations and measurements can be found in 1163 

the papers by Kato et al. (2000), Nakashima et al. (1995), and Tayama et al. (2002). 1164 

 1165 

Thick targets are targets in which the protons or ions are stopped, i.e., the thickness is greater 1166 

than or equal to the particle range. Thin targets are targets with thicknesses that are significantly less than 1167 

the particle range. Thus, for example, the protons lose an insignificant amount of energy in the target, 1168 

and the kinetic energy available for neutron production in the target is the full incident proton energy 1169 

(IAEA, 1988). 1170 

 1171 

The neutron yield of a target is defined as the number of neutrons emitted per incident primary 1172 

particle. Table 2.1 shows the neutron yield (integrated over all angles) from 100 MeV to 250 MeV 1173 

protons impinging on a thick iron target, based on calculations with the Monte Carlo code, FLUKA 1174 

(Agosteo et al., 2007; Ferrari, 2005). FLUKA is described in Chapter 6. The total yield (ntot), and yields 1175 
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for neutron energy (En ) less than, and greater than 19.6 MeV are shown. As expected, the neutron yield 1176 

increases with increasing proton energy.  1177 

1178 
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Table 2.1. Neutron yields for 100 MeV to 250 MeV protons incident on a thick iron target (Agosteo et 1179 

al., 2007)  1180 

 1181 

1182 

Proton 

Energy 

EP (MeV) 

Range 

(mm) 

Iron Target 

Radius 

(mm) 

Iron Target 

Thickness 

(mm) 

Neutron Yield  (neutrons per proton) 

En < 19.6 MeV En >19.6 MeV ntot 

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 
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 The average neutron energies (Ēn) for various emission angles are shown in Table 2.2 for the 1183 

targets described in Table 2.1. As the proton energy increases, the spectra in the forward direction (0° to 1184 

10°) hardens as is evidenced by the increasing average neutron energy. However, at very large angles 1185 

(130° to 140°) the average energy does not change significantly with increasing proton energies. 1186 

1187 
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Table 2.2. Average neutron energies for various emission angles as a function of proton energy (Agosteo 1188 

et al., 2007) 1189 

 Proton Energy 

(MeV)↓ 

Average Neutron Energy, Ēn (MeV) 

Emission Angles→ 0° to 10° 40° to 50° 80° to 90° 130° to 140° 

100 22.58 12.06 4.96 3.56 

150 40.41 17.26 6.29 3.93 

200 57.73 22.03 7.38 3.98 

250 67.72 22.90 8.09 3.62 

 1190 

1191 



PTCOG Publications  Report 1                                 © 2010 PTCOG All rights reserved 

 

  

48 

 

Table 2.3 shows the neutron yield as a function of target dimensions for 250 MeV protons. As the 1192 

target radius increases, the total neutron yield increases, but the yield for En >19.6 MeV decreases. Thus, 1193 

the average neutron energy also decreases, as seen in Table 2.4. The total neutron yield increases with 1194 

increasing target thickness, but the yield for En >19.6 MeV decreases. The data shows that the average 1195 

energy increases at the 0° to 10° and 40° to 50° emission angles, but decreases for emission angles larger 1196 

than 80° to 90°. As the target thickness increases, the proton interactions increase and the secondary 1197 

neutron yield increases. Initially the yield is dominated by the high-energy neutrons. As the thickness is 1198 

further increased, the high-energy neutrons interact, producing more low-energy neutrons. Thus, the 1199 

high-energy neutron yield decreases and the low-energy neutron yield increases, while the overall 1200 

neutron yield increases. With further increasing thickness, the low-energy neutrons get attenuated in the 1201 

target. The net result of this competing process is an increase in total neutron yield with increasing target 1202 

thickness until it reaches a maximum and then it is expected to decrease due to the attenuation of low-1203 

energy neutrons in the target material. 1204 

1205 
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 1206 

Table 2.3. Neutron yield for 250 MeV protons as a function of iron target dimensions (Agosteo et al., 1207 

2007) 1208 

 1209 

Iron Target 

Radius 

(mm) 

Iron Target 

Thickness 

(mm) 

Neutron Yield  (neutrons per proton) 

En < 19.6 MeV En >19.6 MeV ntot 

37.5 75.0 0.567 0.148 0.715 

58.0 75.0 0.586 0.140 0.726 

75.0 75.0 0.596 0.136 0.732 

75.0 150.0 0.671 0.111 0.782 

 1210 

1211 
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 1212 

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

dimensions (Agosteo et al., 2007) 1214 

 1215 

Iron Target Radius 

(mm) ↓ 

Iron Target 

Thickness (mm) 

Average Neutron Energy, Ēn (MeV) 

Emission Angles → 0° to 10° 40° to 50° 80° to 90° 130° to 140° 

37.5 75.0 73.6 25.9 8.1 3.9 

58.0 75.0 67.7 22.9 8.1 3.6 

75.0 75.0 64.7 21.3 8.1 3.5 

75.0 150.0 70.3 23.5 6.9 3.2 

 1216 

1217 



PTCOG Publications  Report 1                                 © 2010 PTCOG All rights reserved 

 

  

51 

 

Figures 2.3 and 2.4 show the double differential neutron spectra as lethargy (logarithm of energy 1218 

decrement) plots calculated with FLUKA for neutrons at various emission angles, produced by 100 MeV 1219 

and 250 MeV protons incident on thick iron targets (without any concrete shielding) described in Table 1220 

2.1 (Agosteo et al., 2007). The energy distributions in these figures are typically characterized by two 1221 

peaks: a high-energy peak (produced by the scattered beam particle) and an evaporation peak at ~ 2 1222 

MeV. As the proton energy increases, the high-energy peaks shift to higher energies, which are 1223 

particularly evident in the forward direction (0° to 10°). The high-energy peak for the unshielded target is 1224 

not the usual 100 MeV peak that is observed outside thick concrete shielding as described in Section 1225 

2.1.3.2. Thus, it is important to use wide-energy range instruments for neutron monitoring, as discussed 1226 

in Chapter 4. 1227 

1228 
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 1229 

Figure 2.3. Double differential neutron spectra for 100 MeV protons incident on a thick iron target 1230 

(Courtesy of S. Agosteo, Agosteo et al., 2007) 1231 

 1232 

 1233 

 1234 

Figure 2.4.  Double differential neutron spectra for 250 MeV protons incident on a thick iron target 1235 

(Courtesy of S. Agosteo, Agosteo et al., 2007) 1236 

1237 
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2.2.4  Ions: Neutron Yields, Energy Spectra, and Angular Distribution 1238 

 1239 

Neutrons dominate the radiation field of ion accelerators. The contributions from photons, 1240 

protons, and pions are small, as discussed in Chapter 3. Calculations and measurements of neutron 1241 

yields, energy spectra, and angular distribution for ions of various energies incident on different types of 1242 

materials can be found in the literature (Gunzert-Marx, 2004; Kato et al., 2002; Kurosawa et al., 1999; 1243 

Nakamura, 2000; Nakamura et al., 2002; Nakamura et al., 2006; NCRP, 2003; Porta et al., 2008; Shin et 1244 

al., 1997). 1245 

 1246 

Figure 2.5 shows the total secondary neutron yield produced in tissue as a function of kinetic 1247 

energy of the projectile (kinetic energy per nucleon  number of nucleons) for various ions; protons (200 1248 

MeV), helium (202 MeV/nucleon), lithium (234 MeV/nucleon), boron (329 MeV/nucleon), carbon (400 1249 

MeV/nucleon), nitrogen (430 MeV/nucleon), and oxygen (468 MeV/nucleon) (Porta et al., 2008). The 1250 

results are based on calculations with FLUKA for ions incident on an International Commission on 1251 

Radiation Units and Measurements (ICRU) tissue phantom (composition: 76.2 % O, 10.1 % H, 11.1 % C 1252 

and 2.6 % N). The phantom was 40 cm in height and 40 cm in diameter, and the beam diameter was 10 1253 

mm. The energy of each ion was chosen so that the range in water was 26.2 cm. 1254 

1255 
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 1256 

 1257 

 1258 

Figure 2.5.  Total neutron yield expressed as neutrons per unit of solid angle and per incident particle in 1259 

the 0° to 10° angular bin (Courtesy of A. Porta, Porta et al., 2008). 1260 

1261 
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Only carbon ions will be discussed in this section. Figures 2.6, 2.7, and 2.8 show the measured 1262 

neutron spectra from 180 MeV/nucleon and 400 MeV/nucleon carbon ions incident on copper and 1263 

carbon targets (Kurosawa et al., 1999). The dimensions of the carbon target were 10 cm  10 cm  2 cm 1264 

for 180 MeV/nucleon and 10 cm  10 cm  20 cm for 400 MeV/nucleon carbon ions, respectively. The 1265 

dimension of the copper target was 10 cm  10 cm  1.5 cm. The spectra in the forward direction have a 1266 

peak at the high-energy end that broadens with angle of emission. The peak energy is ~ 60 % to 70 % of 1267 

the specific energy (140 MeV for 180 MeV/nucleon and 230 MeV for 400 MeV/nucleon). This data 1268 

together with other data in the paper by Kurosawa et al. indicate that the high-energy neutron component 1269 

produced in the forward direction by a break-up process and the momentum transfer from projectile to 1270 

target nuclei are higher for both lighter target nuclei and higher projectile energy than for heavier target 1271 

nuclei and lower projectile energy. 1272 

1273 
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Figure 2.6.  Neutron spectra from 180 MeV/nucleon C ions incident on a C target (Kurosawa et al., 1277 

1999) 1278 

1279 
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Figure 2.7.  Neutron spectra from 180 MeV/nucleon C ions incident on a Cu target (Kurosawa et 1282 

al.,1999) 1283 
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Figure 2.8.  Neutron spectra from 400 MeV/nucleon C ions incident on a C target (Kurosawa et al., 1288 

1999) 1289 

1290 
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 1291 

2.3 Beam Losses and Sources of Radiation 1292 

 1293 

During the operation of particle therapy facilities, the interaction of the particles with beam-line 1294 

components and the patient results in the production of radiation with neutrons being the dominant 1295 

component. Typically the shielding thicknesses for various parts of the facility may range from about 60 1296 

cm to about 7 m of concrete. Effective shielding can only be designed if the beam losses and sources of 1297 

radiation for the charged particle therapy facilities are well understood. This requires knowledge of how 1298 

the accelerators operate and deliver beam to the treatment rooms. Specific details of beam losses, 1299 

duration, frequency, targets, and locations should be provided by the equipment vendor so that all 1300 

sources of radiation are considered in the shielding design. It is important to note that higher beam losses 1301 

will occur during start-up and commissioning as the beam is tuned and delivered to the final destination, 1302 

and should be planned for. Both cyclotrons and synchrotron-based systems are discussed below. 1303 

 1304 

2.3.1 Cyclotrons  1305 

 1306 

Cyclotrons are used for both proton and ion acceleration and produce essentially continuous 1307 

beams. Fixed-energy machines are used for therapy and are designed to operate at energies required to 1308 

reach deep-seated tumors (Coutrakron, 2007). The principle of operation for a proton cyclotron is as 1309 

follows: protons are extracted from the ion source located at the center of the and are injected into the 1310 

cyclotron. The cyclotron is comprised of a large magnet (or several sector magnets) with an internal 1311 

vacuum region located between the poles of the magnet(s). The maximum radius of a commercial room-1312 

temperature therapy cyclotron is about 1 m. There are large D-shaped electrodes commonly referred to as 1313 

“dees.” A sinusoidal-alternating voltage with a frequency equal to the revolution frequency of the 1314 

protons (or a multiple thereof) is applied across the dees as the protons travel in their orbit. Thus, as the 1315 
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protons cross a gap between the electrodes, they are further accelerated and begin to spiral outwards. The 1316 

orbit radius is determined by the magnetic field. Figure 2.8 shows the inside view of the C-230 IBA 1317 

cyclotron, which has four spiral-shaped electrodes. The protons are injected from the ion source below 1318 

into the center of the cyclotron. The magnetic field of the cyclotron increases as the orbit radius increases 1319 

to compensate for the relativistic mass increase, and the turn-by-turn separation decreases at higher 1320 

energies. All the particles travel at the same revolution frequency, regardless of their energy or orbit, 1321 

because the cyclotron is isochronous. The protons exit the cyclotron through a hole in the return yoke 1322 

after passing through the electrostatic extraction plates.  1323 

 1324 

During acceleration, continuous beam losses occur in the cyclotron. Depending upon the beam 1325 

optics, about 20 % to 50 % of the accelerated beam particles can be lost in the cyclotron. The magnet 1326 

yoke is made of steel and provides significant self-shielding, except in regions where there are holes 1327 

through the yoke. These holes need to be considered in the shielding design. Losses at very low proton 1328 

energies are not of concern for prompt radiation shielding, but can contribute to activation of the 1329 

cyclotron. The beam losses of concern in the shielding design are those that occur at higher energies, and 1330 

those due to protons that are close to their extraction energy (230 MeV to 250 MeV depending upon the 1331 

cyclotron type) striking the dees and the extraction septum which are made of copper. These beam losses 1332 

also result in activation of the cyclotron. 1333 

1334 
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 1335 

 1336 

 1337 

 1338 

Figure 2.9. Inside view of C-230 IBA cyclotron (Courtesy of IBA) 1339 

1340 
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2.3.1.1 Energy Selection System (ESS).  For the treatment of tumors at shallow depths, the 1341 

proton energy extracted from the cyclotron has to be lowered. This is typically achieved by using an 1342 

energy selection system (ESS) after extraction. Figure 2.10 shows an ESS that is comprised of an energy 1343 

degrader, a tantalum collimator, nickel energy slits and collimator, and a nickel beam stop. The energy 1344 

degrader consists of a variable-thickness material, typically graphite, arranged in a wheel that is rotated 1345 

into position, thus reducing the proton energy down to the energy of interest. In principle, the proton 1346 

beam energy can be reduced to 75 MeV in the equipment described here. However, sometimes range 1347 

shifters are used inside the nozzles in treatment rooms to achieve these lower energies. The intensity 1348 

from the cyclotron has to be increased as the degraded energy is decreased in order to maintain the same 1349 

dose rate at the patient. Thus, large amounts of neutrons are produced in the degrader, especially at the 1350 

lower energies, resulting in thicker local shielding requirements in this area. The degrader scatters the 1351 

protons and increases the energy spread. Most of the scattered beam from the degrader is collimated in a 1352 

tantalum collimator, in order to reduce the beam emittance. A magnetic spectrometer and energy slits are 1353 

used to reduce the energy spread. Beam stops are used to tune the beam. Neutrons are also produced in 1354 

the collimator and slits. Losses in the ESS are large, and they also result in activation.  1355 

1356 
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 1357 

 1358 

Figure 2.10.  Energy Selection System (Courtesy of IBA) 1359 

1360 
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2.3.2 Synchrotrons 1361 

 1362 

Synchrotrons are designed to accelerate protons and ions to the exact energy needed for therapy, 1363 

thus eliminating the need for energy degraders. This in turn results in less local shielding and activation 1364 

of beam-line components. Synchrotrons however, are pulsed machines. For synchrotrons, the orbit radius 1365 

is held constant and the magnetic field is increased as the particle energy increases. Maximum proton 1366 

energy for therapy is ~ 250 MeV with about 1011 protons/spill, while maximum carbon energies range 1367 

from (320 to 430) MeV/nucleon with (0.4 to 1.0)  109 ions/spill. A spill typically lasts from 1 s to 10 s. 1368 

Thus, proton intensities can be up to 250 times higher than carbon intensities. 1369 

 1370 

Figure 2.11 shows a typical injector system for a synchrotron. There are two ion sources 1371 

(ECRIS), one for protons and one for carbon. Proton facilities, of course, have only one ion source. A 1372 

switching magnet allows the selection of either carbon ions or protons. The particles are then accelerated 1373 

from 8 keV/nucleon by the RFQ (radiofrequency quadrupole) and by the IH (inter digital H-type 1374 

structure) drift tube linear accelerator (linac) combination to 7 MeV/nucleon. The stripper foil produces 1375 

fully stripped ions, thus eliminating all contamination, and the beam is delivered to the synchrotron. 1376 

Sources of radiation include x rays from the ion source, x rays produced by back-streaming electrons 1377 

striking the linac structure; and neutrons produced by the interaction of the ions with the linac structure 1378 

at the end of the linac. The target material is typically copper or iron. The production of x rays from 1379 

back-streaming electrons will depend upon the vacuum conditions and the design of the accelerator 1380 

(NCRP, 1977). The use of a Faraday cup to intercept the beam downstream of the linac must also be 1381 

considered in the shielding design. 1382 

1383 
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 1384 

 1385 

Figure 2.11.  Typical injector for synchrotron (Courtesy of Gesellschaft für Schwerionenforschung) 1386 

1387 
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Figure 2.12 shows the synchrotron , high energy beam transport (HEBT), and transport to 1388 

treatment rooms for a typical Siemens particle therapy facility. The synchrotron is capable of 1389 

accelerating carbon ions to 430 MeV/nucleon and protons to 250 MeV. The synchrotron is filled using a 1390 

multi-turn injection scheme. The beam is accelerated to the desired energy in less than 1 s. More than 1391 

200 beam energies can be requested from cycle to cycle. A slow extraction technique is used to extract 1392 

the beam and the extraction time varies from 1 s to 10 s.  1393 

1394 
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 1398 

Figure 2.12.  Synchrotron, HEBT, and transport to treatment rooms (Courtesy of Siemens Medical 1399 

Systems) 1400 

1401 
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For synchrotrons in general, beam losses can occur during the injection process, RF capture and 1402 

acceleration, and during extraction. Some of these losses may occur locally while others may be 1403 

distributed around the synchrotron. The target material is typically copper or iron. Losses will be 1404 

machine-specific and therefore the equipment vendor should provide this information. Particles that are 1405 

not used in a spill may be deflected on to a beam dump or stopper and will need to be considered in the 1406 

shielding design and activation analysis. In some cases these particles are decelerated before being 1407 

dumped and therefore are not of concern in the shielding design or activation analysis. 1408 

 1409 

X rays are produced at the injection and extraction septa due to the voltage applied across 1410 

electrostatic deflectors, and may need to be considered in the exposure to personnel working in the 1411 

vicinity of the synchrotron components during commissioning. 1412 

 1413 

2.3.3 Beam Transport Line  1414 

 1415 

For both cyclotron- and synchrotron-based systems losses occur in the beam transport line. These 1416 

losses are usually very low (~ 1 %) and distributed along the beam line, but need to be considered for 1417 

shielding design. The target material is typically copper or iron. During operation, the beam is steered 1418 

onto Faraday cups, beam stoppers, and beam dumps, all of which need to be considered in the shielding 1419 

design. 1420 

 1421 

2.3.4 Treatment Rooms 1422 

 1423 

 The radiation produced from the beam impinging on the patient (or phantom) is a dominant 1424 

source for the treatment rooms. Thus, a thick-tissue target should be assumed in computer simulations 1425 

for shielding calculations. In addition, losses in the nozzle, beam-shaping, and range-shifting devices 1426 
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must also be considered in the shielding design. The contributions from adjacent areas, such as the 1427 

HEBT and other treatment rooms, should also be considered 1428 

 1429 

 Typically, the treatment rooms do not have shielded doors, and therefore the effectiveness of the 1430 

maze design is critical. A full computer simulation for the maze is recommended. Mazes are discussed in 1431 

more detail in Chapter 3. Treatment rooms either have fixed beams rooms or gantries.  1432 

 1433 

2.3.4.1 Fixed Beam Rooms.  In fixed beam rooms, either a single horizontal fixed beam or dual 1434 

(horizontal and vertical or oblique) beams are used. For a facility with both protons and carbon ions, both 1435 

particles have to be considered for shielding design. Although the proton intensity is much higher than 1436 

the carbon intensity for synchrotron-based facilities, the neutron dose rate in the forward direction is 1437 

higher for the carbon ions. Shielding walls in the forward direction are much thicker than the lateral 1438 

walls and the walls in the backward direction. At large angles and at the maze entrance, the neutron dose 1439 

from protons is higher than that from carbon ions. Figure 2.13 shows a fixed beam room with a 1440 

horizontal and a 45° vertical beam. The Use Factor (U) is defined as the fraction of time that the primary 1441 

proton or carbon ion beam is directed towards the barrier. For rooms with dual beams the Use Factor for 1442 

the wall in the forward (0°) direction for each beam should be considered. This may be either 1/2 for 1443 

both beams or 2/3 for one beam and 1/3 for the other. For a single beam, the Use Factor is one for the 1444 

wall in the forward direction. 1445 

1446 
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 1449 

Figure 2.13.  Fixed beam room with dual beams (Courtesy of Siemens Medical Systems) 1450 

1451 
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2.3.4.2 Gantry Rooms.  In gantry rooms, the beam is rotated about the patient. On average, it can 1452 

be assumed that the Use Factor for each of the four barriers (two walls, floor and ceiling) is 0.25. In some 1453 

designs, the gantry counterweight (made of large thicknesses of steel) acts as a stopper in the forward 1454 

direction, but it covers a small angle and is asymmetric. The ceiling, lateral walls, and floor are exposed 1455 

to the forward-directed radiation. However, because of the lower Use Factor, walls in the forward 1456 

direction can be thinner than for fixed beam rooms.  1457 

 1458 

2.3.5 Beam Shaping and Delivery 1459 

 1460 

Various methods are used to shape and deliver the beam to the patient. They can be divided 1461 

primarily into two categories: passive scattering and pencil beam scanning. 1462 

 1463 

In passive scattering, a range modulation wheel or a ridge filter located in the nozzle is used to 1464 

produce a spread-out Bragg peak (SOBP) (Smith, 2009). Scatterers located downstream spread the beam 1465 

out laterally. A single scatterer is usually used for small fields and a double scatterer is used for large 1466 

fields. Between the nozzle exit and the patient, a collimator (specific to the treatment field) is used to 1467 

shape the field laterally, while a range compensator is used to correct for the shape of the patient surface, 1468 

inhomogeneities in the tissues traversed by the beam, and the shape of the distal target volume. Since 1469 

there are losses due to the incidence of the primary beam on the various delivery and shaping devices, a 1470 

much higher beam current is required at the nozzle entrance when compared to the other delivery 1471 

techniques. The efficiency of a passive scattering system is typically about 45 %. Therefore, more 1472 

shielding is required for passive scattering as compared to pencil beam scanning. This technique also 1473 

results in higher secondary dose to the patient as discussed in Chapter 7. 1474 

 1475 
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In pencil beam scanning, horizontal and vertical magnets are used to scan the beam in a plane 1476 

perpendicular to the beam axis. The range of the beam in the patient is adjusted by changing the beam 1477 

energy. In synchrotrons, this is achieved by changing the accelerator energy. In cyclotrons, the ESS is 1478 

used to change the energy. Additionally, energy absorbers can also be used in the nozzle for range 1479 

shifting and/or range modulation. However, and unlike in passive scattering, there are fewer scatterers 1480 

and therefore fewer beam losses; thus, the resulting production of secondary radiation is minimized.  1481 

 1482 

2.4 New Technologies 1483 

 1484 

There have been several advances in accelerator technology and some of these are summarized in 1485 

a paper by Smith (2009). They include single-room systems: cyclotron- or synchrotron-based; Dielectric 1486 

Wall Accelerator (DWA); Fixed-Field Alternating-Gradient Accelerators (FFAG); and Laser Accelerated 1487 

Protons.  1488 

 1489 

 2.4.1 Single-Room Systems 1490 

 1491 

Figure 2.14 shows a schematic of the proton gantry of a single-room synchrocyclotron-based 1492 

system that is now commercially available. The maximum proton energy at the exit of the cyclotron is 1493 

250 MeV. The 250 MeV beam is scattered or spread in the treatment room by the field shaping system, 1494 

comprised of the first and second scatterers, energy degrader, and range modulator, which are located in 1495 

the gantry. Since the cyclotron is super-conducting, it is small and incorporated into the gantry head. The 1496 

gantry is capable of rotating ± 90 degrees about the patient plane. Therefore only the ceiling, one lateral 1497 

wall, and the floor intercept the forward-directed radiation, and each of these barriers can be assumed to 1498 

have a Use Factor of 1/3.  1499 

 1500 
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Figure 2.15 shows a 3-D rendition of a single-room cyclotron based facility. The room has two 1501 

levels with entrances: a patient treatment level, and a sub-level. Thus, there are two entrance mazes, one 1502 

at each level. Both mazes will require shielded doors due to maze-scattered neutrons and neutron-capture 1503 

gamma rays. The beam losses to be considered include the primary beam stopped in the patient or 1504 

phantom, and leakage from the cyclotron and field shaping systems located in the gantry head. The 1505 

thicknesses of the barriers range from about 1.5 m to 4.0 m of concrete .  1506 

 1507 

Figure 2.16 shows a synchrotron-based single room facility. 1508 

 1509 

1510 
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 1511 

 1512 

 1513 

 1514 

 1515 

 1516 

 1517 

 1518 

 1519 

Figure 2.14. Proton therapy gantry including a synchrocyclotron (Courtesy of Still River Systems, 1520 

Littleton, MA) 1521 

1522 
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 1523 

 1524 

 1525 

Figure 2.15. Architect’s 3-D rendition of a synchrocyclotron-based single-room facility (Courtesy of The 1526 

Benham Companies, An SAIC Company, Oklahoma City, Oklahoma) 1527 

1528 



PTCOG Publications  Report 1                                 © 2010 PTCOG All rights reserved 

 

  

76 

 

 1529 

 1530 

 1531 

 1532 

 1533 

 1534 

 1535 

 1536 

 1537 

Figure 2.16. Schematic layout of single-room synchrotron-based proton therapy system (Courtesy of 1538 

ProTom International, Flower Mound, Texas) 1539 

1540 
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Conventional accelerator cavities have an accelerating field only in their gaps, which occupy only 1541 

a small fraction of the cavity length, and have an accelerating gradient of approximately 1 MeV/m to 2 1542 

MeV/m. In contrast, dielectric wall accelerators (DWA) have the potential of producing gradients of 1543 

approximately 100 MeV/m (Caporasa, 2009). In a DWA, the beam line is replaced by an insulating wall 1544 

so that protons can be accelerated uniformly over the entire length of the accelerator. Figure 2.17 shows 1545 

the schematic of a compact proton DWA. Protons can be accelerated to 200 MeV in 2 m. The linac is 1546 

modular and hence the energy of the protons can be changed easily. The energy, intensity, and spot width 1547 

can be varied from pulse to pulse with pulse widths of the order of nanoseconds at a repetition rate of 50 1548 

Hz. Losses along the linac are minimal since the linac aperture is much larger than the beam size. The 1549 

primary source of secondary radiation is from the proton beam incident on the patient or the phantom. 1550 

Since it is a traveling wave linac, bremsstahlung from back-streaming electrons is also not an issue. The 1551 

linac has the capability of being rotated through at least 200°.  1552 

1553 
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 1554 

 1555 

 1556 

Figure 2.17. Compact proton dielectric wall accelerator (Caporaso, 2009) 1557 

1558 
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2.4.2 FFAG 1559 

 1560 

FFAG accelerators have fixed magnetic fields (as in cyclotrons) and pulsed acceleration (as in 1561 

synchrotrons). For these accelerators, beam losses discussed in previous sections for synchrotrons and 1562 

cyclotrons will apply.  1563 

 1564 

2.4.3 Laser Acceleration 1565 

 1566 

A laser pulse interacting with high-density hydrogen-rich material ionizes it, and subsequently 1567 

interacts with the created plasma. Protons are accelerated by focusing a high-power laser (~1021 W cm-2 ) 1568 

on a very thin target (~ 0.5 μm to 1 μm thick) with electron densities ne = 5 × 1022 cm−3 (Fan, 2007; 1569 

Smith, 2009). The resulting high peak power intensity produced by the extremely short pulse width (~ 50 1570 

fs) creates a huge burst of ionization in the target, thus expelling a large number of relativistic electrons. 1571 

The sudden loss of electrons results in a high positive charge on the target. The transient positive field 1572 

accelerates protons to high energies, resulting in a broad energy spectrum and a large angular 1573 

distribution. Protons with energies of 200 MeV or higher can be produced. Special particle selection and 1574 

collimation devices are needed to generate the desired proton beams for treatment. Thus, a large number 1575 

of unwanted protons and electrons are produced during laser acceleration. For a laser-proton therapy 1576 

unit, the target foil assembly and the beam selection device are placed inside the rotating gantry. The 1577 

laser is transported to the gantry directly and to the target foil through a series of mirrors. The electron 1578 

and proton emission from the target foil are forward-peaked along the axis of the laser beam and have a 1579 

wide angular spread. Most of the primary charged particles are stopped in the primary collimator. A small 1580 

fraction passes into the particle selection system. The interaction of these high-energy protons with the 1581 

selection and collimation devices results in the production of neutrons. The neutrons can further interact 1582 

with the shielding to produce neutron capture gamma rays. Bremsstrahlung radiation from electrons must 1583 
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also be considered in the shielding design since nearly half of the incident laser energy transfers to 1584 

electrons, which have a maximum energy that is almost the same as protons. Thus, the leakage radiation 1585 

consists of neutrons and photons. In addition to leakage, the deposition of the proton beam in the patient, 1586 

phantom or beam stop must also be considered for room shielding. 1587 

1588 
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3. Shielding Design Considerations 1589 

Georg Fehrenbacher and Nisy Elizabeth Ipe 1590 

 1591 

3.1 Regulatory Requirements 1592 

 1593 

 The use of charged particle beams for therapy purposes is associated with the generation of 1594 

ionizing radiation which might expose the facility personnel or the public.  Patients can also be exposed 1595 

to unintended radiation. As stated in previous chapters, neutrons are the main source of secondary 1596 

radiation to be considered in the shielding design of such facilities. The protection of the following 1597 

different groups of individuals exposed to secondary radiation has to be considered: 1598 

 1599 

• Occupationally exposed workers 1600 

• Members of the public (visitors to the clinic and the public in the vicinity of the facility) 1601 

•  Patients 1602 

 1603 

Most of the national radiation protection regulations are based on international guidelines or 1604 

standards. For example, standards are formulated by the International Commission on Radiological 1605 

Protection ICRP (ICRP, 1991; 2007), which are adapted into international rules such as the EURATOM 1606 

regulations (EURATOM, 1996) and then incorporated into the European national regulations. The 1607 

international regulations set a minimum level of standards that can be surpassed by the corresponding 1608 

national laws. Thus, the national radiation protection regulations are comparable for the countries of the 1609 

European Union.  1610 

 1611 

In some countries, such as Germany, occupationally exposed workers are further classified into 1612 

categories  depending upon the annual effective dose that they receive:  Category A (6 mSv per year)  1613 
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and Category B (20 mSv per year). In this chapter, only the radiation protection for  occupational 1614 

workers and the public are considered. Chapter 7 covers patients. Dose limits are defined for the 1615 

exposure by external radiation and for the intake of radionuclides leading to an internal exposure.  1616 

 1617 

In the U.S., medical facilities are subject to state regulations. These regulations are based on 1618 

standards of protection issued by the  U.S. Nuclear Regulatory Commission (USNRC, 2009). 1619 

 1620 

The dose limits enforced by national radiation protection regulations are specified in the quantity, 1621 

effective dose (defined in Chapter 1). Further limits are applied for the exposure of single organs or 1622 

tissues like the lens of the eye or the skin (ICRP, 1991). Because regulations vary from country to 1623 

country, it is not possible to list all of them.  However, it is up to each facility to comply with their local, 1624 

state, or national regulations. A few examples are given in the sections below. 1625 

 1626 

3.1.1  Radiological Areas  1627 

 1628 

In the U.S., radiological areas are defined as shown below (USNRC, 2009): 1629 

 1630 

Radiation Area means any area accessible to individuals, in which radiation levels could 1631 

result in an individual receiving a dose equivalent in excess of 0.05 mSv in 1 hour at 30 1632 

centimeters from the source of radiation or from any surface that the radiation penetrates. 1633 

 1634 

High Radiation Area means an area accessible to individuals, in which radiation levels from 1635 

radiation sources external to the body could result in an individual receiving a dose equivalent 1636 

in excess of 1 mSv in 1 hour at 30 centimeters from any source of radiation or 30 centimeters 1637 

from any surface that the radiation penetrates. 1638 
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 1639 

Very High Radiation Area means an area accessible to individuals, in which radiation levels 1640 

from radiation sources external to the body could result in an individual receiving an absorbed 1641 

dose in excess of 5 Gy  in 1 hour at 1 meter from a source of radiation or 1 meter from any 1642 

surface that the radiation penetrates 1643 

 1644 

In addition, radiological areas in the U.S. are classified as Controlled Areas when the access, 1645 

occupancy, and working conditions are controlled for radiation protection purposes (NCRP, 2005). The 1646 

personnel working in the areas are those who have been specifically trained in the use of ionizing 1647 

radiation and who are individually monitored. Unrestricted Area (or Uncontrolled Area) means an area, 1648 

access to which is neither limited nor controlled by the licensee are areas that have no restriction of 1649 

access, occupancy or working conditions. These areas are often referred to as Public Areas. Individuals 1650 

who occupy Uncontrolled Areas include patients, visitors, service personnel, and employees who do not 1651 

work routinely with or around radiation sources. Therefore, these individuals do not require individual 1652 

monitoring.  Restricted Area means an area, access to which is limited for the purpose of protecting 1653 

individuals against undue risks from exposure to radiation and radioactive materials. 1654 

 1655 

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

concepts formulated in the IAEA Safety Series No. 115 (IAEA, 1996). A Controlled Area is any area in 1657 

which specific protection measures and safety provisions are or could be required for controlling normal 1658 

exposures or preventing the spread of contamination during normal working conditions, and preventing 1659 

or limiting the extent of potential exposures. A Supervised Area is any area not designated as a controlled 1660 

area, but for which occupational exposure conditions are kept under review even though specific 1661 

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

Area or Restricted Area is defined as a part of the controlled area where an increased dose rate level or 1663 
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contamination must be considered. Only in some countries is there an explicit definition of these areas in 1664 

the radiation protection legislation. Interdicted areas are usually determined by the local radiation safety 1665 

management. In some countries the concept of Intermittent Area is used for the situations where the 1666 

same area changes the status; for example, the treatment rooms (Interdicted during use of the beam, and 1667 

Controlled or Supervised the rest of the time). 1668 

 1669 

The radiological areas for a particle therapy facility  (in Germany, Italy, and Switzerland) are  1670 

shown in Figure 3.1. All parts of the accelerator where the particle beam is transported are inaccessible 1671 

areas (shown in dark blue) while there is beam in the areas. Areas surrounding the accelerator are 1672 

controlled areas (shown in light blue) or supervised areas (shown in yellow). The dose limits for the 1673 

public may be applied outside the building (shown in green), which is usually accessible to the public. 1674 

1675 
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 1676 

 1677 

 1678 

Figure 3.1. Radiological areas for a particle therapy facility (Courtesy of G. Fehrenbacher, J. Goetze, T. 1679 

Knoll, GSI (2009)). 1680 

  1681 

1682 
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3.1.2 Dose Limits for Various Countries 1683 

 1684 

Table 3.1 shows the radiological areas and the dose limits for a few countries as an example.  The 1685 

dose limits for the countries in the European Union (Italy and Germany) are similar for controlled, 1686 

supervised and public areas.  In Germany, areas with dose rates > 3 mSv/h are defined as restricted areas. 1687 

France further classifies the restricted areas as shown in the table. In the U.S., controlled areas have dose 1688 

limits which are much lower than the dose limits for other countries. Thus, for example, while in the U.S. 1689 

the control room adjacent to the treatment room has a design dose limit of 5 mSv/yr, dose limits for 1690 

controlled areas in other countries are much higher.  Therefore, a cookie-cutter design originating in one 1691 

country could potentially underestimate or overestimate the shielding in some areas for a charged particle 1692 

therapy facility in another country assuming similar patient workload, usage, and beam parameters. 1693 

1694 
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Table 3.1.  Examples of classification of radiological areas in some countries. Data sources are cited for 1695 

each country. 1696 

Area USA  

(USNRC, 

2009) 

Japan  

(JRPL, 

2004) 

South Korea 

(Lee, 2008) 

Italy  

(IRPL, 2000) 

Switzerland 

(BfG, 2004) 

Germany  

(GRPO, 2005) 

France 

(JORF, 2006) 

Restricted - - - No general 

regulation  (RSO1 

judgement) 

-  Forbidden:  

>100mSv/h 

 

Orange:  

 <2 to100 mSv/h 

 

Yellow:  

< 25 µSv to 

 2 mSv/h 

 

Controlled ≤ 5 mSv/y <1 

mSv/week 

 

-  <20 mSv/y <3 mSv/h Green:  

7.5 to 25 µSv /h 

 

Supervised 

(area near 

controlled 

area) 

 <1.3 mSv/3 

months at 

boundary of 

controlled 

area 

<0.4 

mSv/week 

 (based on 20 

mSv/y for 

radiation 

workers) 

< 6 mSv/y <5 mSv/y < 6 mSv/y < 7.5 µSv /h 

 

Public ≤ 1 mSv/y,  

20 µSv in 1 h 

with T=1 

<250 µSv/3 

months 

(outside of 

site boundary) 

< 1 mSv/y <1mSv/y 

Recommended 

operational limit 

= 0.25 mSV/y 

<1mSv/y <1 mSv/y  < 80 µSv /month 

 

 1697 

1(RSO=Radiation Safety Officer) 1698 

1699 
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3.2 Primary and Secondary Shielding Barriers 1700 

 1701 

In photon therapy, the radiation consists of primary and secondary radiation (NCRP, 2005). The 1702 

primary radiation (also referred to as the useful beam) is the radiation emitted directly from the 1703 

equipment that is used for patient therapy. The primary barrier is a wall, ceiling, floor, or other structure 1704 

that will intercept the primary radiation emitted directly from the equipment. The secondary barrier 1705 

intercepts the leakage radiation from the protective housing of the source, as well as any radiation 1706 

scattered by the patient or other objects.   1707 

 1708 

For the purposes of this report, for charged particle therapy facilities, we will refer to the protons 1709 

or carbon ions as the “primary beam.” The “secondary radiation” will include all the radiation produced 1710 

by the  interaction of the primary beam with  any target  including the patient, leakage radiation from the 1711 

machine, as well as any scattered radiation. Hence, a primary barrier is defined as a shielding wall, 1712 

ceiling, floor, or other structure toward which the primary proton or carbon beam is directed. The 1713 

primary barrier intercepts the 0° secondary radiation produced by the interaction of the primary beam 1714 

with any target, including the patient. If the primary beam is directed toward the corner of a wall, then 1715 

the corner becomes the primary barrier. The secondary barrier is defined as any wall, floor, or ceiling 1716 

which is not the primary barrier, i.e., it does not intercept the 0° secondary radiation.  1717 

  1718 

3.3 Use Factors 1719 

 1720 

 For photon therapy, the “use factor” as a function of gantry angle [U(G)] gives the fraction of the 1721 

weekly workload for which the gantry or beam is oriented in an angular interval centered about angle G 1722 

(NCRP, 2005). The IAEA defines the use factor for photon therapy as the fraction of the time during 1723 

which the radiation under consideration is directed at a particular barrier (IAEA, 2006). For charged 1724 
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particle therapy facilities, the use factor (U) may be defined as the fraction of beam operation time during 1725 

which the primary proton or carbon ion beam is directed toward a primary barrier. For a gantry room 1726 

where the beam rotates 360° about an isocenter, the distribution of gantry treatment angles will be 1727 

symmetrical and therefore one can assume a use factor of 1/4 for each of the primary barriers, i.e., two 1728 

walls, ceiling, and floor which directly intercept the primary beam. For a gantry that rotates ± 90° about 1729 

the isocenter, a use factor of 1/3 can be assumed for each of the primary barriers, i.e., one wall, ceiling, 1730 

and floor. For a horizontal fixed beam room, the primary beam direction is fixed, and the use factor is 1 1731 

for the barrier toward which the primary beam is directed. Thus, the shielding thickness of each of the 1732 

four primary barriers for a gantry room will be less than the thickness required  for  a fixed beam  1733 

primary barrier, because the use factor  is only 1/4. 1734 

 1735 

3.4 Occupancy Factor 1736 

 1737 

 The occupancy factor (T) for an area is the average fraction of the time that the maximally 1738 

exposed individual is present in the area while the beam is on (NCRP, 2005). If the use of the machine is 1739 

spread out uniformly during the week, the occupancy factor is the fraction of the working hours in the 1740 

week during which the individual occupies the area. For instance, corridors, stairways, bathrooms, or 1741 

outside areas have lower occupancy factors than offices, nurse's stations, wards, staff, or control rooms. 1742 

The occupancy factor for controlled areas is typically assumed to be 1, and is based on the premise that a 1743 

radiation worker works 100 % of the time in one controlled area or another. However, there can be 1744 

exceptions where access to a controlled area is restricted for a radiation worker when radiation is being 1745 

produced. In such a case, a lower occupancy factor may be deemed appropriate by the qualified expert 1746 

(defined in Section 3.11).  The NCRP and IAEA list occupancy factors for various areas (IAEA 2006, 1747 

NCRP 2005). 1748 
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 1749 

3.5 Workload 1750 

 1751 

The concept of workload (W) for photon radiotherapy is defined as the time integral of the 1752 

absorbed dose rate determined at the depth of the maximum absorbed dose in the patient, at a distance of 1753 

1 m from the source (NCRP, 2005). It is usually specified as the absorbed dose from photons delivered to 1754 

the isocenter in a week, is based on the projected use, and is estimated from the average number of 1755 

patients (or fields) treated in a week and the absorbed dose delivered per patient (or field). It also 1756 

includes the average weekly absorbed dose delivered during calibrations, quality controls, and physics 1757 

measurements. This concept of workload cannot be directly applied to charged particle therapy facilities 1758 

for the following reasons: 1759 

 1760 

1. In photon therapy, the workload is defined in terms of the primary beam photon dose rate 1761 

at the isocenter in a treatment room. Photoneutrons are produced only when the incident 1762 

photon energy is higher than about 6 MV.  The average energies of the photoneutrons are 1763 

1 MeV to 2 MeV. (NCRP, 2005). Photoneutrons are produced mainly in the accelerator 1764 

head and any external high-Z target such as lead shielding, etc. The photoneutron dose 1765 

equivalent rate (from neutrons produced in the accelerator head) is less than 0.1 % of the 1766 

primary beam photon dose at the isocenter. The photon leakage dose rate from the 1767 

accelerator head is also less than 0.1 % of the primary photon beam dose rate at the 1768 

isocenter. The tenth value layer  of the primary photons and leakage photons is 1769 

significantly greater  than tenth value layer of the photonneutrons. Therefore, if the 1770 

facility is  shielded for photons with concrete, it will be more than adequately shielded for 1771 

photoneutrons. For charged particle therapy, any  target that intercepts the primary beam 1772 

becomes a source of secondary high-energy radiation which must be shielded. For 1773 
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example, during treatment the proton or ion beam (primary beam) is completely stopped 1774 

in the patient tissue, and that then becomes a source of secondary radiation. Further, 1775 

secondary radiation production can also occur in beam shaping devices and the beam 1776 

nozzle. The secondary radiation dominated by high-energy neutrons determines the 1777 

shielding of the treatment room.   1778 

 1779 

2. An important distinction needs to be made when comparing photon therapy and charged 1780 

particle therapy. For example, in a gantry room, even though the dose is delivered to the 1781 

patient (located at the isocenter of a gantry room), the secondary radiation dose is defined 1782 

at 1 m from the isocenter and not at the isocenter, as in photon therapy. Furthermore, in 1783 

charged particle therapy the distribution of secondary radiation dose is forward-peaked 1784 

and has an angular profile and spectra, unlike in photon therapy, where the photoneutrons 1785 

have an almost isotropic distribution. 1786 

 1787 

3. Depending upon the chosen irradiation technique, the energy of the ion beam changes 1788 

(e.g., the energy selection system (ESS) for protons from cyclotrons or the use of 1789 

synchrotrons for protons and heavy ions).  1790 

 1791 

4. For photon therapy there is only one shielded treatment room. For charged particle 1792 

therapy, in addition to shielded treatment rooms, the cyclotron or synchrotron, the beam 1793 

transport lines, and the research rooms are also shielded.  These areas may have beam 1794 

when there is no beam in the treatment room.  1795 

 1796 
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5. For charged particle therapy facilities, the distinction of the type of primary particle type 1797 

is important, because the different energy-angular distributions of the secondary neutrons 1798 

influence the shielding design. 1799 

 1800 

6. The time structure of the charged particle therapy beam can be rather complicated in 1801 

comparison to a photon therapy linear accelerator. Therefore, one has to take into account 1802 

the fact that the produced radiation may have a highly discontinuous time structure. 1803 

 1804 

7. In charged particle therapy, the patient dose is expressed in the unit Gy equivalent, with 1805 

RBEs which have values higher than 1 for heavier ions (like carbon). The shielding 1806 

design is essentially based on the (averaged) spectral neutron energy fluence weighted 1807 

with dose conversion coefficients (spectral dose distribution). The same dose value for the 1808 

irradiated tissue can be associated with significant differing spectral dose distributions. 1809 

 1810 

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

particle type, each energy, the beam shaping method, the number of fractions  per  week and the time per 1812 

fraction, the dose per fraction, and the proton or carbon ion current required to deliver a specific dose 1813 

rate. Once the workload for the treatment room has been established, one must work backwards to 1814 

determine the energies and currents from the cyclotron or the synchrotron. The workload for the 1815 

cyclotron or synchrotron can then be determined.  The workload for each facility will be site-specific. 1816 

Further the beam losses, targets and their locations, and associated currents are equipment-specific and 1817 

will vary from one equipment vendor to the other.  1818 

 1819 

3.5.1 Example for Workload Calculations and Usage Assumptions 1820 

 1821 
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An example for workload calculations and usage assumptions, assuming 100 % uniform scanning 1822 

for a proton cyclotron facility with a maximum proton energy of 230 MeV, is shown below. The reader 1823 

is cautioned against blindly using the example below because it may not be applicable to his or her 1824 

facility. 1825 

 1826 

In the following example, we assume a proton cyclotron facility with one gantry room, one 1827 

inclined beam room, and one fixed beam room. In each of the three rooms, we assume a total of 25 1828 

treatments or fractions per 8 hour day.  Treatments are performed at different energies, and 100 % 1829 

uniform scanning is assumed. For each energy, the proton current (in nA) required for a 2 Gy/min dose 1830 

rate in the patient is provided by the equipment vendor. We assume that each treatment delivers a dose of 1831 

2 Gy, which corresponds to a 1 minute irradiation time. A stopping tissue target is assumed in each 1832 

treatment room. Based on the treatments, we determine the fraction of time the cyclotron operates at each 1833 

energy. The beam losses and targets in the cyclotron, energy selection system and target, and beam 1834 

transport line are provided by the equipment vendor.  1835 

 1836 

1. Gantry room and inclined beam rooms: 1837 

a) Beam-on time for 2 Gy = 25 fractions/8 h x  40 h/week x 1 min/fraction = 125 min/week  1838 

b) Treatments and beam parameters 1839 

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

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

iii. 20 % of treatments at 88.75 MeV, 3.09 nA at 2 Gy/min  1842 

 1843 

2. Horizontal beam room: 1844 

a) Beam-on time for 2 Gy = 25 fractions/8 h x  40 h/week x 1 min/fraction = 125 min/week  1845 
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b) Treatments and beam parameters 1846 

i.  80 %  of treatments at 216 MeV, 4 nA at 2 Gy/min  1847 

ii.  20 %  of treatments at 180 MeV, 3.3 nA at 2 Gy/min  1848 

 1849 

3. Cyclotron   1850 

a) Beam-on time = 20 h/week 1851 

b) Beam energies 1852 

i. 20 % at 216 MeV   1853 

ii. 20 % at  180 MeV  1854 

iii. 45 % at 130 MeV 1855 

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

c) Beam losses in cyclotron 1857 

i. Transmission efficiency = 35 %  1858 

ii.  Losses at 10 MeV (20 %), ignored because of low energy (10 MeV) 1859 

iii.  4 counter dees (20 % loss), 10 % at 230 MeV, 10 % at 150 MeV  1860 

iv. Septum (35 % loss), all at 230 MeV 1861 

v. 5 % loss between cyclotron and degrader 1862 

 1863 

4. ESS (Energy selection system)  1864 

a) Energies 1865 

i. Carbon degrader:  230 MeV   1866 

ii. Tantalum collimator: 216 MeV, 180 MeV, 130 MeV 1867 

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

 1869 

5. BTL (Beam transport line)  1870 
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a)  Beam-on time = 20 h/week 1871 

b) Beam Loss = 5 %  1872 

c) Beam Energies 1873 

i. 20 % operation at 230 MeV 1874 

ii. 20 % operation at 180 MeV 1875 

iii. 45 % operation at 130 MeV 1876 

iv. 15 % operation at 130 MeV (88.75 MeV at patient) 1877 

 1878 

3.5.2 Beam Parameters Used for Shielding Calculations 1879 

 1880 

Table 3.2 shows, for the above example, the beam parameters  as provided by the equipment 1881 

vendor and the calculated parameters using the vendor’s data that are required for shielding calculations. 1882 

Column 1 shows the energy of the proton beam at the degrader. Column 2 shows the thickness of the 1883 

carbon degrader in the ESS. Column 3 shows the degrader energy. Column 4 shows the thickness of the 1884 

carbon range shifter in the nozzle. The range shifter is used only to degrade 130 MeV to 88.75 MeV in 1885 

the nozzle. Column 5 shows the proton beam energy at the nozzle exit. Column 6 shows the range in 1886 

patient. Column 7 shows the beam size. Column 8 shows the beam current at the cyclotron exit. Column 1887 

9 shows the ESS transmission obtained by interpolating data from the equipment vendor for uniform 1888 

scanning. Column 10 shows the beam currents at the nozzle entrance. Column 11 shows the beam 1889 

current in the BTL calculated backwards, i.e. dividing the currents in Column 10 by 0.95 to account for 5 1890 

% loss in the BTL. The columns in italics show information provided by the vendor. 1891 

 1892 

For shielding calculations, the currents shown in Column 8 are used for the cyclotron 1893 

calculations, while the currents shown in Column 10 are used for treatment rooms and the currents 1894 
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shown in Column 11 are used for BTL. All the losses in the carbon degrader occur at 230 MeV but with 1895 

varying thicknesses as shown in Table 3.2. For the septum and the counter dees, a copper stopping target 1896 

is assumed. For losses in the counter dees, 50 % of the losses occur at 230 MeV, while the remaining 50 1897 

% occur at 150 MeV. 1898 

 1899 

The contribution of multiple sources to dose at any given location must be considered in the 1900 

shielding design. For example, a room in the vicinity of one treatment room may also see dose from the 1901 

adjacent treatment room.  1902 
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Table 3.2. An example of beam parameters used for shielding calculations. 1903 

 1904 

 

Beam 

Energy at 

Cyclotron 

Exit and 

Degrader 

(MeV) 

 

ESS 

Carbon 

Degrader 

Thickness  

(mm) 

 

 

Beam 

Energy 

 at Tantalum 

Collimator 

and Nozzle 

Entrance  

(MeV) 

 

Carbon 

Range 

Shifter 

Thicknes

s in 

Nozzle  

(g/cm2) 

 

Beam 

Energy 

at 

Nozzle 

Exit  

(MeV) 

 

Range 

in 

Patient  

(g/cm2) 

 

 

Beam 

Size   (cm 

x cm) 

 

 

Beam 

Current at 

Cyclotron 

Exit   

(nA) 

 

 

ESS 

Transmission   

 

Beam 

Current at 

Nozzle 

Entrance 

(nA) 

 

 

Beam 

Current in 

BTL 

Calculated  

Backwards 

Assuming 5 

% Loss in 

Iron Target 

230  130 4.1 88.75 6.24 30 x 30 90.35 0.0068 3.09 3.25 

230 130 130  130 21.3 30 x 30 51.0 0.0068 2.3 2.42 

230 74.4 180  180  30 x 30 15.83 0.0455 3.3 3.47 

230 26.51 216  216 22 30 x 30 7.5 0.1916 4 4.21 

230 0.0 230  230 31.8 30 x 30 4.72 0.446 3.77 3.97 

 1905 

1906 
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Table 3.3 shows a summary of a survey of beam losses at various synchrotron and cyclotron 1907 

particle therapy facilities. 1908 

1909 
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 1910 

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

sources are given for each survey. 1912 

 1913 

Accelerator Type  Synchrotron Cyclotron 

Particle Type Carbon Proton 

Injection LINAC- 

Synchrotron 

60 % (Noda, 2004) - 

Loss in the accel. 36 % (Noda, 2004) 

5 % (Agosteo, 2001) 

 

50 % (Avery, 2008) 

55 % (Geisler, 2007) 

65 % (Newhauser, 2002) 

Extraction 10 % (Noda, 2004) 

5 % (Agosteo, 2001) 

50 % (Avery, 2008) 

20 % (Geisler, 2007) or higher 

HEBT (High 

Energy Beam 

Transport) 

~ 5 % (Noda, 2004) 

~ 4 to 7 % (Agosteo, 2001) 

~ 5 % 

1% (Newhauser, 2002) 

Beam Shaping Active Passive Passive 

ESS (Energy 

Selection System) 

- 70 % (Noda, 

2004) 

> 55 % ( 99 %) 

(Geisler, 2007), (Rinecker, 2005) 

63 % (Newhauser, 2002) 

 1914 

1915 
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3.6 Self-Shielding of Beam Line Components 1916 

 1917 

The beam lines are comprised of massive beam optics elements such as dipoles, quadrupoles, 1918 

sextupoles, etc.  As expected, beam losses may occur in these magnets when the particles deviate from 1919 

their predetermined path. The elements are typically made of materials such as steel and copper which 1920 

provide a large amount of self-shielding. The exact amount of beam losses in these magnets is usually 1921 

unknown, and the details of these magnets are not usually provided by the equipment vendor. Self-1922 

shielding of accelerator components can be taken into account by using known beam losses and a 1923 

(simplified) model of the magnets in Monte Carlo calculations. When self-shielding is neglected in 1924 

shielding calculations, the measured radiation doses are significantly lower than calculated doses. The 1925 

cyclotron and the gantry also have a large amount of self-shielding. The self-shielding of the cyclotron is 1926 

usually considered in the shielding design, except at the location where there are openings in the magnet 1927 

yoke. 1928 

 1929 

3.7 Calculational Methods 1930 

 1931 

3.7.1 Analytical Methods 1932 

 1933 

Most analytical models can be described as line-of-sight (also called point kernel) models which 1934 

incorporate the following parameters and assumptions: 1935 

 1936 

1. Point loss; 1937 

2. Distance of the point source to reference point (r); 1938 

3. Angle of the incident beam (line) and the direction to the reference point (θ); 1939 
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4. Angular specific source term H0(Ep,θ) which depends on the ion type and target type, as 1940 

well as Ep, the particle energy; 1941 

5.  Exponential attenuation in shielding material of thickness d0 , where d (d0 /sin(θ) ) is the 1942 

slant thickness, and λ(θ) is the attenuation length. λ depends on the angle θ, because the 1943 

neutron energy distribution changes with the angle θ. 1944 

 1945 

Figure 3.2 shows the geometry for  the line-of-sight-model.  1946 

1947 
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 1948 

 1949 

 1950 

Figure 3.2. Application of the line-of-sight models to simple bulk shielding geometries (Courtesy of G. 1951 

Fehrenbacher, J. Goetze, T. Knoll, GSI (2009)).  1952 

1953 
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The dose (rate) at the reference point is derived from the source term H0 and geometrical 1954 

quantities. The dose H(Ep,d, θ) at the reference point can then be estimated as follows: 1955 

 1956 

 ( )
)(

1
0 exp),(),,( 2 

 d

rpp EHdEH −=  (3.1) 1957 

 1958 

In 1961, Burton Moyer developed a semi-empirical method for the shield design of the 6 GeV 1959 

proton Bevatron (NCRP, 2003). Design studies of the proton synchrotron at Fermi National Accelerator 1960 

Laboratory (FNAL, Batavia, Illinois) and the Super Proton Synchrotron (SPS, CERN, Geneva) led to the 1961 

improvement of the Moyer model. This model is only applicable to angles close to 90° and the transverse 1962 

shielding for a high-energy proton accelerator is determined using the following simple form of the 1963 

Moyer model (Thomas, 1993): 1964 

 1965 

 H  = 







−













d

E

E

r

H P exp
0

2

0  (3.2) 1966 

 1967 

where H  = maximum dose equivalent rate at a given radial distance (r) from the target, d = shield 1968 

thickness, EP = proton energy, E0 = 1 GeV,  H0  = 2.6 x 10-14 Sv m2, and α  is about 0.8.  1969 

 1970 

This model is effective in the GeV region because the neutron dose attenuation length (λ) is 1971 

nearly constant regardless of energy (see Fig. 1.3).  However, the model is restricted to the determination 1972 

of neutron dose equivalent produced at an angle between 60° to 120°. At proton energies in the 1973 

therapeutic range of interest, the neutron attenuation length increases considerably with energy as shown 1974 

in Fig. 1.3. Clearly, such empirical models are limited in their use because they are limited to transverse 1975 

shielding, and do not account for changes in energy, angle of production, target material and dimensions, 1976 
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and concrete material composition and density. In the past, the Moyer model has been used in the 1977 

shielding design of some proton therapy facilities; however, it is not appropriate for such use. 1978 

 1979 

Kato and Nakamura have developed a modified version of the Moyer model which includes 1980 

changes in attenuation length with shield thickness, and also includes a correction for oblique penetration 1981 

through the shield (Kato, 2001). Tesch has also developed a model for proton energies from 50 MeV to 1 1982 

GeV (Tesch, 1985). In the past, high-energy accelerators were shielded using analytical methods. 1983 

However, with the advent of powerful computers and sophisticated Monte Carlo codes, computational 1984 

methods have superseded analytical methods. Analytical methods may be used for the planning of the 1985 

bulk shielding, but do not provide a very precise prediction of the dose rate levels outside the shielding. 1986 

The advantages of analytical methods are their ease of use and the comparatively high efficiency in 1987 

obtaining results. Their drawbacks are the very simplistic assumptions, limited applicability to simple 1988 

planar geometries, and limitations of target materials and geometry. 1989 

  1990 

3.7.2 Monte Carlo Calculations 1991 

 1992 

Monte Carlo codes are described in detail in Chapter 6, and are used extensively for shielding 1993 

calculations. These codes can be used to do a full simulation, modeling the accelerator or beam line and 1994 

the room geometry  in its entirety. They can also be used to derive computational models as discussed in 1995 

the next section. Monte Carlo codes have been used for shielding design of rooms or mazes at several 1996 

facilities (Agosteo et al., 1996b; Avery et al., 2008; Dittrich and Hansmann, 2006; Hofmann and 1997 

Dittrich, 2005;  Kim et al., 2003; Porta et al., 2005; Stichelbaut, 2009).  Monte Carlo codes can be used 1998 

to generate isodose curves (dose contours), which provide a visualization of the secondary radiation field 1999 

that helps facilitate the shielding design (Hofmann and Dittrich, 2005). It is important to note that when 2000 
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comparing Monte Carlo calculations to experimental data, the actual experimental configuration should 2001 

be modeled, including the instrument response and the concrete composition.  Further, the experiment 2002 

should have been performed using the appropriate instrumentation. If there are any deviations from the 2003 

above conditions, there will be large discrepancies between measurements and simulations. 2004 

Unfortunately, there is hardly any published data for charged particle therapy facilities that meets all 2005 

these conditions. 2006 

 2007 

3.7.3  Monte Carlo Computational Models 2008 

 2009 

Monte Carlo computational models that are independent of geometry typically consist of a source 2010 

term and an exponential term that describes the attenuation of the radiation. Both the source term and the 2011 

attenuation length are a dependent on particle type and are a function of energy and angle. Agosteo et al. 2012 

(1996b) first derived such models using experimental double differential neutron spectra, but the data is 2013 

now obsolete (Agosteo, 2007). Ipe and Fasso (2006) have published source terms and attenuation lengths 2014 

for composite barriers with 430 MeV carbon ions incident on a 30 cm ICRU sphere. As discussed in 2015 

Chapter 1, computational models are useful especially during the schematic phase of the facility design, 2016 

when the design undergoes several changes,  to determine the bulk shielding. In this case, the entire room 2017 

geometry is not modeled but usually spherical shells of shielding material are placed around the target, 2018 

and dose is scored at given angular intervals and in each shell of shielding material. The dose at each 2019 

angle can be plotted as a function of shielding thickness and the data can be fitted to obtain source terms 2020 

and attenuation lengths as a function of angle, and at the energies of interest, with the appropriate target 2021 

using Monte Carlo methods.  The source terms and attenuation lengths will depend upon the composition 2022 

and density of the shielding material. A stopping target can be used to determine dose rates from the 2023 

beam incident on the patient. However, the use of a stopping target is not necessarily conservative in all 2024 
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cases, because for a thin target, the hadron cascade may propagate in the downstream shielding. Ray 2025 

traces can be performed at various angles and the source terms and attenuation lengths can be used for 2026 

dose calculations. These models are also useful in identifying thin shielding and facilitates improved 2027 

shield design. The qualified expert should not rely on published models but should derive computational 2028 

models for energies, targets  and concrete composition  that are site specific.  2029 

 2030 

3.7.3.1  Carbon Ions.  Ipe and Fasso (2006) describe Monte Carlo calculations performed using 2031 

FLUKA to derive computational models for 430 MeV/u carbon ions incident on tissue.  The simulations 2032 

were performed so that source terms and attenuation lengths in concrete and composite barriers (concrete 2033 

plus iron) could be determined for 430 MeV/u carbon ions incident on an  ICRU tissue sphere (15 cm 2034 

radius, 76.2 % O, 10.1 % H, 11.1 % C, and 2.6 % N). The concrete was assumed to be Portland cement 2035 

with a density of 2.35 g cm-3.  2036 

 2037 

Figure 3.3 shows the total ambient dose equivalent  from all particles in picosieverts per carbon 2038 

ion normalized to  a distance of 1 m from the target  (pSv-m2)  as a function of shielding thickness. The 2039 

dose at any distance d from the tissue target is obtained by dividing the dose at 1 m by  d2. Also shown is 2040 

the dose equivalent  in vacuum. It is important to note that there is a dose build-up in the first few layers 2041 

of the shielding before attenuation takes place. Therefore, dose equivalent rates in vacuum should not be 2042 

used to determine shielding thicknesses. The errors are not shown but are typically within 20 %.  The 2043 

attenuation length, λ, changes with shielding depth and reaches equilibrium after about 1.35 m of 2044 

shielding thickness. The data in Figure 3.3 were fitted with the classical two parameter formula as shown 2045 

in Equation 1.1.  The equilibrium attenuation length, λe, is given by the reciprocal of the exponent. The 2046 

results are shown in Table 3.4 together with the parameters for two other polar angles (10° to 30° and 2047 

40° to 50°). The source terms and attenuation lengths are valid for shielding thicknesses greater than 1.35 2048 
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m. The attenuation lengths shown are the dose equivalent attenuation lengths for all particles and not just 2049 

for neutrons. The attenuation length in the 10° to 30° range is higher than in the forward  direction. A 2050 

similar observation was made by Agosteo et al. (1996b) for 400 MeV/u carbon ion data. This may be 2051 

attributed to the fact that head-on collisions for carbon ions are less frequent than grazing collisions  2052 

(Raju, 1980). 2053 

 2054 

 In general, it can be observed that the addition of 30 cm of iron provides a reduction in the 2055 

source term by a factor of about 2.  In the forward direction (0° to 30°), there is a softening of the 2056 

spectrum with the addition of iron, as can be observed by the change in attenuation length. At large 2057 

angles (40° to 60°), the iron does not appear to provide any significant softening of the spectrum. It is 2058 

important to note that the source terms and attenuation lengths will depend upon the particle energy, the 2059 

material and dimensions of the target, the angle of production, the fluence to dose equivalent conversion 2060 

factors, and the composition and density of the shielding material. Additionally the source terms and 2061 

attenuation lengths will also depend on how good the fit is.  There is no other published data on source 2062 

terms and attenuation lengths (computational or experimental) for 430 MeV/u carbon ions. 2063 

2064 
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 2066 

 2067 

Figure 3.3. Dose equivalent per carbon ion (0° to 10°) as a function of shielding thickness for 430 MeV/u 2068 

carbon ions incident on ICRU tissue sphere for composite shield (Ipe and Fasso, 2006). 2069 

2070 
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Table 3.4 Computational models for concrete and composite shield (concrete and iron) for 430 MeV/u 2071 

carbon ions incident on ICRU tissue sphere (15 cm radius) valid for shielding thickness > 1.35 m (Ipe 2072 

and Fasso, 2006). 2073 

 2074 

Iron  

Thickness 

(cm) 

0° to 10° 10° to 30° 40° to 60° 

 H0 

(Sv-m2/ion) 

λe (g/cm2) H0 

(Sv-m2/ion) 

λe (g/cm2) H0 

(Sv-m2/ion) 

λe (g/cm2) 

0 (3.02 ± 0.04) 

x 10-12 

123.81 ± 0.48 (4.81 ± 0.06) 

x 10-13 

133.09 ± 

0.74 

 

(4.71 ± 0.21) 

x 10-14 

117.64 ± 1.32 

 

30 (1.25 ± 0.02) 

x 10-12 

123.12 ± 0.38 (2.44 ± 0.03) 

x 10-13 

129.64. ± 

0.36 

 

(1.91 ± 0.08) 

x 10-14 

119.38 ± 0.48 

 

60 (6.05 ± 0.03) 

x 10-13 

120.32 ± 0.46 (1.11 ± 0.04) 

x 10-13 

128.66 ± 

0.70 

(8.29 ± 0.66) x 

10-15 

118.5 ± 0.80 

90 (2.77 ± 0.09) 

x 10-13 

119.58 ± 1.25 (5.27 ± 0.29) 

x 10-14 

126.09 ± 

0.80 

(3.29 ± 0.69) x 

10-15 

119.14 ± 1.34 

120 (1.33 ± 0.05) 

x 10-13 

117.68 ± 0.91 (2.48 ± 0.24) 

x 10-14 

124.29 ± 

0.94 

(1.34 ± 0.68) x 

10-15 

118.83 ± 2.89 

 2075 

2076 
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Figures 3.4 and 3.5 show the dose per carbon ion in picosieverts per particle normalized to 1 m 2077 

(pSv-m2) as a function of concrete thickness for both iron (Fe) target and tissue targets in the 0° to 10° 2078 

and 80° to 100° directions. In the forward direction, the doses in vacuum and concrete are higher for the 2079 

tissue target when compared to the iron target, whereas at the large angles, the doses are lower for the 2080 

tissue target when compared to the iron target. This is because the high-energy neutron components  2081 

produced in the forward direction by a break-up process and the momentum transfer from projectile to 2082 

target nuclei are  higher for both  lighter nuclei targets and higher projectile energy than for heavier 2083 

nuclei targets and lower projectile energy (Gunzert-Marx et al., 2004). Thus, more forward-directed 2084 

neutrons will be produced in a stopping tissue target than in a stopping iron target. For both targets, there 2085 

is a build up in dose in the first few layers of the concrete shield. The attenuation lengths reach 2086 

equilibrium only after about a meter or more of concrete in the forward direction. 2087 

2088 
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 2089 

Figure 3.4.  Dose equivalent per carbon ion (0° to 10°) as a function of concrete thickness for 430 MeV/u 2090 

carbon ions incident on ICRU tissue and iron targets (Ipe and Fasso, 2006). 2091 
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Figure 3.5.  Dose equivalent per carbon ion (80° to100°) as a function of concrete thickness for 430 2094 

MeV/u carbon ions incident on ICRU tissue and iron targets (Ipe and Fasso, 2006). 2095 

2096 
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Figure 3.6 shows the relative dose equivalent contributions of the various particles for 0° to 10° at 2097 

1 m from the target. Neutrons are the largest contributor to the total dose. At a depth of 15 cm in 2098 

concrete, about 66 % of the dose is from neutrons, about 32 % from protons, less than 2 % from photons, 2099 

and less than 0.2 % from charged pions. The neutron contribution increases to about 95 % at greater 2100 

depths. At large angles (not shown in the figure), the neutron contribution remains fairly constant at all 2101 

depths (96 %), while the proton contribution increases from less than 1 % to about 2 % with increasing 2102 

depths. Thus, neutrons dominate the dose outside the shielding at all angles. 2103 

2104 
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Figure 3.6. Relative dose equivalent contributions at 0° to 10° per carbon ion at 1 m from ICRU tissue 2106 

sphere (Ipe and  Fasso, 2006). 2107 

2108 
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Figure 3.7 shows the neutron spectra from 430 MeV/u carbon ions incident on tissue at the 2109 

concrete surface, for 0° to10° and for 80° to 90°. The errors are not shown but are typically within 20 %. 2110 

The fluence is in lethargy units, i.e., E x dφ/dE, where E is the neutron energy and dφ/dE is the 2111 

differential fluence. The neutron fluence in the forward direction (0° to 10°) is much greater than the 2112 

neutron fluence at the large angles (80° to 100°) at the concrete surface. The neutron spectrum in the 2113 

forward direction extends up to about 1 GeV in energy, while the spectrum at the large angle extends to 2114 

about 0.4 GeV.   In both spectra, the oxygen resonance peaks (from concrete) at 500 keV and the 2115 

evaporation neutron peaks at about 2.3 MeV are observed. A high-energy neutron peak is observed at 2116 

about 340 MeV in the forward direction, while a broad peak is observed between about 20 and 50 MeV 2117 

at the large angles. 2118 

2119 
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Figure 3.7. Neutron energy spectra incident at concrete surface for 430 MeV/u carbon ions incident on 2122 

ICRU tissue sphere (Ipe and Fasso, 2006). 2123 

2124 
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3.7.3.2 Protons. Agosteo et al. (2007) have derived  computational models  for concrete  for 100, 2125 

150, 200, and 250 MeV protons incident on  a thick iron target using  the Monte Carlo code FLUKA, 2126 

using the TSF 5.5 concrete with a density of 2.31 g cm-3 and  a water content of 5.5 %.  A single 2127 

exponential fit was used for the data in the forward direction, and a double exponential fit was used at 2128 

large angles (> 40°). The results are shown in Table 3.5.  They have also made an extensive comparison 2129 

of their Monte Carlo computational data with published experimental and computational data and 2130 

conclude that “there is wide range of variability in the results, which reflects the large differences in the 2131 

geometrical configurations (experimental or computational), material composition and techniques used. 2132 

The concrete composition may have a substantial impact on the attenuation properties of a barrier” 2133 

(Agosteo et al., 2007). Teichmann (2006) has published computational models for 72 MeV and 250 MeV 2134 

protons incident on a thick iron target, using the Monte Carlo code MCNPX (Pelowitz, 2005) for the 2135 

TSF 5.5 concrete. Attenuation lengths calculated with FLUKA and MCNPX agree to within 10 %, 2136 

whereas the source terms are significantly different. For example, MCNPX source term is 1.5 times 2137 

lower than the FLUKA source term at 250 MeV in the 0° to 10° interval.  Ipe (2008) has published the 2138 

equilibrium attenuation lengths for 250 MeV protons incident on a tissue target for composite (iron plus 2139 

concrete) barriers. Tayama et al. (2002) have published source terms and attenuation lengths based on 2140 

MCNPX for concrete, for 52 MeV, 113 MeV and 256 MeV protons incident on a thick iron target. 2141 

Tayama et al. (2002) also compare experimental source terms and attenuation lengths measured by 2142 

Siebers (1993) for 230 MeV with MCNPX calculations. The calculated source term and attenuation 2143 

length are within a factor of 2 and 35 %, respectively, of the measured values. 2144 

2145 
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Table 3.5. Source term parameter and attenuation length for proton beams stopped in a thick iron target. 2146 

The attenuation is computed for normal concrete (TSF-5.5) (Agosteo, 2007). 2147 

 2148 

Energy (MeV) Angular Bin H1(10) per 

proton (Sv m2) 

λ1 

(g cm-2) 

H2(10) per 

Proton (Sv m2) 

λ2 

(g cm-2) 

100 0° to 10°   (8.9 ± 0.4) x 10-16 59.7 ± 0.2 

 40° to 50° (5.9 ± 1.3) x 10-16 47.5 ± 2.7 (1.5 ± 0.1) x 10-16 57.2 ± 0.3 

 80° to 90° (5.3 ± 0.8) x 10-16 33.7 ± 1.2 (1.1 ± 0.3) x 10-17 52.6 ± 0.7 

 130° to 140° (4.7 ± 0.4) x 10-16 30.7 ± 0.5 (8.0 ± 5.1) x 10-18 46.1 ± 2.8 

150 0° to 10°   (3.0 ± 0.2) x 10-15 80.4 ± 0.5 

 40° to 50° (1.2 ± 0.2) x 10-15 57.8 ± 3.4 (3.3 ± 0.8) x 10-16 74.3 ± 1.4 

 80° to 90° (10.0 ± 2.2) x 10-16 37.4 ± 2.7 (1.2 ± 0.3) x 10-17 70.8 ± 1.3 

 130° to 140° (7.8 ± 2.0) x 10-16 32.1 ± 1.5 (2.1 ± 0.6) x 10-18 61.8 ± 1.1 

200 0° to 10°   (5.6 ± 0.4) x 10-15 96.6 ± 0.8 

 40° to 50° (1.9 ± 0.3) x 10-15 68.3 ± 5.9 (6.8 ± 0.5) x 10-16 86.4 ± 0.5 

 80° to 90° (1.3 ± 0.4) x 10-15 43.8 ± 4.4 (3.7 ± 0.8) x 10-17 78.3 ± 1.3 

 130° to 140° (1.3 ± 0.3) x 10-15 32.8 ± 1.6 (2.8 ± 2.4) x 10-18 70.0 ± 4.1 

250 0° to 10°   (9.8 ± 1.0) x 10-15 105.4 ± 1.4 

 40° to 50° (2.3 ± 0.5) x 10-15 77.0 ± 7.9 (1.2 ± 0.1) x 10-15 93.5 ± 0.5 

 80° to 90° (1.4 ± 0.4) x 10-15 49.7 ± 5.7 (9.0 ± 2.5) x 10-17 83.7 ± 2.0 

 130° to 140° (1.9 ± 0.6) x 10-15 34.4 ± 3.4 (6.5 ± 2.6) x 10-18 79.1 ± 3.4 

 2149 

2150 
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3.7.4  Other codes 2151 

 2152 

      The  ANISN code (Engle, 1967) was used for the design of the Hyogo (HIBMC) and Gunma 2153 

University facilities. 2154 

 2155 

The BULK-I code is a Microsoft Excel application and  developed at the accelerator laboratory 2156 

KEK in Japan (Tayama, 2004). The tool is applicable for proton beams in the energy range from 50 MeV 2157 

to 500 MeV. The shielding can be computed not only for concrete but also for iron or combinations of 2158 

both. 2159 

 2160 

The BULK C-12  code, developed at the University of Applied Science in Zittau, Germany, in 2161 

cooperation with AREVA, Erlangen, Germany (Norosinski, 2006), is capable of estimating neutron and 2162 

photon effective dose rates from medium energy protons (50 MeV to 500 MeV) or carbon ions (155 2163 

MeV/u to 430 MeV/u). Shielding materials considered in the code are concrete walls or a combination of  2164 

iron and concrete.  The code is available from the Nuclear Energy Agency (NEA) (Norosinski, 2006). 2165 

 2166 

3.8 Shielding Materials and Transmission 2167 

 2168 

3.8.1 Shielding Materials 2169 

 2170 

Earth, concrete, and steel are typically used for particle accelerator shielding (NCRP, 2003). 2171 

Other materials such as polyethylene and lead are used to a limited extent. As previously stated, neutrons 2172 

are the dominant secondary radiation, and when using steel a layer of hydrogenous material, must be 2173 

used in conjunction with the steel.  2174 
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 2175 

3.8.1.1 Earth.  Earth is often used as shielding material at underground accelerator facilities and 2176 

must be compacted to minimize cracks and voids. Earth is primarily composed of silicon dioxide (SiO2), 2177 

which makes it suitable for shielding of both gamma radiation and neutrons (NCRP, 2003). It contains 2178 

water which improves the shielding of neutrons. Because the water content (0% to 30%) of the earth and 2179 

its density (1.7 g/cm3 to 2.2 g/cm3) can vary quite a bit, the soil characteristics of the site must be 2180 

determined to ensure effective shielding design. The activation of the ground water must also be 2181 

considered for underground facilities. Partial earth shielding is used at some particle therapy facilities  2182 

(HIT facility in Heidelberg, CNAO in Pavia, Italy, and  Gunma  University in Japan). The only cost 2183 

associated with earth is its transportation offsite. 2184 

 2185 

3.8.1.2 Concrete and Heavy Concretes.  Concrete is a mixture of cement, coarse and fine 2186 

aggregates, water, and sometimes supplementary cementing materials and/or chemical admixtures (see 2187 

http://www.cement.org/tech/faq_unit_weights.asp). The density of concrete varies depending on the 2188 

amount and density of the aggregate, the amount of air that is entrapped or purposely entrained, and the 2189 

water and cement contents (which in turn are influenced by the maximum size of the aggregate). 2190 

Ordinary concrete has a density that varies between 2.2 and 2.4  g cm-3. 2191 

 2192 

   Concrete has many advantages compared to other shielding materials (NCRP, 2005). It can be 2193 

poured in almost any configuration and provides shielding for both photons and neutrons. It is relatively 2194 

inexpensive. Because of its structural strength, poured-in-place concrete can be used to support the 2195 

building and any additional shielding. Concrete blocks are also available. Water exists in concrete in the 2196 

free and bound form. The water content of concrete plays a significant role in the shielding of neutrons. 2197 

With time, the free water evaporates, but the concrete also hydrates (absorbs moisture from the 2198 
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surrounding environment) until it reaches some equilibrium. About 3 % of the water may evaporate in 2199 

the first 30 days or so. For neutron shielding, a water content of about 5 % is recommended. 2200 

 2201 

In the U.S., ordinary concrete is usually considered to have a density of 2.35 g cm-3 (147 lb feet-2202 

3). Concrete used for floor slabs in buildings are typically lightweight with a density that varies between 2203 

1.6 and 1.7 g cm-3.  2204 

 2205 

The poured-in-place concrete is usually reinforced with steel rebar, which makes it more effective 2206 

for neutrons. Because the steel rebar is not included in the concrete composition, measured radiation 2207 

doses with heavily reinforced concrete will be lower than calculated doses. The disadvantage of concrete 2208 

is that takes months to pour. The typical compositions of various types of concrete are shown in Table 2209 

3.6. 2210 

 2211 

High-Z aggregates or small pieces of scrap steel or iron are sometimes added to concrete to 2212 

increase its density and effective Z. These concretes are known as heavy concretes. Densities of up to 2213 

about 4.8  g cm-3 can be achieved. However, the pouring of such high-Z enhanced concrete is a special 2214 

skill and should not be undertaken by an ordinary concrete contractor because of settling, handling, and 2215 

structural issues (NCRP, 2005). Ordinary concrete pumps are not capable of handling such dense 2216 

concrete.  The high-Z aggregates could sink to the bottom resulting in a non-uniform composition and 2217 

density. Concrete trucks with greater capacity will be required for transportation. Heavy concretes made 2218 

locally at the construction site may not be subject to industrial standards and will need to be checked. 2219 

Prefabricated heavy concretes are subject to rigorous standards and are available as blocks or 2220 

interlocking blocks. The high-Z aggregate enhanced concrete is also sold in the form of either 2221 

interlocking or non-interlocking modular blocks. It is preferable to use the interlocking blocks to avoid 2222 
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the streaming of radiation. Concrete enhanced with iron ore is particularly effective for the shielding of 2223 

relativistic neutrons.  . 2224 

 2225 

Ledite® is manufactured by Atomic International, Frederick, Pennsylvania, and is a modular pre-2226 

engineered interlocking high density block which has a high iron content. It is currently used in the 2227 

shielding of photon therapy linear accelerators. It can be placed in existing structures and can be 2228 

relocated and reused. Its use results in considerable time savings. Pouring of concrete takes months, 2229 

whereas Ledite can be stacked in weeks. In order to study the space savings that could result from the use 2230 

of Ledite,  the transmission of three different compositions were investigated: Proshield Ledite 300 (ρ = 2231 

4.77 g cm-3) which is was marketed by the manufacturer for particle therapy, and two previous 2232 

compositions referred to as Ledite 2932 (ρ = 4.77 g cm-3)   and Ledite 2473 (ρ = 3.95 g cm-3). The results 2233 

are discussed in Section 3.8.2.  2234 

 2235 

 An important consideration in the choice of shielding materials is their susceptibility to 2236 

radioactivation by neutrons, which can last for decades. Activation of concrete is discussed in Chapter 4.  2237 

It has been observed that for short-lived radioactivity, 24Na (T1/2 = 15 h) is dominant, and for longer-lived 2238 

radioactivity, 22Na (T1/2 = 2.6 a) and 152Eu (T1/2 = 12 a) are dominant. The steel rebars can also get 2239 

activated. Higher activation may occur with some heavy concrete like barites (which are barium 2240 

containing). Radioactive isotopes such as 133Ba (T1/2 = 10.7 a), 137Cs (T1/2 = 30.0 a), 131Ba (T1/2 = 12 d), 2241 

and 134Cs (T1/2 = 2.1 a) can contribute significantly to the external dose rates (Sullivan, 1992). Studies by 2242 

Ipe (2009b)  indicate that activation in Ledite is not significantly greater than activation in concrete. 2243 

2244 

 
2 Marketed as XN-288 

3 Marketed as XN-240 
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Table 3.6. Typical compositions of various types of concrete after curing (Chilton et al., 1984; NCRP, 2245 

2003). The sum of partial densities is not exact the entire density of concrete due to missing element 2246 

proportions. 2247 

 2248 

Concrete Type Ordinary Barytesa Magnetite-Steel 

Density (g/cm3) 2.35 3.35 4.64 

Element Partial Density (g/cm3) 

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 - 

aBarytes with BaSO4 ore as aggregate 2249 

2250 
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3.8.1.3 Steel.  Steel is an iron alloy and is useful for shielding photons and high-energy neutrons. 2251 

The high density of steel (~ 7.4 g/cm3) together with its physical properties leads to tenth-value thickness 2252 

for high-energy neutrons of about 41 cm (Sullivan, 1992). Therefore, steel is often used when space is at 2253 

a premium. Steel or iron are usually available in the form of blocks (NCRP, 2003). Natural iron is 2254 

comprised of 91.7 % 56Fe, 2.2 % of 57Fe, and 0.3 % of 56Fe. The lowest inelastic energy level of 56Fe is 2255 

847 keV.  Neutrons above 847 keV will lose their energy by inelastic scattering, while neutrons below 2256 

847 keV can lose their energy only by elastic scattering which is a very inefficient process for iron. 2257 

Therefore, there is a build up of neutrons below this energy. This is also the energy region where the 2258 

neutrons have the highest weighting factor. Natural iron also has two energy regions where the minimum 2259 

cross section is very low because of the resonance in 56Fe. They are at 27.7 keV (0.5 barn) and at 73.9 2260 

keV (0.6 barn). Thus, the attenuation length in this region is about 50 % higher than the high-energy 2261 

attenuation length. Therefore, large fluxes of neutrons can be found outside steel shielding. For lower 2262 

energy neutrons, only the elastic scattering process causes neutron energy degradation. As stated in 2263 

Chapter 1, if steel is used for the shielding of high-energy neutrons, it  must be followed by a 2264 

hydrogenous material for shielding the low-energy neutrons which are generated. 2265 

            2266 

 Due to the large variety of nuclear processes, including neutron capture reactions of thermalized 2267 

neutrons, steel can be highly activated. It is reported that the following radionuclides are produced in 2268 

steel or iron by protons and neutrons: 52,54,56Mn, 44,46Sc, 56,57,58,60Co, 48V, 49,51Cr, 22,24Na, and 59Fe 2269 

(Freytag, 1972; Numajiri, 2007). Thermal neutrons cause 59Fe and 60Co activation. It is obvious that steel 2270 

with less cobalt can reduce the production of cobalt isotopes.  2271 

 2272 

3.8.1.4 Polyethylene and Paraffin.  Polyethylene (CH2)n  and paraffin have the same percentage 2273 

of hydrogen. Paraffin is less expensive but has a lower density and is flammable (NCRP, 2005). 2274 
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Therefore, polyethylene is preferred for neutron shielding even though it is more expensive. Attenuation 2275 

curves in polyethylene of neutrons from 72 MeV protons incident on a thick iron target are reported by 2276 

Teichmann (2006). The thermal neutron capture in polyethylene yields a 2.2 MeV gamma ray which is 2277 

quite penetrating. Therefore, boron-loaded polyethylene can be used. Thermal neutron capture in boron 2278 

yields a 0.475 MeV gamma ray. Borated polyethylene can be used for shielding of doors and ducts and 2279 

other penetrations.  2280 

 2281 

3.8.1.5 Lead.  Lead  has a very high density (11.35 g cm-3) and is used mainly for the shielding of 2282 

photons. Lead is available in bricks, sheets, and plates. Lead is malleable (NCRP, 2005) and therefore 2283 

cannot be stacked to large heights because it will not support its own weight. Therefore, it will require a 2284 

secondary support system. Lead is transparent to fast neutrons and it should not be used for door sills or 2285 

thresholds for particle therapy facilities where secondary neutrons dominate the radiation field. However, 2286 

it does decrease the energy of higher energy neutrons by inelastic scattering down to about 5 MeV. 2287 

Below this, the inelastic cross section for neutrons drops sharply. Lead is toxic and should be encased in 2288 

steel or other materials, or protected by paint. 2289 

 2290 

 3.8.2 Transmission 2291 

 2292 

The transmission of a given thickness of shielding material is defined as the ratio of the dose at a 2293 

given angle with shielding to the dose at the same angle without shielding. Transmission curves can  also 2294 

be used to determine shielding thicknesses. 2295 

   2296 

Figures 3.8 through 3.10 show the total particle dose equivalent transmission (based on FLUKA 2297 

calculations) of three different compositions of  Ledite®, composite shields, and iron and concrete as a 2298 
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function of shielding thickness for various angles when for 430 MeV/u carbon ions incident on a 30 cm 2299 

ICU tissue sphere (Ipe, 2009). Figures 3.11 through 3.13 show similar data for 250 MeV protons. These 2300 

transmission curves can be used to determine the composite shielding thickness that can be used to 2301 

replace large concrete thicknesses in the forward direction in the treatment room and thus save space. For 2302 

example, from Fig. 3.8 it can be observed that 4.65 m of concrete provides about the same attenuation as 2303 

about 2.6 m of Ledite 293 or 3.3 m of Proshield Ledite or 120 cm of iron plus 165 cm of concrete  (total 2304 

shielding thickness = 2.85 m). Thus, a space savings of 2.05 m is obtained with Ledite 293; 1.65 m is 2305 

obtained with Proshield Ledite 300; and 1.85 m is obtained with composite shielding of 120 cm of iron 2306 

plus concrete. From the figures it can also be observed that Ledite 293 is more effective then Ledite 247 2307 

and Proshield Ledite 300 in the forward direction, even though Proshield Ledite has a higher density than 2308 

Ledite 293. Thus, both composition and density of shielding material impact transmission. 2309 

2310 
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 2311 

Figure 3.8. Transmission curves for 430 MeV/u carbon incident on 30 cm ICRU sphere (0° to 10°) (Ipe, 2312 

2009a) (Copyright 8 September 09 by the American Nuclear Society, La Grange Park, Illinois). 2313 

2314 
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Figure 3.9. Transmission curves for 430 MeV/u carbon incident on ICRU sphere (40° to 60°) (Ipe, 2317 

2009a) (Copyright 8 September 09 by the American Nuclear Society, La Grange Park, Illinois). 2318 
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 2320 

Figure 3.10. Transmission curves for 430 MeV/u carbon incident on  ICRU sphere (80° to 90°) (Ipe, 2321 

2009b).  2322 

2323 
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 2324 

Figure 3.11. Transmission curves for 250  MeV protons incident on ICRU sphere (0° to10°) (Ipe, 2009a) 2325 

(Copyright 8 September 09 by the American Nuclear Society, La Grange Park, Illinois.) 2326 

 2327 
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Figure 3.12. Transmission curves for 250 MeV protons incident on ICRU sphere (40° to 60°) (Ipe, 2009a) 2331 

(Copyright 8 September 09 by the American Nuclear Society, La Grange Park, Illinois). 2332 
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Figure 3.13. Transmission curves for 250 MeV protons incident on ICRU sphere (80° to 100°) (Ipe, 2336 

2009b). 2337 
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3.8.3 Verification of Density and Composition 2339 

 2340 

The transmission of the shielding material depends upon both density and composition. 2341 

Therefore, it is important to determine density and composition.  2342 

 2343 

3.8.3.1 Density.  The density of concrete is a function of mixture proportions, air content, water 2344 

demand, and the specific density and moisture content of the aggregate (ASTM, 2003). Decrease in 2345 

density is due to moisture loss that, in turn, is a function of aggregate moisture content, ambient 2346 

conditions, and the ratio of the surface area to the volume of the concrete member. For most concretes, 2347 

equilibrium density is approached at about 90 to 180 days. Extensive tests demonstrate that despite 2348 

variations in the initial moisture content of lightweight aggregate, the equilibrium density will be 2349 

approximately 0.05 g cm-3 (3.0 lb ft-3) greater than the oven-dry density. Therefore, determination of 2350 

oven-dry density will be the most conservative approach. Because the water in concrete does evaporate 2351 

with time, the use of “wet” density is not conservative. On-site density testing should be performed. 2352 

 2353 

3.8.3.2 Composition.  The composition of concrete is usually determined using x-ray 2354 

fluorescence (XRF). Fourteen elements can be analyzed (Si, Al, Fe, Ca, Mg, S, Na, K, Ti, P, Mn, Sr, Zn, 2355 

and Cr). However, this method does not identify elements below sodium, which require combustion 2356 

tests. The hydrogen content is of great importance in neutron shielding; therefore, additional tests need to 2357 

be performed. Other tests include the  determination of carbon, hydrogen, and nitrogen with the Perkin-2358 

Elmer 2400 CHN Elemental Analyzer (ASTM, 2003). Oxygen can be determined with the Carlo Erba 2359 

1108 or LECO 932 analyzer. Elements which interfere with oxygen analysis are silicon, boron, and  2360 

fluorine (high content). Oxygen can also be analyzed with the ICP (inductive coupled plasma) method. 2361 

Carbon and sulfur can be analyzed using a LECO analyzer. In the XRF test results, the elements are 2362 
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usually reported as oxides. Therefore, a special request must be made up front in order to get the fraction 2363 

by weight of the raw elements.  2364 

 2365 

3.8.4 Joints, Cracks, and Voids 2366 

 2367 

Joints between the same shielding materials should be staggered to ensure integrity of the 2368 

shielding. If shielding blocks are used, they should be interlocking. If grout is used, it should have the 2369 

same density as the shielding material. 2370 

 2371 

For concrete pours, vibration of concrete should be used to ensure that there are no voids in the 2372 

concrete.  Continuous pours are preferred for the concrete walls and ceiling. For non-continuous 2373 

concrete,  appropriate  measures (such as sandblasting of poured surface before pouring the next portion, 2374 

use of keyways, staggered joints, etc.) should be in place to ensure that there are no thin spots at the cold 2375 

joint. For non-continuous pours, the ceiling should be notched into lateral walls.  2376 

 2377 

3.8.5  Rebar and Form Ties 2378 

 2379 

Rebar is made of steel and while its use varies, typically it occupies less than 5 % of the barrier 2380 

area. The density of steel (7.8 g cm-3) is much higher than concrete (2.35 g cm-3)  and its mass 2381 

attenuation coefficient for photons below ~ 800 keV and above ~ 3 MeV is greater than that of concrete. 2382 

But because of its higher density, in all cases it is a better photon shield.  As stated before, steel followed 2383 

by concrete is also  effective for the shielding of neutrons.  2384 

 2385 



RC22 on Ion-Beam Therapy 

25 September 2009 

 

 

134 

 

Form ties completely penetrate the shielding, and typically they are heavy double wires or  steel 2386 

rods with a diameter of about 2.5 cm. Thus, the form tie acts as a very long duct, but most of the neutrons 2387 

will scatter out of the steel. Sometimes cones are used at the end of the form ties. The holes left by the 2388 

cones should be filled with grout of the same density as the concrete. 2389 

 2390 

3.9 Special Topics 2391 

 2392 

3.9.1 Mazes 2393 

 2394 

Mazes are used to reduce the radiation dose at the entrance to the shielded room so that a massive 2395 

shielded door is not required. Depending upon the effectiveness of the maze, either no door may be 2396 

required, or a thin shielded door may be required. The typical approach is to avoid the direct propagation 2397 

of radiation to the entrance of the maze as shown in Figure 3.14. 2398 

2399 



RC22 on Ion-Beam Therapy 

25 September 2009 

 

 

135 

 

 2400 

 

 

 2401 

Figure 3.14. Example for the maze of a treatment room with fixed beam geometry (left) and for a gantry 2402 

geometry with a rotating radiation cone (right). The shielding walls are made of  normal concrete, heavy 2403 

concrete (HC), and concrete reinforced with steel layers (Fe). The maze for the attenuation of secondary 2404 

radiation has four legs. The legs are most effective when the bends are 90 degrees as shown (Courtesy of 2405 

G. Fehrenbacher, J. Goetze, T. Knoll, GSI (2009)). 2406 

  2407 

2408 
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Two basic rules must be considered in the design of a maze: the forward-directed radiation from 2409 

the target should never be directed toward the maze; and the sum of the thicknesses of each maze wall 2410 

should be equal to the thickness of the direct-shielded wall. The effectiveness of a maze depends upon 2411 

the following characteristics: 2412 

 2413 

• As the number of legs increases, the attenuation increases. The legs are normally 2414 

perpendicular to each other. The effect of the reduction of the radiation levels in the first 2415 

leg is less pronounced than  in the consecutive legs. 2416 

• Because the  forward-directed radiation does not enter the maze, only the attenuation of 2417 

scattered radiation, with an energy distribution shifted toward lower energies in 2418 

comparison to the forward-directed spectrum coming directly from the target, should be 2419 

considered for the planning of the single maze walls. 2420 

• During the propagation of neutron radiation along the maze and the continuous production 2421 

of thermal neutrons, a permanent source of gamma radiation is present because it is 2422 

caused by (n,γ) reactions. Therefore, the attenuation of gamma radiation must be taken 2423 

into account. 2424 

 2425 

Radiation levels inside a maze can be estimated with analytical methods, Monte Carlo 2426 

calculations, or experimental data. Tesch (1982) provides an approximation that is easy to use and based 2427 

on experimental data from an Am-Be neutron source and a concrete-lined labyrinth. The equations are 2428 

defined for the first leg (Equation 3.3) and separately for the second leg and all further legs (Equation 2429 

3.4): 2430 

 2431 

 ( )2

001 1
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 2435 

where : 2436 

H0  = dose at the first mouth of the maze; 2437 

r0 = distance from the source to the first mouth in the maze (unit in m); 2438 

r1 = center line distance of  first leg (m); 2439 

ri = center line distance of ith leg (m); 2440 

Ai = cross sectional area of the ith mouth of the ith leg (m2); 2441 

Hoi = dose equivalent at the entrance to the ith leg. 2442 

 2443 

The measured dose rates and the corresponding calculated values with Equations 3.3 and 3.4 2444 

agree reasonably well. Increasing the length of the maze and decreasing its cross-sectional area increases 2445 

the attenuation.  Other methods can be found in the literature (Dinter, 1993; Göbel et al., 1975; Sullivan, 2446 

1992).  2447 

 2448 

3.9.2 Penetrations and Ducts 2449 

 2450 

Ducts and penetrations in the shielding wall are required for the routing of air conditioning, 2451 

cooling water, electrical conduits, physicist’s conduits, etc. Direct penetration of the shielded walls must 2452 

be avoided. Oblique penetrations as shown in Figure 3.15a increase the radiation path length, and hence, 2453 

the attenuation. However the forward-directed radiation should not point in the direction of the 2454 

penetration. Another effective method  is the introduction of bends and arcs, as shown in Figures 3.15b, 2455 
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3.15c, and 3.15d. The reduction of the radiation along the duct is accomplished at the bends where the 2456 

radiation is scattered. In some cases when an oblique penetration of the duct is not feasible, shadow mask 2457 

shielding such as shown in Figure 3.15d can be used. Usually the cables filling the penetrations provide 2458 

some minimal shielding. 2459 

2460 
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 2461 

 2462 

Figure 3.15. Various types of ducts and penetrations with different methods for the reduction of radiation 2463 

propagation along the duct: a) Extension of the duct length, b) and c) use of a bend, d) use of two bends, 2464 

and e) covering of the penetration with a shield (Courtesy of G. Fehrenbacher, J. Goetze, T. Knoll, GSI 2465 

(2009)). 2466 

2467 
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The DUCT III (Tayama et al., 2001) code, based upon a semi-empirical method,  is suitable for 2468 

duct calculations  (cylindrical, rectangular, annular, and slit) for gamma radiation  and neutrons with 2469 

energies up to 10 MeV and 3 GeV, respectively.  The DUCT III code is available through the NEA. 2470 

 2471 

3.9.3  Skyshine and Groundshine 2472 

 2473 

 Some facilities may be designed with little shielding in the ceiling above the accelerator or 2474 

treatment room when the area above the ceiling is not occupied. Secondary radiation may then be 2475 

scattered down by the atmosphere to the ground level. This is referred to as “skyshine” and illustrated in 2476 

Figure 3.16. A treatment room is shown with substantial beam depositions in a target, e.g., the tissue of 2477 

the patient. Similarly, “groundshine” refers to radiation escaping the floor slab, reaching the earth,  and 2478 

scattering upwards.  2479 

2480 
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 2481 

 2482 

Figure 3.16. Examples of  skyshine and groundshine .  Secondary radiation produced in a treatment room 2483 

can partially escape through the roof (or the floor slab) and cause non negligible dose rates at the 2484 

observation point (Courtesy of G. Fehrenbacher, J. Goetze, T. Knoll, GSI (2009)).  2485 

2486 
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Skyshine results from the scattering of lower-energy neutrons (NCRP, 2003). High-energy 2487 

neutrons that penetrate the ceiling shielding undergo inelastic collisions with the air to generate more 2488 

low-energy neutrons. Therefore, it is necessary to know the intensities as well as the energy and angular 2489 

distributions of neutrons entering the sky above the ceiling of the shielded room. Stevenson and Thomas 2490 

(Stevenson, 1984) developed a method for the calculation of skyshine that are valid  at distances of  ~ 2491 

100 m to 1000 m from the source. The following assumptions and simplifications were made: 2492 

 2493 

• A differential neutron energy spectrum of the form 1/E (where E is the energy)   2494 

extending up to a maximum neutron energy (called upper energy of the neutron 2495 

spectrum) is used. The highly penetrating neutron component is overestimated in this 2496 

assumption. 2497 

• The neutrons are emitted into a cone with a semi-vertical angle of about 75°. This 2498 

assumption leads to an overestimation of the dose at large distances for neutron 2499 

emissions with small semi-vertical angles.  2500 

 2501 

The neutron dose equivalent per source neutron escaping the roof shielding  is given by: 2502 

 2503 

 ( )


 r

r
rH −= exp)( 2 , (3.5) 2504 

 2505 

where r is the distance  from the source to the observation point  (m), κ is a constant with a value 2506 

between 1.5E-15 Sv·m2 and 3E-15 Sv·m2, and λ is the effective absorption length in the air of the 2507 

maximum neutron energy. The values of λ are given in Figure 3.17 for the energy range from 1 MeV to 2508 

10 GeV.  2509 

2510 
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 2511 

Figure 3.17. Absorption length of neutrons escaping from the ceiling and causing skyshine.  Calculated 2512 

by G. Fehrenbacher based on formula cited in NCRP 144 (NCRP, 2003). 2513 

2514 
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Equation 3.5 was further modified by Stapleton et al. (1994) with the introduction of more 2515 

realistic neutron spectra, the angular dependency of the neutron emission, and weighting of the high-2516 

energy neutrons. The  modified expression is given by: 2517 

 2518 

 ( )
 r

rh
rH −=

+
exp)( 2)(

'
 (3.6) 2519 

 2520 

where κ’   = 2 x 10-15 Sv m2 per neutron and h = 40 m. Equation 3.5 is an empirical summary of 2521 

experimental and theoretical data, and may used with some constraints. 2522 

 2523 

3.10 Examples for Existing Facilities 2524 

 2525 

This section provides examples of the shielding design of  various facilities. 2526 

 2527 

3.10.1 Facilities for Proton Therapy 2528 

 2529 

3.10.1.1 Loma Linda, CA, USA.  The Loma Linda University Medical Center (LLUMC) is the 2530 

first hospital-based proton treatment facility built in the world. Figure 3.18 shows a layout of the facility 2531 

which is comprised of a 7-m diameter synchrotron (with a 2 MeV RFQ for pre-acceleration), three gantry 2532 

rooms, and one fixed beam room. The energy range of the synchrotron is 70 MeV to 250 MeV. The 2533 

design intensity is 1011 protons/sec. The beam extraction efficiency is higher than 95 % (Coutrakon, 2534 

1990; Scharf, 2001; Slater, 1991). The beam-shaping passive systems include ridge filters, scattering 2535 

foils, and a wobbler. A total of 1000 to 2000 patients can be treated per year, with a maximum of 150 2536 

treatments per day. 2537 

 2538 
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Awschalom (1987) collected shielding data for 250 MeV proton beams in preparation for  2539 

construction planning. The facility was built below ground level, which allowed relatively thin outer 2540 

walls. The main radiation safety calculations were performed by Hagan et al. (1988). Secondary 2541 

radiation production by protons with energies from 150 MeV to 250 MeV was computed with the Monte 2542 

Carlo code HETC (Cloth, 1981) for iron and water targets. The subsequent transportation of the 2543 

produced neutron radiation was performed with the ANISN code (Engle, 1967) for a spherical geometry. 2544 

Attenuation curves were derived for concrete thicknesses in the range up to 650 cm. An experimental 2545 

assembly of the synchrotron was set up at the Fermi National Accelerator Laboratory.  Holes were drilled 2546 

in the concrete shielding and TEPC detectors (described in Chapter 4) were positioned outside the holes. 2547 

Experimental attenuation curves were derived for the angular range from 0° to 90° and served as a 2548 

benchmark for the theoretical attenuation curves (Siebers, 1990; 1993). 2549 

2550 
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 2551 

 2552 

Figure 3.18. Proton therapy facility at the Loma Linda University Medical Center. The installation has a 2553 

synchrotron, three rooms for treatments with a gantry, and a fixed beam branch with two beam lines (1) 2554 

and a fixed beam line for calibration measurements (2) (Courtesy of G. Fehrenbacher, J. Goetze, T. 2555 

Knoll, GSI (2009)). 2556 

2557 
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3.10.1.2  Massachusetts General Hospital (MGH), Boston, MA, USA.  Figure 3.19 shows a 2558 

layout of Massachusetts General Hospital (MGH). The accelerator is an IBA 230 MeV cyclotron. There 2559 

are two gantry rooms, a horizontal beam line for ocular treatments, and an experimental beam line. The 2560 

beam-shaping system consists of a passive scattering system and a wobbler. The accelerator and the 2561 

treatment floor are underground. About 500 patients are  treated  per year.  2562 

 2563 

The basic layout was designed using  analytical models from Tesch for both the bulk shielding 2564 

(Tesch, 1985) and the mazes (Tesch, 1982). Self-shielding of the beam conducting elements was 2565 

neglected except for the cyclotron. The facility was built below ground, which allowed relatively thin 2566 

outer walls. The final design was verified after construction using MCNPX (Newhauser, 2005; Titt, 2567 

2005).  2568 

2569 
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 2570 

 2571 

Figure 3.19. Northeast Proton Therapy Center (NPTC) at the Massachusetts General Hospital (MGH) in 2572 

Boston. The facility is comprised of two gantry rooms, one with a horizontal geometry, and an 2573 

experimental room (Courtesy of G. Fehrenbacher, J. Goetze, T. Knoll, GSI (2009)). 2574 

2575 
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3.10.1.3  National Cancer Center (NCC), Republic of Korea.  Figure 3.20 shows the National 2576 

Cancer Center (NCC) in Korea. The accelerator is an IBA 230 MeV cyclotron. The facility is comprised 2577 

of three treatment rooms: two gantry rooms  and one fixed beam room. An area is planned for 2578 

experiments. Initially, the scattering method was used and the wobbling method was expected to be used 2579 

in the  later stages. The raster scan technique will be used in the future. 2580 

 2581 

Shielding calculation were performed initially using Tesch’s analytical model (Tesch, 1985) and 2582 

later using MCNPX. The facility is shielded with concrete of density 2.3 g/cm3. The assumptions used 2583 

for shielding calculations are a maximum beam-on time of  30 min per hour,  2 Gy/fraction, and 50 h 2584 

treatment time per week for 50 weeks per year. The legal dose limits are shown in Table 3.1. It is 2585 

interesting to note that the maze walls for this facility are 2.9 m thick, compared to the NPTC maze walls 2586 

which are only 1.9 m thick. As stated previously workloads, usage assumptions, and regulatory 2587 

requirements vary from facility to facility; therefore, shield designs differ. 2588 

2589 
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 2590 

 2591 

Figure 3.20. Layout of the proton therapy facility in Kyonggi, South Korea. The facility comprises three 2592 

treatment rooms and an area for experiments (1). The accelerator is a cyclotron from IBA in Belgium. 2593 

(Courtesy of G. Fehrenbacher, J. Goetze, T. Knoll, GSI (2009)). 2594 

2595 
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 3.10.1.4 Rinecker Proton Therapy Center, Munich, Germany.  Figure 3.21 shows the 2596 

Rinecker Proton Therapy Center in Munich. The facility consists of a 250 MeV superconducting 2597 

cyclotron with a maximum proton current of 500 nA. There are four gantry rooms and one fixed beam 2598 

room.  2599 

 2600 

Shielding calculations were based on a 250 MeV proton beam incident on a graphite degrader 2601 

thick enough to reduce the energy to 70 MeV (Hofmann and Dittrich, 2005).  Annual dose limits of 5 2602 

mSv  and 1 mSv were used for occupationally exposed workers and the public, respectively. Ordinary 2603 

concrete and heavy concrete (mainly for the degrader area) were used for shielding the facility. Shielding 2604 

calculations were performed with MCNPX. The introduction of variance reduction techniques was 2605 

necessary to obtain results with comparable statistical errors for all considered regions. Optimization 2606 

studies for the degrader shielding were performed. Figure 3.21 (right side)  shows the  isodose curves 2607 

and the spatial development of the radiation propagation in and around the shielding walls and rooms. 2608 

2609 
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 2610 

  

Figure 3.21.  Left: Building of the Rinecker Proton Therapy Center in Munich. Right: The dose 2611 

distribution of the area near the cyclotron and the energy selection system is shown here. The highest 2612 

dose rates occur in this area (Hofmann and Dittrich, 2005). 2613 

2614 
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 3.10.1.5 Paul Scherrer Institute (PSI), Switzerland.  Figure 3.22 shows the proton treatment 2615 

facility at the Paul Scherrer Institute (PSI).  The facility is comprised of a 250 MeV (Imax ≤ 500 nA) 2616 

superconducting cyclotron, two gantry rooms, a fixed beam room, and a research room. The shielding 2617 

design is essentially based on computational models (Teichmann, 2006). Concrete, heavy concrete, and 2618 

steel were used for shielding. The design goals  were a) dose rates  less than 1 µSv/h for lateral walls, b)  2619 

dose rates less than 10 µSv/h on top of the roof shielding, and c) dose rates less than 1to 10 µSv/h in 2620 

accessible areas adjacent to the areas with beam. Because existing concrete blocks were used, and due to 2621 

structural issues, walls are in some cases are  thicker than necessary from a shielding point of view. The 2622 

thickness of the roof of the degrader area is about 3.5 m; of the cyclotron area it is about 2.5 m; and the 2623 

gantry rooms have a roof of about 1 m.  2624 

2625 
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 2626 

 2627 

Figure 3.22. Treatment facility at PSI, Switzerland, with two gantry rooms and a fixed beam room 2628 

(Courtesy of G. Fehrenbacher, J. Goetze, T. Knoll, GSI (2009)).  2629 

2630 
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 3.10.1.6 Proton Medical Research Center, Tsukuba, Japan.  Figure 3.23 shows the proton 2631 

medical research center in Tsukuba. The facility is comprised of a 23 m circumference synchrotron, two 2632 

gantry rooms, and a research room.  The injector consists of a Duoplasmatron ion source (30 keV beam 2633 

energy), a radiofrequency quadrupole RFQ (3.5 MeV), and an Alvarez unit (7 MeV). The synchrotron 2634 

accelerates protons to energies that range from 70 MeV to 250 MeV. The proton beam intensity is 6.1x 2635 

1010 particles per second (pps), and the total accelerated charge per week is 258 µC. The shielding design 2636 

was developed on the basis of experimental data measured at the Los Alamos Meson Physics Facility 2637 

(Meier, 1990). Double differential distributions for the produced neutron radiation in thick target 2638 

approximation (carbon, iron, and others) were measured by means of the time-of-flight technique. Proton 2639 

beams with energy of 256 MeV were used. The angular ranges of the measured neutrons were 30°, 60°, 2640 

120° and 150°. The transport of the source neutrons was performed by using the ANISN code (Engle, 2641 

1967) in combination with DLC-119B/HILO86R/J3 group constants of the cross sections. 2642 

2643 
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 2644 

  2645 

Figure 3.23. Layout of the Proton Medical Research Center at the University of Tsukuba (Courtesy of G. 2646 

Fehrenbacher, J. Goetze, T. Knoll, GSI (2009)).  2647 

  2648 

2649 
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3.10.2 Facilities for Proton Therapy and Heavy Ion Therapy 2650 

 2651 

3.10.2.1  Heavy Ion Medical Accelerator in Chiba (HIMAC), Japan.  At HIMAC (Hirao et 2652 

al., 1992) a large variety of ions can be accelerated, such as p, He, C, Ne, Si and Ar ions. However, 2653 

carbon ions are mainly used for patient treatment. The facility is shown in Figure 3.24 and is comprised 2654 

of two synchrotrons, one horizontal (H)  treatment room, one  vertical (V) treatment room, one horizontal 2655 

and vertical combination treatment room (H&V), a physics and general-purpose irradiation room, a 2656 

medium energy beam irradiation room, and a room for biological irradiations. The combination treatment 2657 

room can be operated with two different beams from both synchrotrons (see the red beam lines in Fig. 2658 

3.24). 2659 

2660 
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 2661 

 2662 

   2663 

Figure 3.24. Schematic of the HIMAC facility (Courtesy of G. Fehrenbacher, J. Goetze, T. Knoll, GSI 2664 

(2009)). 2665 

 2666 

2667 
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The extracted beam intensity for carbon ions from the synchrotron is 2 x 108 ions per second 2668 

(Uwamino, 2007). Beam loss distributions are reported for 500 MeV/u He ions (energy  higher than 2669 

needed for therapy) (Uwamino, 2007). About 5 % beam losses occur during extraction, 10 % beam 2670 

losses occur during the acceleration along the ring, 15 %  beam losses occur at the ring scrapers, and 10 2671 

% beam losses at the vertical beam transfer lines. This beam loss data and the estimated time period of 2672 

weekly operation per week (synchrotron, 108 h/week; treatment rooms, 11to 18 h/week) served as a basis 2673 

for the shielding calculations. The results of  HETC-KFA calculations (Cloth, 1981) were used to 2674 

develop an approximate formula for the calculation of secondary neutron fluence produced by He ions 2675 

and other ion types with the capability  to compute the neutron fluence as a function of the ion energy 2676 

(Ban, 1982). The attenuation of the neutron radiation in the bulk shield is calculated and the 2677 

corresponding dose values are derived (Ban, 1982). The results for the shielding calculations are given in 2678 

Table 3.7 for some essential areas in HIMAC. The shielding walls are partially augmented by iron. In 2679 

Table 3.7 (3rd column), the values for the thicknesses of the combined concrete-iron shields are 2680 

converted into effective values for concrete layers. The thickness of the shielding around the synchrotron 2681 

is 1.5 m. At the extraction area there is an additional 2.5 m of shielding (Figure 3.24 left). The effective 2682 

shield thicknesses for the treatment rooms in the forward and lateral direction are 3.2 m and 2.5 m, 2683 

respectively. Shielding thicknesses for the high-energy beam transfer line, the roof shielding, and the 2684 

floor shield are also given in Table 3.7.  2685 

2686 
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Table 3.7: Shielding measures of the HIMAC facilities for some areas: synchrotron, therapy A, B, C, 2687 

roof, floor, HEBT and Linac (Fehrenbacher, 2007). 2688 

Area Shield Thickness (m)  

Forward Direction /Lateral 

Direction 

Effective Concrete Thickness (m) 

Forward Direction /Lateral 

Direction 

Synchrotron 1.5 (Additional 2.5 m local 

shielding inside ) 

- 

A. Horizontal treatment 

room (H) 

2.5 (0.5 Fe) / 2.5 3.22 / 2.5 

B. Combination 

treatment room (H&V) 

2.5 (0.5 Fe) / 1.6, Maze 1.6 (0.8 

Fe) 

3.22 / 1.6 

Maze 2.75 

C Vertical treatment 

room V 

2.5 / 1.6, Maze 1.2 - 

Roof 1.5 - 

Floor 2.4 - 

HEBT 1.5 – 2.0 - 

Linac 1.5 - 

 2689 

2690 
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3.10.2.2 Gunma University, Japan.  Figure  3.25 shows a layout of the Gunma facility, which is 2691 

comprised of a synchrotron and three treatment rooms (one horizontal beam line, one  vertical beam line, 2692 

and one H&V beam line). A fourth room with a vertical beam line is provided for the development of 2693 

new irradiation methods (Noda et al., 2006a). The maximum carbon ion energy is 400 MeV/u. About 2694 

600 patients are expected to be treated per year. 2695 

 2696 

The desired beam intensity at the irradiation port is 1.2 x109 pps, which yields 3.6 x 108 ions per 2697 

second for patient treatment (Noda et al., 2006a). An overview on beam intensities and beam loss 2698 

distributions is given in Table 3.8 at different stages of the acceleration process. For the shielding design, 2699 

it was assumed that unused ion beams are decelerated in the accelerator before being dumped (Noda et 2700 

al., 2006a) and consequently, the neutron production radiation is reduced. The dose rates are calculated 2701 

as follows: 2702 

 2703 

• The source distributions of the produced neutron radiation are taken from the Kurosawa 2704 

measurements (Kurosawa, 1999; Uwamino, 2007). 2705 

• The beam loss distributions were determined by Noda et al. (2006a) and are listed in 2706 

Table 3.8. 2707 

• The dose rates outside the shielding were computed using the ANISN code (Engle, 1967) 2708 

and the cross sections from the JAERI (Kotegawa et al., 1993). 2709 

• It is also reported that certain areas of the facility are designed using the PHITS-code 2710 

(Iwase, 2002; Uwamino, 2007) described in Chapter 6. 2711 

 2712 

The shielding thicknesses are shown in Figure 3.25. At some locations, the concrete shielding is 2713 

augmented by iron shielding. The synchrotron walls are 3 m to 5 m thick. The horizontal treatment 2714 
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rooms are shielded with 3 m thick walls in the forward direction (1.9 m concrete and 1.1 m iron, which 2715 

results in an effective thickness of 4.6 m concrete) and 1.5 m to 2.5 m in the lateral direction.. The linac 2716 

walls are 1.0 m to 2.5 m thick. The floor slab has a thickness of 2.5 m. The roof shielding thickness 2717 

varies from 1.1 m to 2.2 m thickness. The wall thicknesses of the fourth irradiation room (V) range from 2718 

1.1 m to 1.7 m, and are obviously reduced in comparison to the other treatment rooms due to shorter 2719 

estimated irradiation time periods. Table 3.8 summarizes beam loss distributions and absolute beam 2720 

intensities.. 2721 

2722 
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Table 3.8. Beam loss distributions and absolute beam intensities for the Gunma facility, calculated by 2723 

Noda et al. (2006a). Efficiency η gives the ion beam transfer efficiency at different stages of the 2724 

acceleration and transfer process. The beam intensity is given in the quantity particles per pulse (ppp) or 2725 

in the quantity particles per sec (pps). 2726 

 2727 

Section Efficiency η 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 

 2728 

2729 
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 2730 

.  2731 

Figure 3.25. Layout of the Gunma ion irradiation facility with the LINAC, the synchrotron (ring 2732 

accelerator), and the treatment rooms (Courtesy of G. Fehrenbacher, J. Goetze, T. Knoll, GSI (2009)).  2733 

2734 
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3.10.2.3  CNAO, Pavia, Italy.  Figure 3.26  shows the first stage of the CNAO facility which is 2735 

comprised of a synchrotron, two horizontal beam treatment rooms, and one horizontal-vertical 2736 

combination treatment room. Two gantry rooms will be added in the second stage. The facility is capable 2737 

of accelerating protons to 250 MeV and carbon ions to 400 MeV. Preliminary shielding studies were 2738 

performed by Agosteo (1996b). The most recent shielding design was carried by Porta et al. (2005) and 2739 

Ferrarini (2007). The synchrotron is shielded by a 2 m thick concrete wall (for the most part) which is 2740 

augmented by earth layers (5 m to 7 m for  the public area). Inside the synchrotron there are additional 2741 

local concrete shields. The treatment rooms are shielded such that the adjoining rooms are kept at dose 2742 

rate levels lower than 0.5 µSv/h (annual dose less than 2 mSv, including the radiation sources from the 2743 

synchrotron). The lateral shield thicknesses range from 2 m to 3.1 m and the forward shield walls have 2744 

thicknesses of 4.2 m to 4.8 m with an effective thickness of up to 8 m because of the oblique incidence of 2745 

the neutrons relative to the shielding walls. The floor shielding is 3.1 m and the roof shielding ranges  2746 

from 1.1 m to 2 m. 2747 

2748 
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 2749 

 2750 

Figure 3.26. Overview of the CNAO facility (Courtesy of G. Fehrenbacher, J. Goetze, T. Knoll, GSI 2751 

(2009)).  2752 

2753 
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3.10.2.4  HIT, Heidelberg, Germany.  Figure 3.27 shows part of the HIT facility which is 2754 

comprised of  a synchrotron,  two horizontal treatment rooms (H),  a  carbon ion gantry room, and a 2755 

research room. The facility is capable of accelerating protons as well as carbon, oxygen, and helium ions. 2756 

The energies of the ions are so adapted that the maximum range in water is about 40 cm for protons and 2757 

helium ions, 30 cm for carbon ions, and 23 cm for oxygen ions. The beam parameters for HIT are 4 x 2758 

1010 ppp for protons (220 MeV) or 1x 109 ppp for carbon ions (430 MeV/u). 2759 

2760 
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 2761 

  

Figure 3.27.  Left: Part of the HIT facility in Heidelberg. Right: The dose distribution in the horizontal 2762 

beam treatment rooms are also shown for carbon ion beams (Fehrenbacher, 2007). The isodose values 2763 

(yellow) are given in the units of µSv/h. The values range from 105 µSv/h (red) over 102 µSv/h to 10-1 2764 

µSv/h (blue) with increments of a factor of 10 (Courtesy of G. Fehrenbacher, J. Goetze, T. Knoll, GSI 2765 

(2009)). 2766 

2767 



RC22 on Ion-Beam Therapy 

25 September 2009 

 

 

169 

 

The shielding design was developed on the basis of the Kurosawa neutron spectra of the 400 2768 

MeV/u of carbon ions (Kurosawa et al., 1999). A line-of-sight model was used to determine dose rates of 2769 

the neutron radiation outside the shield (Fehrenbacher et al., 2001). The model considers the angular 2770 

dependence of the neutron production (0° to 90°), the angular dependent neutron energy distribution (En 2771 

> 5 MeV), the neutron energy dependent absorption (removal cross section), and the build-up effect of 2772 

the neutron radiation in matter. For angles greater than 90° relative to the incoming ion beam, the 2773 

neutron source distribution at 90° was used. Monte Carlo calculations with FLUKA (Fasso et al., 1997) 2774 

were also performed for the horizontal treatment rooms using the 2000 version of FLUKA and  the 2775 

Kurosawa neutron spectra (Fehrenbacher et al., 2002a; Kurosawa, 1999) as well as for the gantry room 2776 

(Fehrenbacher et al., 2002b). The results of the treatment room calculations are shown on the right in 2777 

Figure 3.27 for carbon ion beams with 400 MeV/u and 3x 108 ions/sec deposited in a graphite target 2778 

(Fehrenbacher, 2007). Further specific studies were performed with FLUKA to study the impact of 2779 

recesses in the floor shielding for the horizontal treatment rooms for the installation of robots. When the 2780 

heavy ion version of FLUKA  (Fasso et al., 2005) was released, a full simulation was performed with 2781 

FLUKA and the results were compared with the simulation using  the Kurosawa neutron source spectra 2782 

as  the input for FLUKA. Reasonable agreement (within 26 %) was obtained for the simulations.  2783 

 2784 

The shielding design is based on the annual dose limits given in the Table 3.1 of Section 3.1.2. 2785 

An additional dose rate guideline of 3 µSv/h was used outside the interlocked area for 10-min irradiation 2786 

periods. The shielding design is based on a 10 % beam losses at local (specific) areas,  such as the beam 2787 

extraction point, and a 10 % beam losses in the dipole magnets. Additional local concrete shielding was 2788 

added in the synchrotron and beam transfer lines because the exact beam loss distribution in these areas 2789 

was unknown.  2790 

 2791 
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For the horizontal beam  treatment rooms, the  shielding of the three walls  in the entrance maze, 2792 

perpendicular to the beam direction that intercept the 0° beam, is comprised of  1.5 m steel and 5.5 m 2793 

concrete (total effective concrete thickness of 7.66 m). The lateral concrete thickness is 2 m. The gantry 2794 

room has a wall thickness of 2 m. For the gantry room calculations, the iron counterweight of 1 m 2795 

thickness was taken into account, because this attenuates the main neutron cone substantially in the 2796 

angular range +/- 25° relative to the ion beam line. Application of the use factor for the gantry room 2797 

reduces the thickness.  The roof shielding (2 m) of the horizontal treatment rooms is partially augmented 2798 

with 0.5 m of steel (total  effective concrete thickness of 2.72 m). The synchrotron is shielded by a 1.5 m 2799 

thick concrete wall and partially by earth on the exterior. Earth (and other bulk materials) covers the 2800 

concrete roof of the synchrotron and treatment rooms. The floor slab is  1.5 m to 1.8 m thick and reduces 2801 

the activation of soil and ground water. 2802 

 2803 

3.11 Qualified Expert 2804 

 2805 

In the case of charged particle therapy facilities, a qualified expert is a physicist who has 2806 

expertise and proven experience in the shielding design and radiological aspects of high-energy particle 2807 

accelerators, particularly in the shielding of relativistic neutrons. The individual must also be capable of 2808 

performing Monte Carlo calculations. Various countries may have different requirements for qualified 2809 

experts. In the U.S., most of the states require that the qualified expert is either registered or licensed in 2810 

the state. 2811 

 2812 

The qualified expert should be involved in the following phases of the facility design and 2813 

construction, so that costly mistakes can be prevented and an optimum and cost effective shielding 2814 

design can be implemented. 2815 
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 2816 

3.11.1 Schematic Design 2817 

 2818 

During this phase, the architect organizes the rooms, the layout of the facility is determined, and a 2819 

preliminary design is generated. The qualified physicist should be invited to attend meetings with the 2820 

owner and architect. Occupancy factors should be established. Adjacent buildings and multi-storied 2821 

structures should be identified. The use of space must be evaluated.  The highest radiation levels occur 2822 

near the treatment rooms and the accelerator. Therefore, high occupancy rooms such as nurse’s stations, 2823 

offices, and examination rooms should be located as far away as possible, while low occupancy rooms 2824 

such as storage areas may be located closer. Typically, control rooms, patient preparation rooms, etc. are 2825 

in the immediate vicinity of the treatment rooms.  2826 

 2827 

Workloads should be established. The owner should provide information on the types of particles 2828 

to be used, the energies of the particles, the number of treatments per hour, the beam-shaping methods 2829 

that are to be used, etc.  If an equipment vendor has been selected, the vendor should provide the 2830 

information regarding beam losses, locations and targets, and currents for various beam-shaping 2831 

methods, as well as other information requested by the expert.  The concrete composition and density 2832 

should be provided at this phase so that the physicist can perform Monte Carlo calculations. The 2833 

architect should provide the expert with scaled drawings including both plans and sections. All 2834 

dimensions and details must be called out on the drawings. The drawings should show the equipment in 2835 

place and the location of the isocenter. The qualified expert should work with the owner and architect, 2836 

suggesting the most cost-effective and space-optimizing design, shielding configurations and materials, 2837 

and preliminary thicknesses. The preliminary thicknesses will be based on site-specific workload, local 2838 

regulations, and other assumptions.  The architect should incorporate the shielding thicknesses into the 2839 
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drawings, and the revised drawings should be sent to the expert for review. A few iterations may take 2840 

place. The qualified expert should carefully review the architect’s drawings. The qualified expert should 2841 

write a preliminary shielding report that includes all the assumptions and specifies the required shielding. 2842 

 2843 

3.11.2 Design Development 2844 

 2845 

In this phase, rooms, sizes, and locations will be determined to a greater detail (NCRP, 2005), 2846 

and the design will be finalized. The mechanical, electrical, and plumbing details will be worked out, and 2847 

sizes of penetration, conduits, ducts, etc. will be determined. The architect should incorporate all the new 2848 

information into the drawings so that the expert can determine the required shielding for all the 2849 

penetrations. Once the shielding has been finalized, the expert should write the final shielding report 2850 

which can be submitted to the pertinent regulatory agency. The report should show doses at all locations 2851 

and verify regulatory dose compliance. Contents of the report are discussed in Section 3.12.   2852 

 2853 

3.11.3 Construction Documentation 2854 

 2855 

During this phase, all the construction drawings are prepared.  Details of the project are finalized 2856 

in preparation for construction. The shielding in the construction drawings should be identical to that 2857 

which is shown in the shielding report. The qualified expert should review all drawings and all 2858 

submittals (drawings and information submitted by subcontractors) related to concrete density and 2859 

composition, door shielding, penetration shielding, and other special shielding materials. The qualified 2860 

expert will also respond to request for information (RFI) from the contractor. Prior to construction, the 2861 

qualified expert should participate in a meeting with the owner, architect, contractor, and all other trades 2862 
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to finalize the shielding items. During this phase there may be changes in shielding configuration due to 2863 

constructability issues. The qualified expert should review all such changes. 2864 

 2865 

3.11.4 Construction Inspection 2866 

 2867 

During construction, the qualified expert should perform site visits and inspections to ensure that 2868 

the shielding is implemented as specified in the shielding report. The qualified expert should carefully 2869 

review the shielding to ensure that there are no cracks or thin spots. The dimensions, materials, and 2870 

configuration of  the room shielding, as well as door and penetration shielding, should be verified. 2871 

Inspection reports should be provided by the expert. Any instances of noncompliance should be reported 2872 

and corrected by the contractor or subcontractor. 2873 

 2874 

3.12  Shielding  Report 2875 

 2876 

A copy of the shielding report should be maintained by the facility. The shielding report should 2877 

include but is not limited to: 2878 

1. Names and contact information for qualified physicist, architect, and responsible person at 2879 

the facility 2880 

2. Name and address  of facility  2881 

3. A brief description of accelerator, beam transport lines, treatment rooms 2882 

4. Beam parameters, loss scenarios, targets, and location 2883 

5. Workload  and usage assumptions 2884 

6. Occupancy factors 2885 

7. Regulatory and design limits 2886 
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8. Concrete composition and density 2887 

9. Drawings, including plans and sections of all shielded rooms with dimensions called out, 2888 

doors, penetrations, etc.  and locations at which doses are calculated 2889 

10. Dose  and dose rate compliance with regulatory limits after application of occupancy and 2890 

use factors 2891 

11. Additional instructions for architects and contractors on shielding, such as concrete pours, 2892 

the use of keyways, interlocking blocks,  site density testing, etc. 2893 

 2894 

3.13 Shielding Integrity Radiation Survey 2895 

 2896 

Radiation surveys are performed to verify the integrity of the shielding and dose compliance with 2897 

design and regulatory limits. Preliminary neutron and photon radiation surveys should be performed as 2898 

the accelerator is made operational,  and when beam is transported to the treatment rooms. A final 2899 

radiation survey should be performed once the facility is completely operational. Regulatory agencies 2900 

also typically require shielding integrity radiation surveys during start up. Instruments that can be used 2901 

for radiation surveys are described in Chapter 4. The survey results should then be used to verify that the 2902 

doses obtained with the workload assumptions are in compliance with design and regulatory limits.  A 2903 

repetition of the shielding integrity radiation survey must be repeated when there are changes in the 2904 

shielding (such as dismantling and reassembling) or when there are changes in beam operating 2905 

parameters. A copy of the survey report should be maintained by the facility. The report should include 2906 

but is not limited to: 2907 

1. Names of individuals performing the survey 2908 

2. Name of facility 2909 

3. Dates of survey 2910 
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4. Machine conditions and beam operating parameters 2911 

5. Details of phantoms used in treatment room 2912 

6. Instruments used, including type, model, serial number, and calibration certificate 2913 

(calibration must be current) 2914 

7. Beam parameters, loss scenarios, targets, and location 2915 

8. Workload and usage assumptions 2916 

9. Occupancy  factors 2917 

10. Doses in occupied areas 2918 

11. Compliance with design and regulatory limits. 2919 

 2920 

2921 
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4.  Radiation Monitoring 2922 

Yoshitomo Uwamino and Georg Fehrenbacher 2923 

 2924 

4.1  Introduction 2925 

 2926 

The different types of radiation which are of concern for individual exposure at a particle therapy 2927 

facility are prompt radiation during beam operation and residual radiation after the beam is turned off. 2928 

The prompt radiation is comprised of neutrons and photons behind thick shields of treatment rooms or 2929 

accelerator vaults, while the residual radiation consists of photons and beta rays from induced 2930 

radioactivity. Neutron and photon exposure of the patient in the treatment room are also of interest (see 2931 

Chapter 7).  2932 

 2933 

Many valuable references on the basics and principles of radiation detection are available in the 2934 

literature (Ahmed, 2007; Knoll, 1999; Leroy and Rancoita, 2005; Tsoulfanidis, 1995). ICRU Report 47 2935 

(ICRU, 1992a) provides details on the measurements of photon and electron dose equivalents, while 2936 

ICRU Report 66 (ICRU, 2001) covers neutron measurements. This chapter provides an overview of 2937 

radiation monitoring and commercially available instrumentation for particle therapy facilities. Since 2938 

radiation protection regulations vary from country to country, and in some countries from state to state, 2939 

each facility must ensure that radiation surveys are performed in compliance with the regulations 2940 

applicable to their specific facility. 2941 

 2942 

4.1.1  Operational Quantities 2943 

 2944 
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The quantities to be measured are ambient dose equivalent at 10 mm depth, H*(10), for area 2945 

monitoring, and personal dose equivalent at 10 mm depth, Hp(10), for individual monitoring. The 2946 

shallow doses Hp(0.07) and Hp(3), at a depths of 0.07 mm, and 3 mm, respectively, are usually not as 2947 

important at particle therapy facilities when compared to the strongly penetrating radiation which 2948 

dominates the dose outside the shielding. Figure 4.1 shows the fluence-to-dose-equivalent conversion 2949 

coefficients (see Section 1.2.2 for details) as a function of particle energy (ICRP, 1996). Also shown are 2950 

the fluence-to-effective-dose conversion coefficients for Anterior–Posterior irradiation geometry, E(AP), 2951 

including the recommended data of E(AP) by the Atomic Energy Society of Japan (AESJ, 2004) for 2952 

high-energy particles. The neutron data provided by the ICRP are limited to energies of 20 MeV and 2953 

below for Hp(10) and 180 MeV and below for H*(10), respectively. The photon data is limited to 2954 

energies of 10 MeV and below. Because the conversion coefficient for H*(10) for neutrons becomes 2955 

smaller than that for E(AP) above 50 MeV, measurement of E(AP) may be considered appropriate for 2956 

high-energy neutrons. H*(10) is not always a conservative estimate for the effective dose, especially for 2957 

E(AP). This argument also applies for photons. The results of several studies performed for high-energy 2958 

neutrons and photons are reported in the literature (Ferrari et al., 1996; 1997; Mares et al., 1997; 2959 

Sakamoto et al., 2003; Sato et al., 1999; Sutton et al., 2001). The conversion coefficient for E(AP) 2960 

becomes smaller than that for Posterior-Anterior irradiation geometry, E(PA), at neutron energies above 2961 

50 MeV. However, the integrated dose from thermal neutrons to high-energy neutrons is highest for AP 2962 

geometry, and therefore only E(AP) is considered here. 2963 

2964 
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Figure 4.1.  Dose conversion coefficients from particle fluence to ambient dose equivalent, H*(10), 2967 

personal dose equivalent, Hp(10), and effective dose with AP geometry, E(AP). 2968 

2969 
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4.2  Prompt Radiation Monitoring 2970 

 2971 

4.2.1  Characteristics of Prompt Radiation Field 2972 

 2973 

4.2.1.1  Mixed Field.  High-energy protons and ions produce high-energy neutrons and photons 2974 

through nuclear interactions with the components of the accelerator and the energy selection system, 2975 

beam delivery nozzle, and the patient tissue. Several kinds of light ions are produced by the 2976 

fragmentation process of the primary heavy ions, and these light ions also produce neutrons and photons. 2977 

High-energy neutrons are slowed down by nuclear scattering and are finally absorbed by matter. Photon 2978 

emissions accompany these nuclear reactions. 2979 

 2980 

Photons produced by primary charged particles are easily absorbed by the thick room shielding; 2981 

however, high-energy neutrons can penetrate the shielding. These neutrons produce secondary photons 2982 

during transmission, resulting in neutrons and photons outside of the shielded area. Neutrons having 2983 

energies lower than several tens of MeV are easily absorbed. Peaks at about 100 MeV and several MeV 2984 

appear in the neutron energy spectrum at the outer surface of the shielding. Figure 4.2 shows the angular 2985 

and energy distributions of neutrons produced in a water phantom of 10 cm diameter and 25 cm 2986 

thickness irradiated by 400 MeV/nucleon 12C ions, and the neutron and photon spectra in the beam 2987 

direction behind a 2 m thick ordinary concrete shielding. 2988 

 2989 

Figure 4.3 shows the ratio of the cumulative dose as a function of energy to the total dose 2990 

calculated with the spectra shown in Fig. 4.2. For photons, almost 100 % of the dose can be measured 2991 

with a detector, which is sensitive up to 10 MeV, and most conventional detectors meet this criterion. For 2992 

neutrons, however, typical dosimeters, which are sensitive up to about 15 MeV, may give only one third 2993 
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of the true value dose in the forward beam direction outside a thick concrete shield. In the lateral 2994 

directions, their readings are more reliable. 2995 

2996 
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Figure 4.2. Angular and energy distributions of TTY (Thick Target Yield) neutrons from a 10 cm 2998 

diameter by 25 cm thickness water phantom irradiated by 400 MeV/nucleon 12C ions are shown on the 2999 

upper right with the right ordinate. Neutron and photon spectra behind a 2 m thick ordinary concrete 3000 

shield in the beam direction are also shown with the left ordinate. These spectra were calculated using 3001 

the heavy ion Monte Carlo code, PHITS (Iwase et al., 2002). 3002 

3003 
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Figure 4.3. The ordinate is 
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dose conversion coefficients from particle fluence to effective dose for AP geometry (AESJ, 2004), and 3006 

 (E) is the particle energy fluence shown in Fig. 4.2. 3007 
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Since a neutron detector, such as a rem meter, has very low sensitivity to photons, it is considered 3009 

photon insensitive for charged particle therapy facilities. Photon detectors are also somewhat sensitive to 3010 

neutrons, but the estimation of the neutron contribution is difficult. Because neglecting this contribution 3011 

results in conservative measurements, the neutron sensitivity is usually ignored for the purpose of 3012 

radiation protection. 3013 

 3014 

Primary charged particles are stopped in the patient. Heavy ions, however, produce lighter 3015 

particles such as protons and deuterons through fragmentation reactions before stopping. These lighter 3016 

particles have longer ranges, and some of them penetrate the patient. When detectors are placed in the 3017 

vicinity of a phantom to estimate the neutron and photon exposure to a patient, veto counters operated in 3018 

anticoincidence mode may be necessary to eliminate these lighter particles from being recorded. 3019 

 3020 

4.2.1.2  Pulsed Field.  A detector that counts pulsed signals has an insensitive period after 3021 

counting, and this period is called dead time or resolving time, which usually lies between about 10-8 s 3022 

and 10-4 s. 3023 

 3024 

A cyclotron accelerates particles every 10-8 s or so, and this acceleration interval is near or shorter 3025 

than the dead time, and, therefore, the cyclotron beam is considered to be continuous. 3026 

 3027 

The acceleration interval of a synchrotron, on the other hand, is between 10-2 s and 10 s, and thus 3028 

its beam has the characteristics of pulsed radiation. During a pulse, a very large amount of radiation is 3029 

delivered in a very short time period. Even if several particles of radiation hit a detector within its dead 3030 

time, the detector produces only one pulsed signal. This counting loss is a serious problem in a pulsed 3031 

radiation field. 3032 
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 3033 

The effect of pulsed field is serious near a radiation source because there is hardly any time delay 3034 

between the irradiation of primary particles and the detection of secondary neutrons and photons. The 3035 

time structure of the neutrons outside the shielding, on the other hand, spreads owing to the different 3036 

time-of-flight, e.g., the time-of-flight for 1 m distance is 8 ns for 100 MeV neutrons and 0.5 ms for 3037 

thermal neutrons. 3038 

 3039 

If one observes the characteristics of pulsed signals from a detector placed in a pulsed field, on an 3040 

oscilloscope, it can be determined whether the reading is correct or not. That is, if the pulse repetition 3041 

rate is coincident with the beam extraction rate, the reading of the detector is not correct. A detector 3042 

measuring an electric current such as an ionization chamber is not usually affected by the pulsed field. 3043 

However, saturation effects due to the recombination of the dense electrons and ions at high peaked dose 3044 

rate may become important. 3045 

 3046 

In a particle therapy synchrotron, however, the accelerated particles are extracted slowly because 3047 

the irradiation dose must be precisely controlled. The extracted beam, therefore, usually has the 3048 

characteristics of continuous radiation. For example, at the HIMAC (Heavy Ion Medical Accelerator in 3049 

Chiba) of the National Institute of Radiological Sciences, the acceleration period is 3.3 s and the duration 3050 

of extraction is about 2 s. 3051 

 3052 

4.2.1.3  Noise.  An accelerator uses high-power, high-frequency voltage for acceleration, which is 3053 

a very strong source of background noise, thus affecting measurements with active detectors. The signal 3054 

cables of the detectors should be separated from the accelerator power cables. Wiring in a grounded 3055 

metal pipe is effective for noise reduction. Use of optical fibers is costly but very reliable for 3056 
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discrimination against noise. Optical fibers, however, are susceptible to mechanical shock and bending, 3057 

and lose transparency at high radiation exposures. 3058 

 3059 

4.2.1.4  Magnetic Field.  Accelerators and beam transport systems use high magnetic fields for 3060 

bending and focusing the beam. Magnetic fields strongly affect photomultiplier tubes, thus a usual 3061 

scintillation survey meter cannot be used around the magnetic apparatus. Even if the electric current is 3062 

switched off, the residual magnetic field due to hysteresis may affect detectors located near magnets. 3063 

However, a scintillator coupled to a photo diode is hardly affected by a magnetic field. An analog 3064 

indicator using an ammeter does not respond correctly in a magnetic field. A liquid crystal indicator is 3065 

much more reliable. 3066 

 3067 

4.2.1.5  Radiations Unrelated to Beam Acceleration.  Devices operating under high- 3068 

radiofrequency power, such as an acceleration cavity and a klystron, emit intense x rays even if the beam 3069 

is not accelerated. Leakage of radiation occurs at glass windows and bellows, which are made of low 3070 

atomic number materials or thin metal. X-ray leakage from an Electron Cyclotron Resonance (ECR) ion 3071 

source is also significant. 3072 

 3073 

4.2.2  Survey Meters 3074 

 3075 

Handheld survey meters are typically used to measure instantaneous dose rates and to map the 3076 

dose rate distribution outside the shielding. Since the radiation field around a particle therapy facility is 3077 

comprised of neutrons and photons, the simultaneous use two types of survey meters is required.  3078 

 3079 

4.2.2.1  Neutron Survey Meters 3080 
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 3081 

4.2.2.1.1  Rem Meter.  A rem meter (or a rem counter) is the most popular neutron dose-3082 

equivalent survey meter. It consists of a thermal neutron detector such as a BF3 (boron trifluoride) or 3He 3083 

(helium) proportional counter or a 6Li (lithium) glass scintillation counter that is surrounded by a 3084 

specially designed polyethylene neutron moderator. The moderator slows down fast and intermediate 3085 

energy neutrons, which are then detected by the thermal neutron detector. Because an ordinary rem meter 3086 

is practically insensitive to neutrons of energies above 15 MeV, it underestimates the result by as much 3087 

as a factor of 3 when used outside a shield of a particle therapy facility as shown in Fig.4.3. Improved 3088 

rem meters are also available. These consist of high-atomic number inserts such as lead or tungsten in the 3089 

polyethylene moderator (Birattari et al., 1990; Olsher et al., 2000). The interaction of high-energy 3090 

neutrons with this inserted material causes neutron multiplication and energy degrading reactions such as 3091 

(n, 2n), thus improving the sensitivity to high-energy neutrons. These improved rem meters are too heavy 3092 

to be handheld, but give reliable results. An example of such a commercially available rem meter, FHT 3093 

762 Wendi-2, is shown in Fig. 4.4. This instrument has an excellent energy response from thermal to 5 3094 

GeV, and the response function is shown in Fig. 4.5. 3095 

3096 
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 3097 

 3098 

Figure 4.4.  FHT 762 Wendi-2 rem meter has an improved energy response to high-energy neutrons.  3099 

(Courtesy of Thermo Scientific4) 3100 

 3101 

 
4 Thermo Scientific, 27 Forge Parkway, Franklin, Massachusetts 02038 U.S.A. 
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Figure 4.5.  The response function of the Wendi-2 rem meter is shown with the left side vertical axis. 3103 

The response functions of the Prescila rem meter described in Section 4.2.2.1.2 and the conventional 3104 

Andersson-Braun rem meter (AB) are also shown (Olsher et al., 2000; 2004; courtesy of R.H. Olsher). 3105 

The dose conversion coefficients of H*(10) and E(AP) are shown for the reference with the right side 3106 

vertical axis (AESJ, 2004; ICRP, 1996). 3107 

3108 
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4.2.2.1.2  Proton Recoil Scintillation Counter.  A complex detector consisting of two types of 3109 

sensors for fast neutrons and thermal neutrons is available as Prescila rem meter (Olsher et al., 2004). 3110 

The fast-neutron sensor consists of a mixture of ZnS(Ag) scintillation powder and epoxy glue and a 3111 

Lucite-sheet light guide. The thermal-neutron sensor is a 6Li+ZnS(Ag) scintillator. By using filters of 3112 

cadmium and lead, this counter has a response function whose shape is similar to the conversion 3113 

coefficient for neutron fluence-to-dose equivalent, and is sensitive to neutrons above 20 MeV. Its 3114 

sensitivity is about 10 times higher than the conventional moderator-based rem meter, and its weight is 3115 

about 2 kg. 3116 

 3117 

4.2.2.2  Photon Survey Meters 3118 

 3119 

4.2.2.2.1  Ionization Chamber.  The ionization chamber is the most useful photon survey meter 3120 

because it almost energy-independent (usually within  10 % of unity) between 30 keV and a few MeV. 3121 

The lower detection limit is about 1 Sv/h; thus, one cannot measure the dose rates close to the 3122 

background level. Some types of ionization chambers have removable caps that enable the measurements 3123 

of very soft x rays. Since the ionization chamber survey meter measures a very weak current of the order 3124 

of femtoamperes (fA) when placed in a field of several Sv/h, it takes several minutes until the detector 3125 

becomes stable after being switched on. 3126 

 3127 

4.2.2.2.2  NaI(Tl) Scintillator.  Scintillators of high atomic number, such as sodium iodide (NaI ) 3128 

and cesium iodide (CsI), have poor energy response for the measurement of dose equivalent. However, 3129 

some scintillation survey meters that have compensation circuits show good energy response similar to 3130 

ionization chambers. Scintillation survey meters are mostly insensitive to photons of energies below 50 3131 
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keV and not appropriate for low-energy x-ray fields. However, an instrument of NHC5,5 which is 3132 

sensitive down to about 8 keV, is currently available. 3133 

 3134 

4.2.3  Spectrometers 3135 

 3136 

4.2.3.1  Photon Spectrometer.  High purity germanium (Ge) detectors have an excellent energy 3137 

resolution and are commonly used for photon spectrometry in research work. Since the Ge detector must 3138 

be cooled down to liquid-nitrogen temperature, it is not suitable for routine measurements. Handheld 3139 

scintillation survey meters designed for photon spectral measurements are commercially available, such 3140 

as InSpector™ 10006 and identiFINDER™.7 Handheld survey meters with cerium-doped lanthanum 3141 

bromide (LaBr3(Ce)) scintillators are also available. The latter has better energy resolution than the 3142 

conventional thallium-doped sodium iodide (NaI(Tl)) scintillator. An unfolding process is required for 3143 

the conversion from the light-output distribution obtained by the detector to the photon energy spectrum. 3144 

 3145 

4.2.3.2  Neutron Spectrometer.  Measurements of light-output or time-of-flight distributions are 3146 

common techniques for obtaining high-energy neutron spectra with good energy resolution. For a simple 3147 

measurement, a set of neutron detectors with moderators of different thicknesses, the so-called Bonner 3148 

spheres, can be used (Awschalom and Sanna, 1985; Wiegel and Alevra, 2002). Wiegel and Alevra used 3149 

copper and lead in the moderators, and their spectrometer, NEMUS,8 can be used to measure high-energy 3150 

neutrons up to 10 GeV. Figures 4.6 and 4.7 show the responses of the NEMUS spheres as a function of 3151 

 
5 Fuji Electric Systems Co. Ltd., 1-11-2, Osaki, Shinagawa, Tokyo 141-0032 Japan 

6 Canberra Industries, Inc., 800 Research Parkway, Meriden, Connecticut 06450 U.S.A. 

7 ICx Radiation Inc., 100 Midland Road, Oak Ridge, Tennessee 37830 U.S.A.  

8 Centronic Limited, King Henry's Drive, Croydon, Surrey CR9 0BG, UK 
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neutron energy. The difference of the important neutron energies of each sphere gives the spectrum 3152 

information. The set of the results of these detectors is converted to the neutron energy spectrum with an 3153 

unfolding computer program. An initial assumed spectrum that is properly obtained by calculations or 3154 

theories is necessary to initiate the unfolding process. 3155 

3156 
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 3157 

 3158 

 3159 

Figure 4.6.  Responses of the NEMUS Bonner spheres. The lengths in inches show the diameters of 3160 

polyethylene moderators (Wiegel and Alevra, 2002). 3161 

3162 
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 3163 

Figure 4.7.  Responses of the extended NEMUS Bonner spheres. “4P5_7”, for example, means that the 3164 

3He counter is placed in a 4-inch polyethylene sphere covered by a 0.5-inch-thick Pb shell (the diameter 3165 

therefore is 5 in) and all are imbedded in a 7-inch polyethylene sphere. The photo shows the opened 3166 

configuration. “4C5_7” means that the inserted shell is of 0.5-inch-thick Cu. Six response functions of 3167 

the pure polyethylene moderators are also shown (Wiegel and Alevra, 2002). 3168 
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4.2.3.3  LET Spectrometer.  The tissue-equivalent proportional counter (TEPC) measures an LET 3170 

(linear energy transfer) spectrum of secondary charged particles produced by neutrons and photons, and 3171 

the spectrum is converted into dose equivalent or effective dose for both types of radiation. The TEPC is 3172 

applicable to any type of radiation because of its measurement principle, and the total dose in a mixed 3173 

field is obtained. Several systems have been developed and used (Alberts, 1989; Mazal et al., 1997). The 3174 

TEPC, however, has the disadvantage of susceptibility to mechanical shocks, thus preventing its 3175 

widespread use for routine measurements as a survey meter. 3176 

 3177 

4.2.4  Area Monitors 3178 

 3179 

An area monitoring system consists of pairs of neutron and photon dosimeters and a central control 3180 

unit. For neutron detection, rem meters are usually used. Ionization chambers, scintillation detectors, or 3181 

semiconductor detectors are selected for photon detection depending upon the radiation intensities. 3182 

Stations having local radiation level indicators are also available. The central control unit shows trend 3183 

graphs of radiation levels of each station, and records data in a server. The system is of high performance 3184 

and expensive (see Fig. 4.8). 3185 

3186 
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       3187 

 (a)                                                         (b) 3188 

Figure 4.8.  An example of a monitoring station (a) and a central control unit, MSR-3000, (b). The 3189 

station has a neutron rem meter and a photon detector.(Courtesy of ALOKA9) 3190 

3191 

 
9 ALOKA Co., Ltd., 6-22-1, Mure, Mitaka,Tokyo 181-8622 Japan 
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Before determining the monitoring locations, the dose distribution in and around the facility must 3192 

be thoroughly studied. Monitoring stations are located where high radiation dose rates are expected or 3193 

where radiation levels are important for safety reasons. However, high dose-rate radiation inside the 3194 

irradiation room, for example, sometimes causes a breakdown of an intelligent monitoring station. 3195 

 3196 

At accelerator facilities for physics research, area monitors are typically included in safety systems 3197 

and are interlocked so that they turn the beam off when measured radiation levels outside shielded areas 3198 

exceed a preset value, either considering instantaneous or integrated values. However, at particle therapy 3199 

facilities, interruption of the beam is not desirable because the beam is used to treat the patients. 3200 

Therefore the systems must be designed robustly enough that no false alarms are given. It depends on the 3201 

local regulations what type of action needs to be performed when an alarm is given. 3202 

 3203 

As the above monitoring system is expensive, it is difficult to distribute many stations. Because the 3204 

neutron dose is usually dominant around a particle therapy facility, it is possible to place many neutron 3205 

rem meters, described in Section 4.2.2.1.1, whose analog outputs are read by a programmable logic 3206 

controller (PLC) of a safety system (Uwamino et al., 2005). When the analog output is logarithmic, the 3207 

PLC reads the dose rate with a wide dynamic range of more than 5 decades. If the analog output is a 3208 

voltage signal, it can be converted into a current signal for a reliable transmission. 3209 

 3210 

4.2.5  Passive Monitoring 3211 

 3212 

Passive detectors that were originally developed for individual monitoring, described in Section 3213 

4.4.3, can be also used for environmental radiation monitoring. Though real-time results cannot be 3214 

obtained with passive detectors, they are very useful because of their low cost. They directly give 3215 
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integrated doses over an appropriate time period. Furthermore, passive monitors are hardly influenced by 3216 

the time structure of a pulsed radiation field, electric noise from lightning, and mechanical shocks.  3217 

 3218 

Since individual monitors are calibrated on a phantom, they cannot be used directly for 3219 

environmental measurements. The monitors must be calibrated in free air as described in Section 4.5.2. 3220 

 3221 

Hranitzky et al. (2002) developed an H*(10) photon dosimeter with a LiF thermoluminescence 3222 

dosimeter (TLD) and filters. It showed good energy dependence, with less than 5 % deviation between 3223 

30 keV and 2.5 MeV. 3224 

 3225 

For x-ray dose measurements near linacs and ECR ion sources, an H*(10) dosimeter was 3226 

developed using LiF TLD chips (Fehrenbacher et al., 2008). Each dosimeter has four TLD chips, and 3227 

two chips are covered with copper filter. The weighted average of readings of these tips gives good 3228 

responses over the energy range from 10 keV to about 4 MeV; i.e., the deviations of the relative 3229 

sensitivity from the H*(10) response are lower than 25 %. 3230 

  3231 

By using a pair of thermoluminescence dosimeters of 6LiF and 7LiF and a specially designed 3232 

moderator, Fehrenbacher et al. (2007b; 2007c) developed an H*(10) dosimeter for a wide spectrum of 3233 

neutrons ranging up to several hundreds of MeV. 3234 

 3235 

In high-intensity neutron fields, activation foils are also applicable. Capture reactions of Mn, Co, 3236 

Ag, In, Dy, and Au are useful for thermal neutron measurement. For fast neutrons, threshold reactions of 3237 

12C(n, 2n)11C, 27Al(n, )24Na, 27Al(n, 2n)22Na, 59Co(n, )56Mn, 197Au(n, 2n)196Au, 209Bi(n, xn)210-xBi 3238 

(x=4 to 12), etc. are useful. A combination of these reactions can give a neutron spectrum in the MeV 3239 
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region. Indium activation detectors inserted at the center of spherical polyethylene moderators can be 3240 

used for neutron spectrometry for the energy range between thermal and 20 MeV (Uwamino and 3241 

Nakamura, 1985). 3242 

 3243 

4.3  Measurement of Residual Radioactivity 3244 

 3245 

4.3.1  Introduction 3246 

 3247 

Residual radioactivity is sometimes significant at locations where the beam losses are high, such as 3248 

the beam extraction device, beam dump, energy selection system, components in a passive scattering 3249 

treatment port, and delivery nozzle that intercept the beam. Measurement of the radiation intensity at 3250 

locations where maintenance work may be done is important in order to avoid any excess personnel 3251 

exposure. 3252 

 3253 

Collimators, ridge filters, and range modulators, which are fixed at the treatment port of a passive 3254 

irradiation facility, are significantly activated. However, the bolus and the patient collimator for each 3255 

patient are irradiated for a short time, and the residual activities last only for a relatively short period 3256 

after irradiation because of the short half-lives (T1/2) of the induced radioactive isotopes, for example, 11C 3257 

(T1/2 = 20.4 min) in bolus and 62mCo (T1/2 = 13.9 min) in collimator (Tujii et al., 2009; Yashima et al., 3258 

2003). Thus, the exposure of the treatment staff who handle these patient-specific devices is low (Tujii et 3259 

al., 2009). However, at most facilities that use passive scattering techniques, these devices are stored for 3260 

up to 2 to 3 months before they are shipped out of the facility. At a scanning irradiation facility with a 3261 

synchrotron, activation problems are hardly observed at the treatment port. 3262 
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Compared to the activation at accelerator laboratories for physics research, the activation situation 3263 

in particle therapy facilities can be quite different. In patient treatment rooms, the level is usually not 3264 

very high. In facilities with a cyclotron, however, the strongest activity is in the degraders and the 3265 

following emittance defining collimators, that is, the energy selection system. Usually this system is 3266 

located in the beam line directly from the cyclotron and here more than 90 % of the beam intensity is lost 3267 

in the degrader and on collimators. This system needs to be accessed for maintenance or repairs only and 3268 

can be shielded properly. In the cyclotron itself several hot spots are present due to beam losses. These 3269 

can be taken care of by local shielding or removal of the hot components. 3270 

 3271 

Measurement of residual radioactivity is important when the accelerator components, beam 3272 

delivery nozzle, and patient-specific irradiation devices are classified as “radioactive” or “not 3273 

radioactive” for waste management. 3274 

 3275 

4.3.2  Ionization Chamber 3276 

 3277 

Ionization chamber survey meters are the most suitable and reliable detectors for the measurement 3278 

of ambient dose rate due to residual radioactivity. Some detectors have removable windows on the 3279 

chambers, and they can measure the beta-ray dose that may be important for the estimation of skin dose.  3280 

 3281 

4.3.3  NaI(Tl) Scintillators 3282 

 3283 

NaI(Tl) scintillation survey meters with correction circuits for energy dependency give accurate 3284 

results of ambient dose rate, similar to an ionization chamber. The lower detection limits are low enough 3285 

for background measurements and they can also be used for the measurement of radioactive waste. 3286 
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 3287 

Handheld photon spectrometers described in Section 4.2.3.1, which function also as dosimeters, 3288 

may be used for nuclide analysis of residual activity. Because of their limited energy resolution, 3289 

complicated spectra cannot be resolved. For a precise analysis, high purity germanium (Ge) detectors are 3290 

recommended. 3291 

 3292 

4.3.4  Geiger-Müller Tube 3293 

 3294 

A Geiger-Müller survey meter with a thin window has almost 100 % sensitivity to the incoming 3295 

beta rays, and it is very useful in classifying materials as radioactive or not. 3296 

 3297 

A survey meter having an extendable rod with a small Geiger-Müller counter installed at its tip is 3298 

useful for the measurement of high dose rate from a remote position. 3299 

 3300 

4.3.5  Other Survey Meters for Contamination Measurement 3301 

 3302 

Detectors such as proportional counters, plastic scintillators, and semiconductor detectors are used 3303 

in survey meters for contamination measurements. These survey meters are also useful in classifying 3304 

materials as “radioactive” or “not radioactive.” Unlike the Geiger-Müller tube, the properties of these 3305 

detectors hardly deteriorate with time. 3306 

 3307 

A hand-foot-clothes monitor is useful equipment for contamination tests of a body. Geiger-Müller 3308 

tubes, proportional counters, and plastic scintillators are often used as sensors. Most sensors are sensitive 3309 
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to beta and gamma rays. Some sensors simultaneously detect alpha-emitter contamination. The monitors 3310 

are usually placed at the entrances of controlled areas. 3311 

 3312 

4.4  Individual Monitoring 3313 

 3314 

4.4.1  Introduction 3315 

 3316 

Individual personnel exposure is classified as external and internal exposures. Internal exposure is 3317 

usually important for unsealed-radioisotope handling, and should be considered when highly activated 3318 

accelerator devices, such as targets and charge-exchange stripper foils, are handled. If a cyclotron-based 3319 

particle therapy facility using passive irradiation systems has many treatment ports and is operated with 3320 

high duty factors, this kind of internal exposure may be important. Although internal exposure is usually 3321 

not important at particle therapy facilities, one should be cautious with removal of dust from some hot 3322 

spots (e.g., degrader region in a cyclotron facility), cooling water which may have been contaminated by 3323 

neutron or proton exposure, and activated air in the cyclotron/degrader vault, shortly after switching off 3324 

the beam. 3325 

 3326 

Dose equivalents, Hp(10) and Hp(0.07), are measured for the estimation of the individual external 3327 

exposure. The former is important for the effective-dose estimation and the latter is used for the 3328 

equivalent-dose estimation for skin and eye lenses. Typically, a single personal dosimeter is used, and it 3329 

is normally worn on the chest for males or on the abdomen for females. If a strong non-uniform exposure 3330 

is expected, supplementary dosimeters are worn on the extremities such as the finger or head. 3331 

 3332 
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If accelerator or energy selection devices having high residual activity require hands-on 3333 

maintenance, a ring badge worn on a finger is recommended, as the exposure of hands is normally much 3334 

higher than that of the torso. Because the exposure of the palm is usually higher than that of the back of 3335 

the hand, wearing a ring badge with the sensitive part facing inside is recommended. 3336 

 3337 

4.4.2  Active Dosimeter  3338 

 3339 

Many types of active personal dosimeters using semiconductor detectors or small Geiger-Müller 3340 

tubes are available. These detectors usually measure and display the accumulated exposure after being 3341 

switched on. 3342 

 3343 

Several different types of dosimeters are available. Alarm meters provide an alarm when the 3344 

accumulated exposure exceeds a preset value. Small survey meters indicate the dose rate. Others make 3345 

audible clicking sounds with a frequency that corresponds to the dose rate. Some record the trend of the 3346 

exposure and the data are transmitted to computers for analysis. 3347 

 3348 

Many products are commercially available; for example, DOSICARD,10 PDM,11 and Thermo 3349 

EPD.12 The last one has all the functions described above. A novel example is PM1208M,13 which is a 3350 

 
10 Canberra Industries, Inc., 800 Research Parkway, Meriden, Connecticut 06450 U.S.A. 

11 ALOKA Co., Ltd., 6-22-1, Mure, Mitaka,Tokyo 181-8622 Japan 

12 Thermo Fisher Scientific Inc., Bath Road, Beenham, Reading, Berkshire RG7 5PR, UK 

13 Polimaster Ltd., 51, Skoriny str., Minsk 220141, Republic of Belarus 
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wristwatch that includes a gamma-ray dosimeter. NRF3014 can be connected to the personal access 3351 

control system, which records the time of entry and exit and the corresponding exposure. 3352 

 3353 

Though small batteries power these dosimeters, many dosimeters work continuously for a week or 3354 

several months. Radio waves of a cellular phone may affect the responses of some of these dosimeters. 3355 

 3356 

4.4.3  Passive Dosimeter 3357 

 3358 

Passive dosimeters measure the integrated dose and therefore do not provide any information on 3359 

the real-time exposure. However, these dosimeters are small, noise-free, and not susceptible to 3360 

mechanical shock. Their measurements are independent of the time structure of a radiation field in 3361 

contrast to the active dosimeters, which may give an underestimated value in a strong-pulsed field. 3362 

 3363 

4.4.3.1  Thermoluminescence Dosimeter (TLD).  An exposed TLD element, such as calcium 3364 

sulfate doped with thulium (CaSO4:Tm), emits light when it is heated. The intensity of the light emission 3365 

is a measure of the exposure. The TLD reader can be placed on a desk, and therefore in-house dosimetry 3366 

is common. A TLD dosimeter for measuring both photons and beta rays is available. This consists of 3367 

several elements having different filters, and both Hp(10) and Hp(0.07) can be measured with one 3368 

dosimeter. 3369 

 3370 

Since the size of TLD is small, it can also be used in a ring badge that measures the exposure to the 3371 

hands. 3372 

 3373 

 
14 Fuji Electric Systems Co. Ltd., 1-11-2, Osaki, Shinagawa, Tokyo 141-0032 Japan 
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4.4.3.2  Optically Stimulated Luminescence (OSL) Dosimeter.  An exposed OSL element, such 3374 

as carbon-doped aluminum oxide (Al2O3:C) emits blue light when it is irradiated by a green laser light. A 3375 

dosimeter badge consisting of an OSL element and filters, which is used for photons and beta rays, is 3376 

commercially available: LUXCEL OSL.15 A company16 provides dosimetry service; that is, the company 3377 

distributes dosimeter badges consisting of OSL elements, and, after use, it reads and evaluates the 3378 

exposure. An OSL reader that can be placed on a desk is also available, and thus in-house dosimetry is 3379 

also possible. The dosimeter is applicable for energies between 5 keV and 10 MeV for photons and 3380 

between 150 keV and 10 MeV for beta rays. The readable dose ranges between 10 Sv and 10 Sv for 3381 

photons and 100 Sv and 10 Sv for beta rays. 3382 

 3383 

4.4.3.3  Glass Dosimeter.  An exposed chip of silver-doped phosphate glass emits orange light 3384 

when it is irradiated with ultraviolet laser light. Several glass elements and filters, assembled as a photon 3385 

and beta-ray dosimeter badge, is commercially available.17 In-house dosimetry and an external-company 3386 

service18 are both available. Reading of the glass element does not reset the dosimeter, and the long-term 3387 

accumulated dose can be obtained directly. The dosimeter is reset by annealing at high temperatures. 3388 

Performance of the glass dosimeter is almost the same as the OSL dosimeter. 3389 

 3390 

4.4.3.4  Direct Ion Storage (DIS) Dosimeter.  In a DIS dosimeter, a charge stored in a 3391 

semiconductor is discharged by the current of an ionization chamber. The discharge is read as the change 3392 

 
15 Landauer Inc., 2 Science Road, Glenwood,  Illinois 60425-1586 U.S.A. 

16 Landauer Inc., 2 Science Road, Glenwood,  Illinois 60425-1586 U.S.A. 

17 Chiyoda Technol Corp., 1-7-12, Yushima, Bunkyo, Tokyo 113-8681 Japan 

18 Chiyoda Technol Corp., 1-7-12, Yushima, Bunkyo, Tokyo 113-8681 Japan 
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in conductivity. The RADOS DIS-1 dosimeter19 has a good energy response to photons. The applicable 3393 

energy range is between 15 keV and 9 MeV for photons, and 60 keV and 0.8 MeV for beta rays. Photon 3394 

doses between 1 Sv and 40 Sv, and beta-ray doses between 10 Sv and 40 Sv can be read with this 3395 

dosimeter. In-house dosimetry is common. It can also be used as an active dosimeter by attaching a small 3396 

reader to the detector. 3397 

 3398 

4.4.3.5  Solid State Nuclear Track Detector.  Recoil protons, which are produced in a 3399 

polyethylene radiator by fast neutrons, create small damage tracks on a plastic chip of Allyl Diglycol 3400 

Carbonate (ADC or PADC, [Poly]), which is commercially available as CR-39.20 The damage tracks can 3401 

be revealed by a suitable etching process (chemical or electrochemical). The tracks can be counted and 3402 

the track density can be related to the neutron dose equivalent. A boron converter can be used instead of 3403 

the radiator, to detect thermal neutrons through the 10B(n, ) reactions. Commercially available 3404 

dosimeters include the Landauer Neutrak 14421 which comprises the fast and thermal options with CR-3405 

39. The lower detection limit of the detector is relatively high, which is about 0.1 mSv for thermal 3406 

neutrons and 0.2 mSv for fast neutrons. The energy range for fast neutrons is 40 keV to 35 MeV. Use of 3407 

external-company22 dosimetry services is usual. 3408 

 3409 

4.4.3.6  Film Dosimeter.  A film badge dosimeter consists of photographic film and filters. The 3410 

film is developed after irradiation, and the photographic density is compared with that of the control film, 3411 

which is kept far from radiation sources. A rough estimate of the photon or beta-ray energy can be 3412 

 
19 RADOS Technology Oy, PO Box 506, FIN-20101 Turku, Finland 

20 PPG Industries, One PPG Place, Pittsburgh, Pennsylvania 15272 USA 

21 Landauer Inc., 2 Science Road, Glenwood,  Illinois 60425-1586 U.S.A. 

22 Landauer Inc., 2 Science Road, Glenwood,  Illinois 60425-1586 U.S.A. 
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obtained by using a combination of filters. Thermal neutron exposure is measured with a cadmium filter. 3413 

Observation of recoil nuclear tracks with a microscope gives the exposure of fast neutrons. External-3414 

company dosimetry services are usually used. In spite of these features, the film badge dosimeter is 3415 

disappearing quickly because of the following disadvantages: higher detection limit of about 100 Sv for 3416 

photons and beta rays and of several hundreds of Sv for neutrons; and fading phenomenon that makes 3417 

the measurement impossible if the dosimeter is left for several months without development after 3418 

irradiation. 3419 

 3420 

4.5  Calibration 3421 

 3422 

4.5.1  Introduction 3423 

 3424 

Calibration involves the comparison between the reading of a dosimeter with the dose rate in a 3425 

standard radiation field that is traceable to a national standard field, and a description of the relationship 3426 

between them. Details of the calibration procedure are precisely explained in the ICRU reports for 3427 

photon dosimeters (ICRU, 1992a) and for neutron dosimeters (ICRU, 2001). 3428 

 3429 

The calibration factor, N, is given by: 3430 

 MHN =  (4.1) 3431 

where H is the dose rate of the standard field, and M is the reading of the detector after necessary 3432 

corrections are applied, for example, with atmospheric pressure and with temperature. 3433 

 3434 

There are two kinds of calibration: one is to obtain the detector characteristics of energy, angular 3435 

and dose-rate dependencies, and the other is to determine the changes in the detector performance with 3436 
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time, such as absolute sensitivity. The manufacturer usually does the former calibration with adherence 3437 

to national industrial standards. Users do the latter once or twice a year. The latter calibration done by the 3438 

user is described below. 3439 

 3440 

4.5.2  Calibration of Ambient Dose Monitor 3441 

 3442 

4.5.2.1  Calibration of Photon Monitor.  A standard field can be achieved by using a standard 3443 

gamma-ray source of 60Co or 137Cs. The standard dose rate, H, is obtained with the following formula: 3444 

 fXH =  (4.2) 3445 

where X is the given exposure rate at a 1 m distance from the standard source, and f is the conversion 3446 

factor of exposure to ambient dose equivalent, H*(10) , for the gamma-ray energy of the source. If the 3447 

detector is not placed at 1 m distance from the source, then X should be corrected according to the 3448 

inverse-square-law of the distance, assuming a point source of radiation. 3449 

 3450 

If a standard exposure dosimeter, which is calibrated in a field having traceability to the national 3451 

standard field, is used, then the standard dose rate, H is given by: 3452 

 SS MfNH =  (4.3) 3453 

where MS is the reading of the standard dosimeter after necessary corrections are applied, NS is its 3454 

calibration factor, and f is the conversion factor of exposure to ambient dose equivalent, H*(10). 3455 

 3456 

The photons reaching the calibration point after scattering from the walls, floor, and roof are 3457 

ignored in Equation 4.2. In Equation 4.3, the change of photon energy through the scattering is also 3458 

ignored. Thus, the detector must not be placed far from the source. On the other hand, if the detector is 3459 

placed too close to the source, non-uniform irradiation of the detector is caused and a further 3460 
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consequence is a larger relative uncertainty in the distance. Therefore, in order to assume a point source 3461 

of radiation, the distance should be greater than 5 times the detector diameter, and smaller than 2 m if the 3462 

source is not collimated. The detector and the source should be located at least 1.2 m away from the 3463 

floor, and 2 m away from the wall and the roof. 3464 

 3465 

4.5.2.2  Calibration of Neutron Monitor.  252Cf (average energy = 2.2 MeV) and 241Am-Be 3466 

(average energy = 4.5 MeV) sources are used for calibration. Since scattering significantly affects the 3467 

dose rate for neutrons, it cannot be reduced to negligible levels. The calibration factor, N, for a standard 3468 

source with a given neutron emission rate, can be obtained with the following formula: 3469 

 
BF MM

H
N

−
=  (4.4) 3470 

where H is the dose rate calculated with the product of the source emission rate and the conversion factor 3471 

of neutron fluence to dose equivalent, MF is the reading of the detector irradiated by direct and scattered 3472 

neutrons, and MB is the background reading of the detector irradiated only by scattered neutrons, in 3473 

which case the direct neutrons are shielded by a shadow cone placed between the source and the detector. 3474 

 3475 

Shielding of the direct neutrons needs a massive and costly shadow cone. Instead of using 3476 

Equation 4.4, the following procedure is also applicable. Since the angular dependence of the neutron 3477 

detector sensitivity is usually small, the dose rate, H, including the scattered neutrons at the calibration 3478 

point, can be determined with a standard reference dosimeter. A detector to be calibrated is also 3479 

irradiated with the direct and scattered neutrons, and the calibration factor, N, is simply obtained with 3480 

Equation 4.1 and Equation 4.3, where f is unity if the standard reference dosimeter reads ambient dose 3481 

equivalent. 3482 

 3483 
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If the neutron rem meter is of the conventional type and responds to neutrons below 15 MeV, the 3484 

rem meter calibrated using the above procedure gives a correct value only in a neutron field of energy 3485 

below 15 MeV. High-energy neutrons are dominant at a particle therapy facility and a conventional rem 3486 

meter may give only one third of the true dose rate as described in Section 4.2.1.1. To estimate the 3487 

correct dose rate, the neutron energy fluence, )(E , at the field has to be determined. However, the 3488 

absolute value of )(E  is not necessary here. The energy-corrected calibration factor, NC, is estimated by: 3489 
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 (4.5) 3490 

where E is particle energy, E(AP) is the dose conversion coefficients from particle fluence to effective 3491 

dose for AP geometry, and R(E) is the detector response. When the reading of the rem meter, M, is 3492 

multiplied by NC, the correct effective dose is obtained.23 On the other hand, if the rem meter has an 3493 

improved energy response to high-energy neutrons, it gives also a correct value at high-energy field. 3494 

 3495 

4.5.3  Calibration of Individual Monitors 3496 

 3497 

Individual monitors are worn on and close to the body; thus, the contribution of the scattered 3498 

photons and neutrons is high. Therefore, the calibration is typically performed with the individual 3499 

monitor placed on a water phantom of 30 cm width by 30 cm height by 15 cm thickness. The monitor 3500 

should be placed more than 10 cm away from the edge of the phantom. 3501 

 3502 

 
23 Since the H*(10) dose is much smaller than the effective dose for high-energy neutrons as described in Section 4.1.1, 

evaluation of the effective dose is discussed. If H*(10) is estimated, the dose conversion coefficients for E(AP) are replaced 

by the dose conversion coefficients for H*(10). 
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The dose rate at the detector position without the phantom, H, is calculated using Equation 4.2 3503 

with the conversion factor of exposure to the HP(10) dose rate, f. In the case of neutrons, H is calculated 3504 

by the product of the given neutron emission rate of the source and the conversion factor of fluence to the 3505 

HP(10) dose rate. The calibration factor, N, is obtained using Equation 4.1 with the standard dose rate, H, 3506 

and the reading of the monitor, M. 3507 

 3508 

 The directional personal 10 mm depth dose equivalent is expressed as HP(10, ), where  is the 3509 

angle between the normal direction of the phantom surface and the direction of radiation. The ratio, R, of 3510 

HP(10, ) to HP(10, 0º) is close to unity (0.8 < R < 1 for  > 75º) for photons of energies above 0.4 MeV 3511 

and for neutrons of energies above 5 MeV. From Fig. 4.3, it can be observed that high-energy particles 3512 

are the dominant contributors to the doses, and the angular distribution of the radiation does not seriously 3513 

affect the individual exposure. If the angular dependence of the individual monitor is significantly 3514 

different from that of HP(10, ) even at higher energies, the reading of the monitor is not reliable. The 3515 

calibration factor, N, for angular incidence should also be considered.  3516 

3517 
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5.  Activation 3518 

Yoshitomo Uwamino 3519 

 3520 

5.1  Introduction 3521 

 3522 

Induced radioactivity produced in an accelerator and its beam-line components may cause 3523 

exposure of maintenance workers, and makes the disposal of activated components difficult. Further, 3524 

radioactivity in the vicinity of the treatment port, beam shaping, and delivery systems may result in the 3525 

exposure of medical staff. This exposure may not be negligible at a facility that does not use a scanning 3526 

irradiation system. At a cyclotron facility, induced radioactivity of the energy selection system (ESS) is 3527 

significant. 3528 

 3529 

Accelerated particles exiting the vacuum window interact by nuclear reactions in the air path 3530 

upstream of the patient, causing activation. The air is also activated by the secondary neutrons that are 3531 

produced by nuclear reactions of charged particles in the equipment and on the patient. These secondary 3532 

neutrons also produce radioactivity in equipment cooling water and possibly in groundwater. 3533 

 3534 

Treatment with high-energy charged particles intrinsically activates the diseased part of the 3535 

patient. Tujii et al. (2009) irradiated a phantom with proton and carbon beams at therapy facilities and 3536 

measured the activation. The estimated exposure of medical staffs and family members of the patient was 3537 

negligibly small, and the concentration of radioactivity in the excreta of the patient was insignificant 3538 

when the dilution at a lavatory was taken into account. 3539 

 3540 
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A comprehensive book on induced radioactivity was written by Barbier (1969), and useful data 3541 

was published by the International Atomic Energy Agency (IAEA, 1987). Activation-associated safety 3542 

aspects of high-energy particle accelerators are discussed in several books (e.g., IAEA, 1988; Sullivan, 3543 

1992).  3544 

 3545 

Induced radioactivity and its resulting radiation field can be estimated by using a single Monte 3546 

Carlo program starting with the primary accelerated particles (Ferrari, 2005). Several Monte Carlo codes 3547 

calculate the production of residual radioactivity, and post-processing programs follow the decay chain 3548 

of the radioactivity and calculate the gamma-ray transport and the dose rate. Chapter 6 explains Monte 3549 

Carlo methods in detail, while in this chapter, calculation and measurement techniques to determine 3550 

activation of equipment, buildings, water, and air are described. 3551 

 3552 

5.1.1  Activation Reactions 3553 

 3554 

Since neutrons are not affected by the Coulomb barrier of the nuclei, neutrons of any energy react 3555 

with nuclei. Thermal neutrons mostly interact via (n, ) reactions. However, with some nuclides, such as 3556 

6Li, they produce 3H through the (n, ) reaction. Neutrons of energy higher than the excited level of the 3557 

target nucleus provoke (n, n’) reactions. Usually, the excited nucleus immediately transits to its ground 3558 

state accompanied by gamma-ray emission. When the neutron energy is sufficiently high enough to 3559 

cause particle emission, many types of activation reactions, such as (n, p), (n, ), (n, 2n), etc. occur. 3560 

Relativistic high-energy neutrons cause spallation reactions that emit any type of nuclide lighter than the 3561 

target nucleus. 3562 

 3563 
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Charged particles with energy lower than the Coulomb barrier do not effectively react with 3564 

nuclei. Coulomb excitation causes x-ray emission and fission in special cases, such as in uranium. These 3565 

phenomena, however, can be usually ignored because the x-ray energy is low and not penetrative, and 3566 

because the fission probability is very small. When the particle energy becomes higher than the Coulomb 3567 

barrier, particles produce compound nuclei. Depending upon the excitation energy of the compound 3568 

nuclei, (x, ) reactions (where x is the incident charged particle), and particle-emitting reactions, such as 3569 

(x, n), (x, p) and (x, ) reactions, occur and often result in the production of radioactive nuclides. The 3570 

high-energy charged particles can also cause spallation reactions. 3571 

 3572 

Examples of reaction cross sections are shown in Figs. 5.1 and 5.2. Figure 5.1 is the neutron 3573 

capture cross section for 59Co. The capture cross sections are generally proportional to 1/v (v is the 3574 

neutron velocity) or E1 , where E is the energy. They fluctuate at the resonance energy region 3575 

according to the characteristics of the nuclide. The 59Co(n, )60Co reaction is important for the activation 3576 

of stainless steel by thermal neutrons. The cross sections of threshold activation reactions of 27Al are 3577 

shown in Fig. 5.2. The threshold energies are 1.9 MeV, 3.2 MeV and 13.5 MeV for the 27Al(n, p)27Mg, 3578 

27Al(n, )24Na, and 27Al(n, 2n)26Al reactions, respectively. In general, cross sections for threshold 3579 

reactions rapidly increase beyond the threshold energy and have a peak. They decrease beyond the peak 3580 

energy, since other reaction channels open with the increase of energy. 3581 

 3582 

Figure 5.3 shows the nuclides produced by various reactions of neutrons and protons. The heavy 3583 

ion reactions are more complex and, therefore, it is difficult to show a similar kind of figure. 3584 

3585 
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Figure 5.1.  Cross section for the 59Co(n, )60Co activation reaction as a function of energy (Chadwick et 3588 

al., 2006). 3589 
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Figure 5.2.  Cross sections for the 27Al(n, p)27Mg, 27Al(n, )24Na, and 27Al(n, 2n)26Al activation reactions 3593 

as a function of energy (Chadwick et al., 2006). 3594 
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Figure 5.3.  Nuclides produced by various nuclear reactions. (n, d) reaction includes (n, pn) reaction, and 3598 

(n, t) reaction includes (n, dn) and (n, p2n) reactions, and so on. 3599 
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5.1.2  Activation and Decay 3601 

 3602 

The production rate of a radioactive nuclide, R (s-1), is calculated by the following formula: 3603 

 VNR F=  (5.1) 3604 

where  (cm-2 s-1)  is the radiation fluence rate averaged over the irradiation field,  (cm2) is the 3605 

activation cross section averaged over the radiation energy, NF (cm-3) is the atomic density of the nuclide 3606 

to be activated, and V (cm3) is the volume of the irradiation field. 3607 

 3608 

The radioactivity, A(TR) (Bq), immediately after an irradiation time period of TR (s) is given by 3609 

the following formula: 3610 

 )1()( R

R

T
eRTA

−
−=  (5.2) 3611 

where  (s-1)  is the decay constant of the radioactive nuclide. R is the saturation activity. If TR is much 3612 

longer than the half-life, T1/2 (= ln2/), A(TR) becomes equal to R. 3613 

 3614 

The radioactivity after TD seconds have elapsed after the irradiation end, A(TR +TD) (Bq), is given 3615 

by the following formula: 3616 

 DR )1()( DR

TT
eeRTTA

 −−
−=+  (5.3) 3617 

Equation 5.3 is shown in Fig. 5.4 with the thick solid line.  3618 

3619 
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Figure 5.4.  Change of radioactivity during irradiation and decay. The thick solid line shows the general 3622 

case, the dotted and dashed line shows the case of short half-life (TR >> T1/2), and the dashed line shows 3623 

the case of long half-life (TR << T1/2 and TD << T1/2). 3624 

3625 
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If TR is much longer than the half-life, 21R TT  , the radioactivity is saturated at the end of 3626 

irradiation, and the radioactivity after the irradiation is approximated by the following formula: 3627 

 D)( DR

T
eRTTA

−
+  (5.4) 3628 

The radioactivity reaches a maximum (saturation activity), and decays in a short time after the 3629 

irradiation. This is shown by the dotted and dashed line in Fig. 5.4. 3630 

 3631 

If TR and TD are much shorter than the half-life, the produced radioactivity accumulates almost 3632 

without any disintegration. The amount of radioactivity is much smaller than the saturation value. This is 3633 

shown by the dashed line in Fig. 5.4. 3634 

 RDR )( TRTTA +  (5.5) 3635 

 3636 

Compared with the high-energy, high-intensity accelerators used for physics research, the beam 3637 

intensity of the particle therapy facility is low, and therefore, saturation radioactivity is also low. 3638 

Moreover, the irradiation time is short at a therapy facility, and the cumulated radioactivity of long-half-3639 

life nuclides is usually low. Therefore, the exposure of maintenance workers and medical staff is not 3640 

usually of major concern at a facility dedicated to charged particle therapy. However, the activation of air 3641 

may become significant level in a treatment room and in an enclosure of equipment where high beam 3642 

loss occurs. 3643 

 3644 

5.2  Accelerator Components 3645 

 3646 

5.2.1  Residual Activity Induced by Primary Particles 3647 

 3648 
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Radioactive nuclides are mostly produced by primary beams in the accelerator and beam-line 3649 

components, including beam shaping and delivery devices, and the energy selection system (ESS). The 3650 

accelerator and beam-line components are mainly made of aluminum, stainless steel (nickel, chromium 3651 

and iron), iron, and copper. Residual activities are induced by spallation reactions occurring between 3652 

these materials and the projectile particles. 3653 

 3654 

Because of high melting point and high density, tungsten and tantalum are often used in 3655 

accelerators, e.g. at an extraction septum of a cyclotron and at beam stoppers. They are not only 3656 

activated, but also have a tendency to evaporate and to contaminate the surfaces of the surrounding 3657 

materials. 3658 

 3659 

5.2.1.1  Residual Activities in Al, Cr, Fe, Ni, Cu.  Various radionuclides are produced from 3660 

spallation reactions. Reaction cross sections of nuclides produced in Cu, Ni, Fe, Cr, and Al for 400 3661 

MeV/nucleon 12C ion irradiation were measured at HIMAC and shown in Fig. 5.5. In Fig. 5.5, a strong 3662 

target mass number dependency is not observed, but there is a wider distribution of the produced 3663 

nuclides with increasing target mass number. 3664 

3665 
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Figure 5.5.  Reaction cross sections of nuclides produced in Cu, Ni, Fe, Cr, and Al for 400MeV/nucleon 3668 

12C ion irradiation (Yashima et al., 2004a).  3669 

3670 
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5.2.1.2  Mass-Yield Distribution of Residual Activities in Cu.  The mass-yield (isobaric-yield) 3671 

distributions of nuclides produced in Cu for various projectiles and energies are shown in Fig. 5.6. The 3672 

product nuclides can be divided into the three groups of (I) to (III) as shown in Fig. 5.6; (I) target 3673 

fragmentation occurring from a reaction of small impact parameter or projectile fragmentation of a heavy 3674 

projectile, (III) target fragmentation occurring from a reaction in which the impact parameter is almost 3675 

equal to the sum of projectile radius and the target radius, (II) target fragmentation occurring from a 3676 

reaction in which the impact parameter lies between (I) and (III). 3677 

 3678 

It is evident from Fig. 5.6 that the cross sections of isobaric yields initially decrease with 3679 

increasing mass number difference between Cu and the product nuclide. However, the production cross 3680 

sections increase for light nuclides of group (I), since light nuclides like 7Be are produced not only by 3681 

heavy disintegrations of the target nuclei through small-impact-parameter reactions, but also as smaller 3682 

fragments of light disintegrations. These light nuclides are also produced by projectile fragmentations of 3683 

heavy particles.  3684 

3685 
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Figure 5.6.  Mass-yield (isobaric-yield) distributions of nuclides produced in Cu for various projectile 3688 

particles and energies. The distributions are divided into three groups as explained in the text (Yashima 3689 

et al., 2002; 2004a).  3690 
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5.2.1.3 Spatial Distribution of Residual Activities with Cu Target Depth.  The spatial 3692 

distributions of residual activities of 7Be, 22Na, 38Cl, 49Cr, 56Mn, and 61Cu induced in Cu are shown in 3693 

Fig. 5.7(a) to (f) , where the target depth is expressed in units of the projectile range. In this Section and 3694 

the following two Sections (5.2.1.4 and 5.2.1.5), the residual activities produced in the vicinity of the 3695 

primary ion trajectory are discussed. Whereas the activities are mostly produced by the primary ions, 3696 

they include the productions of secondary charged particles and neutrons. Figures 5.7(a) to (f) can be 3697 

understood and summarized as follows. When the mass number difference between Cu and the produced 3698 

nuclide is large, i.e., the produced nuclide belongs to group (I) in Fig. 5.6, the nuclides are produced 3699 

dominantly by the primary projectile reaction. Most of the reaction cross sections therefore slowly 3700 

decrease with target depth, according to the attenuation of projectile flux through the target. When the 3701 

mass number difference between Cu and the produced nuclide is small, i.e., the nuclides produced 3702 

belonging to group (II) or (III) in Fig. 5.6, the fraction of nuclides produced by reactions with secondary 3703 

particles is large. With increasing mass number of the produced nuclides and the projectile energy, the 3704 

residual activity increases with the depth of the Cu target due to the increasing contribution of secondary 3705 

particle reactions. In Fig. 5.7(a), 5.7(b), and 5.7(c), the residual activity increases steeply near the 3706 

projectile range in some cases; for example, 7Be production by 100 MeV/nucleon 12C, 22Na production 3707 

by 800 MeV/nucleon 28Si, and 38Cl production by 230 MeV/nucleon 40Ar. This is attributed to the 3708 

projectile fragmentation during flight. Since a projectile fragment has the similar velocity and direction 3709 

to the projectile ion, the projectile fragment stops at a slightly deeper point than the projectile range. 3710 

Similar phenomenon are expected in 11C production by 12C irradiation. 3711 

3712 
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Figure 5.7.  Spatial distribution of residual activities with Cu target depth for various projectile types and 3714 

energies (Yashima et al., 2004b).  3715 

3716 
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 5.2.1.4  Total Residual Activity Estimation Induced in Cu Target.  Cooling down of the total 3717 

residual activity induced in Cu target, which was estimated from the above-mentioned measured spatial 3718 

distribution, is shown in Fig. 5.8 (a) and 5.8(b) for a short irradiation time and a long irradiation time (10 3719 

months and 30 years, respectively) under the condition of 6.2 x 1012 particles/sec, i.e., 1 particle A (1 3720 

pA) beam intensity. Notice that the x-axis unit is second for Fig. 5.8(a), and day for Fig. 5.8(b). 3721 

3722 
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 (a) short iraddiation time (10 months)
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Figure 5.8.  Total residual activity induced in Cu target irradiated by 1-pA ions (Yashima et al., 2004b). 3725 
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The total residual activity produced in a thick target at the end of irradiation is shown as a 3727 

function of the total projectile energy in Fig. 5.9(a). The projectile particles are same as those of Fig. 5.8. 3728 

The total activity for the same projectile energy per nucleon decreases with increasing projectile mass 3729 

number except for 230 MeV proton irradiation. This can be explained as follows. Because the production 3730 

cross sections of these nuclides do not depend strongly on the projectile mass number having the same 3731 

energy per nucleon (Yashima et al., 2002; 2004a), the residual activities are larger with lighter 3732 

projectiles, which have longer ranges. 230 MeV protons have the same range as 230 MeV/nucleon He 3733 

and have smaller cross sections as shown in Fig. 5.6. Therefore, the total activity produced by protons is 3734 

smaller than that by He. When the total activity produced by a specific particle is compared, it increases 3735 

with increasing projectile energy per nucleon. 3736 

 3737 

The majority of the residual activities is dominated by 61,64Cu, 57,58Co, 52Mn, 51Cr, and 7Be at the 3738 

end of irradiation; 65Zn, 56,57,58Co, 54Mn, and 51Cr at a cooling time of two months; and 60Co and 44Ti 3739 

after 30 years of cooling, respectively. The fraction of these nuclides produced by reactions with 3740 

secondary particles is also large. The residual activities are therefore larger with higher energy 3741 

projectiles, which produce more secondary particles. The specific residual activity per unit mass of Cu 3742 

target is shown as a function of total projectile energy in Fig. 5.9(b). The target is a Cu cylinder having a 3743 

cross section of 1 cm2 and a length equal to the projectile range. In Fig. 5.9(b), the specific residual 3744 

activity increases with increasing the total projectile energy. 3745 

3746 
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Figure 5.9.  Projectile energy dependence of total residual activity and specific residual activity induced 3763 

in Cu target immediately after the 10 month 1-pA irradiation (Yashima et al., 2004b). 3764 
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 5.2.1.5  Gamma-Ray Dose Estimation from Residual Activity in Cu Target.  The decay of the 3766 

gamma-ray effective-dose rate at the point located 1 m distant from the Cu target is shown in Fig. 5.10(a) 3767 

and (b) for a short irradiation time and a long irradiation time (10 months and 30 years, respectively). 3768 

The contribution of annihilation photons is included in the dose rate. The dose rate at the end of 3769 

irradiation is shown as a function of total projectile energy in Fig. 5.11. The energy and projectile 3770 

dependence of gamma-ray dose is similar to that of residual activity. 3771 

3772 
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Figure 5.10.  Gamma-ray dose from total residual activities induced in Cu target irradiated by 1-pA ions 3774 

(Yashima et al., 2004b).  3775 
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Figure 5.11.  Projectile dependence of gamma-ray effective dose from total residual activity induced in 3778 

Cu target immediately after the 10 month 1-pA irradiation (Yashima et al., 2004b). 3779 
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5.2.2  Residual Activities Induced by Secondary Neutrons 3781 

 3782 

Radioactive nuclides are also induced by secondary neutrons, the energies of which extend up to 3783 

the primary proton energy, and in the case of heavy ions, up to about double the primary particle energy 3784 

per nucleon. 3785 

 3786 

Because of high permeability, neutron activation is widely distributed, while the activation by 3787 

charged particles is limited to within the particle range. The intensity of secondary high-energy neutrons 3788 

is strongly forward-peaked along the primary-particle direction, and decreases with the inverse square of 3789 

the distance from the effective source. 3790 

 3791 

Neutron-induced reaction cross section data are very scarce above 20 MeV. It is often assumed 3792 

that the cross sections have the same value as proton-induced cross sections above 100 MeV. As an 3793 

example, a comparison of cross sections of natCu(n, x)58Co and natCu(p, x)58Co reactions is shown in Fig. 3794 

5.12. In Fig. 5.12, neutron-induced reaction cross sections are slightly larger than proton-induced 3795 

reaction cross sections above 80 MeV. 3796 

3797 
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Figure 5.12.  Cross sections of the natCu(n, x)58Co and the natCu(p, x)58Co reactions (Kim et al., 1999; 3799 

Michel et al., 1997; Sisterson et al., 2005).  3800 
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Thermal neutrons are almost uniformly distributed inside an accelerator enclosure. The fluence
th  3802 

at places further than 2 m from the neutron production point can be estimated by the following simple 3803 

formula (Ishikawa, 1991): 3804 

 
S

CQ
=th  (5.6) 3805 

where C is a constant estimated to be 4, Q is the number of total produced neutrons, and S is the total 3806 

inside surface area of an enclosure, including the walls, the floor, and the roof. 3807 

 3808 

Table 5.1 shows the characteristic radionuclides produced in metals by thermal neutrons. Mn and 3809 

Co are impurities in iron and stainless steel. 56Mn is also produced by fast neutrons in the 56Fe(n, p) 3810 

reaction. Brass is an alloy of Cu and Zn. Lead bricks sometimes contain Sb to improve the mechanical 3811 

characteristics.  3812 

3813 
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Table 5.1  Characteristic radionuclides produced in metals by thermal-neutron capture. Gamma rays of 3814 

which emission probabilities are larger than 1 % are listed (Firestone, 1999; Sullivan 1992).  3815 

Radionuclide Half-life Decay mode -ray (emission) 

Fertile nuclide, abundance, 

and capture cross section 

56Mn 2.58 hour  -: 100% 

 847 keV (98.9%) 

 1811 keV (27.2%) 

 2113 keV (14.3%) 

 55Mn, 100%, 13.3b 

60Co 5.27 year  -: 100% 
 1173 keV (100%) 

 1332 keV (100%) 

 59Co, 100%, 37.2b 

64Cu 12.7 hour 

 EC: 43.6% 

 +: 17.4% 

 -: 39.0% 

 511 keV (+)  63Cu, 69.2%, 4.5b 

65Zn 244.3 day 
 EC: 98.6% 

 +: 1.4% 

 1116 keV (50.6%) 

 511 keV (+) 

 64Zn, 48.6%, 0.76b 

69mZn 13.8 hour  IT: 100%  439 keV (94.8%)  68Zn, 18.8%, 0.07b 

122Sb 2.72 day 
 -: 97.6% 

 EC: 2.4% 

 564 keV (70.7%) 

 693 keV (3.9%) 

 121Sb, 57.4%, 5.9b 

124Sb 60.2 day  -: 100% 

 603 keV (98.0%) 

 646 keV (7.3%) 

 723 keV (11.3%) 

 1691 keV (48.5%) 

 2091 keV (5.7%) 

   etc. 

 123Sb, 42.6%, 4.1b 

 3816 

3817 
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5.3 Concrete 3818 

 3819 

The amount of induced radioactivity and activity concentration in concrete used for shielding is 3820 

smaller than that in the accelerator components that are directly irradiated by the primary accelerator 3821 

beams. After accelerator operation has ceased, workers inside the shielded room are exposed by gamma 3822 

rays from 24Na (half-life = 15 hours) in the concrete. After accelerator decommissioning, the shielding 3823 

barriers are also dismantled. In this case, special care must be taken because of long-lived residual 3824 

radioactivity. 3825 

 3826 

Measured and calculated secondary neutron spectra in thick shields are shown in Fig. 5.13.  3827 

Neutron spectra do not change much, and high-energy reactions are still important at locations deep 3828 

within the shields. Radioactivity decreases exponentially with concrete depth. 3829 

 3830 

3831 
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 3832 

 3833 

 3834 

Figure 5.13.  Measured and calculated secondary neutron spectra in thick concrete or iron shields 3835 

irradiated by 140 MeV p-Li neutron source at RCNP (Kirihara et al., 2008). 3836 
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Several measurements were made in 4 m thick concrete shields of a neutron irradiation facility 3838 

using a 500 MeV proton synchrotron (Oishi et al., 2005), in 0.5 m thick shields of several proton 3839 

cyclotrons (Masumoto et al., 2008; Wang et al., 2004), and in 6 m thick 12 GeV proton synchrotron 3840 

shields (Kinoshita et al., 2008). Typical radionuclides present in concrete are 22Na, 7Be, 3H, 46Sc, 54Mn, 3841 

60Co, 134Cs, and 152Eu. When concrete comes into contact with groundwater, 22Na and 3H are dissolved in 3842 

the water, though the amount of radioactivity in the water is usually very small. 3843 

 3844 

The most important long-lived radioactive nuclides of concern in decommissioning are 22Na, 3845 

60Co, and 152Eu. 60Co and 152Eu are produced by thermal neutron capture reactions with Co and Eu 3846 

impurities in the concrete. The amounts of these impurities are small, but the 59Co(n, γ) and 151Eu(n, γ) 3847 

cross sections are large. However, 22Na is produced by nuclear spallation reactions of high-energy 3848 

neutrons. Exemption concentration levels (IAEA, 1996) are 10 Bq g-1 for these nuclides. 60Co activities 3849 

in iron reinforcing rods in concrete are important because 59Co impurities are large in iron. 3850 

 3851 

Because the amounts of impurities of 59Co and 151Eu depend upon the concrete composition, it is 3852 

difficult to estimate the activities. Typically, the activity of 3H is about ten times higher than that of 60Co 3853 

and 152Eu (Masumoto et al., 2008), although the exemption level for 3H is much larger, 106 Bq g-1. 3H are 3854 

produced by both nuclear spallation reactions and thermal-neutron capture.  3855 

 3856 

The depth profile of activity in the concrete shields of a 12 GeV proton synchrotron facility (Fig. 3857 

5.14) were measured. Samples of concrete cores were obtained by boring holes up to depths of 4 m to 6 3858 

m in the walls. Gamma activity was measured using germanium detectors, and 22Na, 54Mn, 60Co, and 3859 

152Eu -rays were identified. The concrete sample was heated, and tritium was collected in a cold trap. 3860 

Beta activity was measured using liquid scintillation counters. The results are shown in Fig. 5.15. The 3861 
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radioactivity of nuclides produced by high-energy reactions, such as 22Na, decrease exponentially as the 3862 

penetration depth in the shield increases. The activity of radionuclides produced by neutron capture 3863 

reactions, such as 60Co and 152Eu, increase from the inner surface up to the depth of about 20 cm, then 3864 

decrease with increasing the depth (Kinoshita et al., 2008). 3865 

3866 
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 3867 

Figure 5.14.  Plan view of concrete shields near the Pt targets in a 12 GeV proton synchrotron facility 3868 

(Kinoshita et al., 2008). Sampling locations of radioactivity are shown at core 1 to 7. 3869 

3870 
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 3871 

Figure 5.15.  Depth profile of radioactivity in 6 m thick concrete shields near the platinum targets 3872 

irradiated in a 12 GeV proton synchrotron facility shown in Fig. 5.14 (Kinoshita et al., 2008). 3873 
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It is easier if the concentration of radioactivity can be estimated from the measured surface dose 3875 

rates. Dose rates from concrete were calculated with an assumption that the activity is uniformly 3876 

distributed in several sizes of rectangular parallelepipeds. With a dose rate of 1 μSv/h at 10 cm distance 3877 

from the surface, the total amount and concentration of radioactivity were calculated and the results are 3878 

shown in Fig. 5.16 (Ban et al., 2004). Both the concentration and total quantity of activity do not exceed 3879 

IAEA exemption levels (IAEA, 1996) at the same time. The activity concentration and the total activity 3880 

of the exemption levels are 10 Bq/g and 1 x 106 Bq for 22Na, 10 Bq/g and 1 x 105 Bq for 60Co, and 10 3881 

Bq/g and 1 x 106 Bq for 152Eu. 3882 

3883 
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Figure 5.16. Total activity and concentration in 5 cm thick rectangular parallelepiped made of concrete 3886 

when the ambient dose equivalent H*(10 mm) rate at 10 cm distant is 1 μSv/h. Activity is uniformly 3887 

distributed in concrete (Ban et al., 2004). 3888 
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Usually it is difficult to calculate radioactivity in concrete shields because irradiation conditions 3890 

and the composition of the concrete are not well known. Benchmark calculations were done at the KENS 3891 

spallation neutron source facility (Oishi et al., 2005). Source neutrons from a tungsten target bombarded 3892 

by 500 MeV protons were calculated using the NMTC/JAM code (Niita, 2001). Neutron-induced 3893 

activities in 4 m thick concrete were calculated using the NMTC/JAM code at neutron energies above 20 3894 

MeV, and using the MCNP5 code below 20 MeV. Good agreement to within factors of 2 to 5 were 3895 

obtained for the nuclides that were not produced mainly by the spallation reactions, though there were 3896 

large differences for 28Mg, 52Mn, 7Be, and 56Co. 3897 

 3898 

5.4  Cooling and Groundwater 3899 

 3900 

5.4.1  Activation Cross Sections 3901 

 3902 

Cooling water for magnets, slits and stoppers in the beam transport line, and the energy selection 3903 

system (ESS), etc. is activated by secondary neutrons produced by beam losses of the accelerated 3904 

particles. However, at slits and stoppers and at the extraction deflector of a cyclotron, the accelerated 3905 

particles may directly hit and activate the cooling water. High-energy secondary neutrons produced by 3906 

beam losses and treatment irradiations may penetrate the shielding and activate the groundwater. 3907 

 3908 

High-energy neutrons produce 14O, 15O, 13N, 11C, 7Be, and 3H through spallation reactions of 3909 

oxygen. These production cross sections are shown in Table 5.2 (Sullivan, 1992). The cross sections 3910 

shown are for neutrons above 20 MeV. 3911 

 3912 
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The activation cross sections of protons that pass through the cooling water are thought to be equal 3913 

to those of neutrons, and Table 5.2 is applicable to the proton reactions. Natural oxygen contains 0.205 3914 

% of 18O. If protons hit water, positron-emitting 18F, with a half-life of 1.83 hours, is produced by the 3915 

18O(p, n) reaction. These reaction cross sections are shown in Fig. 5.17. 3916 

 3917 

On the other hand, since the mass number of 12C is large, the reaction cross sections of 12C are 3918 

also large. If the geometrical cross section is considered, the cross section of the 16O+12C reaction is 3919 

assumed to be 1.87 times larger than that of 16O+p reaction. The 12C cross sections thus obtained are also 3920 

shown in Table 5.2. 3921 

3922 
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Table 5.2. Water activation cross sections for neutrons and protons. The parenthesized values are for 12C 3923 

ions. (Firestone, 1999; Sullivan, 1992) 3924 

Nuclide Half-life 

Decay Mode, -ray Energy 

and Emission Probability 

Cross Section 

Oxygen (mb a) Water (cm-1) b 

3H 12.3 year - 30 (56) 1.0x10-3 (1.9x10-3) 

7Be 53.3 day EC, 0.478MeV  10.5% 5 (9) 1.7x10-4 (3.1x10-4) 

11C 20.4 min + 5 (9) 1.7x10-4 (3.1x10-4) 

13N 9.97 min + 9 (17) 3.0x10-4 (5.6x10-4) 

14O 1.18 min +, 2.3MeV  99.4% 1 (2) 3.3x10-5 (6.2x10-5) 

15O 2.04 min + 40 (75) 1.3x10-3 (2.5x10-3) 

a 1 mb = 3101 − b = 27101 − cm2 3925 

b Atomic densities are H: 6.67x1022 cm-3, O: 3.34x1022 cm-3. 3926 

3927 
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Figure 5.17.  Cross sections of 18O(p, n)18F activation reaction (Hess et al., 2001; Kitwanga et al., 1990;  3929 

Marquez, 1952; Ruth and Wolf, 1979; Takacs et al., 2003). 3930 
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5.4.2  Effects of Water Activation 3932 

 3933 

The radioactivity of 14O, 15O, 13N ,and 11C, all of which have short half-lives, reaches saturation in 3934 

a short irradiation time. The annihilation photons produced by these positron-emitting nuclides increase 3935 

the dose rate around cooling-water pipes and ion-exchange resin tanks. The dose rate around a cooling-3936 

water pipe of infinite length is given by the following formula, when the self-absorption of photons by 3937 

the water and the pipe wall is ignored: 3938 

 
d

crγ
E

2
E

2
=   (Sv/h) (5.7) 3939 

where 3940 

 E is the effective dose rate (Sv/h); 3941 

 Eγ  is the effective dose rate factor (0.00144 Sv/h Bq-1 cm-2 for positron-emitting nuclide); 3942 

 r is the radius of the cooling-water pipe (cm); 3943 

 c is the concentration of positron-emitting nuclides in water (Bq cm-3); and 3944 

 d is the distance between the cooling-water pipe and the point of interest (cm). 3945 

 3946 

The radioactivity of 14O, 15O, 13N, and 11C rapidly decreases after the end of irradiation, and the 3947 

dose rate also decreases. However, the accumulated 18F and 7Be in the ion-exchange resin result in 3948 

measurable dose rates. If the proton beam directly penetrates the water, the dose rate due to 18F may be 3949 

significant for about a day. 7Be should be taken care of when the ion-exchange resin is replaced. Its half-3950 

life, however, is 53 days, and 7Be disappears after 2 or 3 years. 3H (T) stays in water in the form of HTO, 3951 

and accumulates because of its long half-life (12.3 years). The concentration should be measured 3952 

periodically. However, the beam intensity at a particle therapy facility is low, and the concentration is 3953 

usually much lower than the limit for disposal into the sewer system. 3954 
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 3955 

The groundwater may be used for drinking purposes, and therefore, the activation must be kept 3956 

low. Radioactivity produced in the ground can transfer to the water. Unless there is a well close to the 3957 

accelerator facility, the activated water is not immediately used for drinking purposes, but can enter 3958 

drinking water supplies after it migrates in the ground. Therefore, radionuclides of short half-life, such as 3959 

14O, 15O, 13N, and 11C, and those of small mobility, such as 7Be, usually do not affect the groundwater, 3960 

while 3H may affect it. The groundwater activation should be considered at the design stage. If the water 3961 

concentration of radioactivity outside the shield is not negligible, the concentration at the well or at the 3962 

site boundary should be estimated. If the speed of groundwater is high, the accumulation of long half-life 3963 

nuclides is low. If the speed is low, decay of the nuclides is significant. Considering these phenomena, 3964 

the concentration can be estimated with the following formula: 3965 

 v

L

v

L

eeCC
21

)1(0

 −−

−=   (Bq cm-3) (5.8) 3966 

where  3967 

C is the concentration at the given point (Bq cm-3); 3968 

 C0 is the saturated concentration at the irradiation area (Bq cm-3); 3969 

  is the decay constant of the nuclide (s-1); 3970 

 L1 is the length of the irradiation area outside the shield (cm); 3971 

 v is the velocity of the groundwater (cm s-1); and 3972 

 L2 is the distance between the irradiation area and the considering point (cm). 3973 

 3974 

5.5  Air 3975 

 3976 

5.5.1  Activation Cross Sections  3977 

 3978 
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Activation of air is caused by the secondary neutrons at a particle therapy facility; however, it is 3979 

also caused by the primary particles in the air path between the accelerator vacuum system and the 3980 

patient position. 3981 

 3982 

A detailed estimation of the air activation can be done with Monte Carlo codes as shown in 3983 

Chapter 6. At most particle therapy facilities, however, the air activation is much lower than the 3984 

regulation levels, and a rough estimation is usually enough, as is is explained in the following text. If the 3985 

estimated value is close to the regulation level, a detailed estimation should be done. 3986 

 3987 

The airborne radionuclides produced by high-energy neutrons are mainly 3H, 7Be, 11C, 13N, 14O, 3988 

and 15O. Thermal neutrons produce 41Ar. The production cross sections of these nuclides are listed in 3989 

Table 5.3 (Sullivan, 1992). Cross sections shown for N and O are for neutrons above 20 MeV. 3990 

 3991 

The cross sections of N and O for protons can be considered equal to those for neutrons, and 3992 

Table 5.3 is applicable to protons. The geometrical cross section of 14N+12C is 1.90 times larger than that 3993 

of 14N+p, and that of 16O+12C is 1.87 times larger than that of 16O+p. The cross sections for 12C ions 3994 

obtained using the previously mentioned ratios are also shown in Table 5.3 in parentheses. 3995 

3996 



RC22 on Ion-Beam Therapy 

25 September 2009 

 

 

252 

 

Table 5.3.  Air activation cross sections for neutrons and protons. The parenthesized values are for 12C 3997 

ions. (Firestone, 1999; Sullivan, 1992) 3998 

Nuclide Half-life 

Emission of 

beta, gamma 

Cross Section 

Nitrogen (mb a) Oxygen (mb a) Air (cm-1) b 

3H 12.3 year - 30 (57) 30 (56) 1.5x10-6 (2.8x10-6) 

7Be 53.3 day EC, 0.478MeV  10.5% 10 (19) 5 (9) 4.4x10-7 (8.4x10-7) 

11C 20.4 min + 10 (19) 5 (9) 4.4x10-7 (8.4x10-7) 

13N 9.97 min + 10 (19) 9 (17) 4.9x10-7 (9.2x10-7) 

14O 1.18 min +, 2.3MeV  99.4% 0 (0) 1 (2) 1.1x10-8 (2.0x10-8) 

15O 2.04 min + 0 (0) 40 (75) 4.2x10-7 (7.8x10-7) 

41Ar 1.82 hour -, 1.3MeV  99.1% 610 (for 40Ar) 1.42x10-7 

a  1 mb = 3101 − b = 27101 − cm2 3999 

b Atomic densities are N: 3.91x1019 cm-3; O: 1.05x1019 cm-3; 40Ar:2.32x1017 cm-3. 4000 

4001 
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5.5.2  Estimation of Concentration of Air Activation 4002 

 4003 

Several formulae for the estimation of radionuclide concentration in the air are shown below 4004 

(RIBF, 2005). The air in a room is assumed to be uniformly mixed. 4005 

Explanatory notes for the symbols are as follows: 4006 

 A0: saturated activity (Bq) produced in a room, which is equal to R of Eq. (5.1) 4007 

 λ: decay constant (s-1) 4008 

 V: volume of the room (cm3) 4009 

 v: ventilation speed of the room (cm3 s-1) 4010 

 vA: ventilation speed at the stack of the facility (cm3 s-1) 4011 

 ε: penetration rate of the filter if a purification system is installed (1.0 except for 7Be) 4012 

 TR: irradiation time (s) 4013 

 TD: decay time between the end of irradiation and the start of ventilation (s) 4014 

 TE: working time of persons in the room (s) 4015 

 TW: time between the end of irradiation and the start of the next irradiation (s) 4016 

The air concentrations in the room and at the stack should be estimated at the planning stage of 4017 

the facility and compared with the regulatory limits. Then the required ventilation can be determined. 4018 

 4019 

 5.5.2.1 Radionuclide Concentrations of Exhaust Air.   Case 1: Average concentration at the 4020 

stack during one irradiation cycle, i.e., between the start of the first and second irradiations, under the 4021 

condition of continuous ventilation; C1 4022 
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 Case 2: Average concentration at the stack during one irradiation cycle under the condition that 4025 

the ventilation is stopped during the irradiation and started at time TD after the irradiation is stopped; C2 4026 

(Average value during the ventilating time of TW-TD) 4027 
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 5.5.2.2. Radionuclide Concentrations of Room Air.  Case 3: Air concentration of the 4029 

continuously ventilated treatment room at the time the irradiation is stopped; C3 4030 
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 4032 

 Case 4: Average air concentration in a room during the working time of TE under the condition 4033 

that work and the ventilation are started simultaneously at a time TD after the irradiation was stopped; C4 4034 
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 4036 

This condition can be applied to an accelerator enclosure, for example, where persons enter only 4037 

at maintenance time.  4038 

4039 



RC22 on Ion-Beam Therapy 

25 September 2009 

 

 

255 

 

6.  Monte Carlo Codes for Particle Therapy 4040 

Stefan Roesler 4041 

    4042 

6.1 General-Purpose Codes 4043 

 4044 

 Nowadays the use of general-purpose particle interaction and transport Monte Carlo codes is 4045 

often the most accurate and efficient choice to design particle therapy facilities. Due to the widespread 4046 

use of such codes in all areas of particle physics and the associated extensive benchmarking with 4047 

experimental data, the modeling has reached an unprecedented level of accuracy. Furthermore, most 4048 

codes allow the user to simulate all aspects of a high-energy particle cascade in one and the same run: 4049 

from the first interaction of a TeV nucleus over the transport and re-interactions (hadronic and 4050 

electromagnetic) of the secondaries produced, to detailed nuclear fragmentation, the calculation of 4051 

radioactive decays, and even of the electromagnetic shower caused by the radiation from such decays. 4052 

Consequently, there is no longer any need for time-consuming multi-step calculations employing 4053 

different Monte Carlo codes that significantly increases the consistency of the results and greatly reduces 4054 

the uncertainties related to the subsequent use of different codes.  4055 

 4056 

 At the same time, computing power has increased exponentially, allowing one to perform 4057 

complex simulations with low statistical uncertainty in a few hours or days. Often the time spent to set 4058 

up a simulation and to post-process its results significantly exceeds the actual computation time, despite 4059 

the fact that many general-purpose codes now come with user-friendly graphical interfaces that have 4060 

significantly reduced the preparation and post-processing phases as well. It follows that it is often more 4061 

economical to invest resources in a careful study optimizing the facility shielding than in conservative 4062 

shielding and infrastructure that compensate for less accurate estimates. 4063 
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 4064 

 The following general-purpose Monte Carlo codes are commonly used for radiation transport 4065 

simulations and will be described further below: FLUKA (Ferrari, 2005; Battistoni et al., 2007), 4066 

GEANT4 (Agostinelli et al., 2003; Allison et al., 2006), MARS15 (Mokhov, 1995; Mokhov and 4067 

Striganov, 2007; Mokhov, 2009), MCNPX (Pelowitz, 2005; McKinney et al., 2006), PHITS (Iwase, 4068 

2002; Niita, 2006), and SHIELD/SHIELD-HIT (Geithner et al., 2006; Gudowska et al., 2004).  4069 

 4070 

                                              6.2 Areas of Application 4071 

 4072 

6.2.1 Shielding Studies and Secondary Doses to the Patient 4073 

   4074 

 The areas of application of Monte Carlo codes include all radiation protection aspects of the 4075 

facility design. The most prominent application is shielding design where only Monte Carlo codes allow 4076 

a careful optimization of complex access mazes, ducts, wall materials, and wall thicknesses that would 4077 

be impossible to describe with analytical methods. The risks to personnel and patients due to secondary 4078 

whole-body irradiation are typically calculated by folding fluence spectra with energy-dependent 4079 

conversion coefficients that have also been obtained with detailed Monte Carlo simulations, e.g., 4080 

employing complex voxel phantoms of the human body (Pelliccioni, 2000). Numerous shielding studies 4081 

done especially for particle research accelerators and, more recently, for therapy facilities have used 4082 

Monte Carlo codes. Examples can be found in Agosteo et al. (1996b; 1996c), Brandl et al. (2005), Fan et 4083 

al. (2007), Newhauser et al. (2005a), Polf et al. (2005), Popova (2005), Schneider et al. (2002), Titt et al. 4084 

(2005), and Zheng et al. (2008). Some aspects of secondary radiation production in the beam-line 4085 

elements are discussed in Chapter 7. 4086 

 4087 
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 Monte Carlo simulations can also assess secondary doses to the patient, directly through the 4088 

calculation of energy deposition in individual organs by using phantoms of the human body (see Chapter 4089 

7). 4090 

 4091 

6.2.2 Activation Studies 4092 

 4093 

 The Monte Carlo simulation of all aspects of activation has grown significantly over the past 4094 

years due to the availability and increasing quality of both microscopic models for the production of 4095 

individual nuclides and experimental benchmark data. While an uncertainty factor of 2 to 5 in such 4096 

predictions was considered reasonable in the past, modern codes are now able to predict individual 4097 

isotopes often with a 30 % or better accuracy (Brugger et al., 2006). In addition to the production of 4098 

radionuclides, some codes also allow (in the same simulation) the computation of radioactive decay and 4099 

the transport of the decay radiation and, thus, of residual doses (Brugger et al., 2005). Consequently, the 4100 

material choice and design of shielding and accelerator components can be optimized in this regard 4101 

during the design stage, thus reducing costs at a later stage that result from precautionary measures such 4102 

as unnecessary accelerator down-times to allow for “cool-down” of components or temporary protection. 4103 

  4104 

  The capability of accurately predicting radioactive nuclide production and distributions with 4105 

Monte Carlo methods has now even entered the field of particle therapy quality assurance (e.g., positron 4106 

emission tomography, PET; see, for example, Parodi et al., 2007 and Pshenichnov et al., 2007). This 4107 

field is, however, outside of the scope of this review. Air and water activation are also typically 4108 

estimated with Monte Carlo simulations, although in this case the direct calculation of nuclide 4109 

production is usually replaced by off-line folding of particle fluence spectra with evaluated cross section 4110 
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data due to the low density of the media and the associated inefficient nuclide production during a 4111 

simulation. 4112 

 4113 

6.3 Requirements 4114 

  4115 

             The requirements can be subdivided into two categories: those related to physics modeling and 4116 

those associated with the user-friendliness of the code. While details on different Monte Carlo codes are 4117 

given further below, this Chapter provides some guidance as to which code might best fulfill the various 4118 

requirements. 4119 

 4120 

6.3.1 Shielding Studies 4121 

   4122 

 A code to be used for shielding design at a particle therapy facility should be able to describe 4123 

interactions of hadrons and nuclei with energies up to a few hundred MeV/u in arbitrary materials. 4124 

Because exposures behind shielding are typically caused by neutrons, an accurate description of double 4125 

differential distributions of neutrons and light fragments emitted in an interaction, as well as their 4126 

transport through the shield down to thermal energies, is vital. For ion beams and shielding in the 4127 

forward (beam) direction, a detailed treatment of projectile fragmentation by the respective code is of 4128 

equal importance. A folding with energy-dependent dose equivalent conversion coefficients (for 4129 

example, those summarized in Pelliccioni, 2000) and direct scoring of the latter quantity is usually most 4130 

convenient for the user, and the code should offer this option. The contribution to the total dose behind 4131 

shielding due to electromagnetic cascades is usually small (~ 20 %) as compared to the contribution by 4132 

neutrons. Still, a coupled simulation of both hadronic and electromagnetic showers through the shield is 4133 
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necessary for benchmarking the calculations with measurements (the radiation monitors may have an 4134 

enhanced response to electromagnetic particles), and for establishing so-called field calibration factors.  4135 

 4136 

 The availability of variance reduction (biasing) techniques is a ‘must’ in order for a Monte Carlo 4137 

code to be used for the design of thick shielding (one meter or more) and complex access mazes. In 4138 

contrast to an analog Monte Carlo simulation, in which physics processes are sampled from actual phase 4139 

space distributions, a biased simulation samples from artificial distributions with the aim of achieving a 4140 

faster convergence of the calculated quantities to the true values (i.e., a faster reduction of the variance) 4141 

in the phase space regions of interest, e.g., behind thick layers of shielding. Note that a biased simulation 4142 

predicts average quantities but not their higher moments and can, therefore, not reproduce correlations 4143 

and fluctuations. A rigorous mathematical treatment of variance reduction techniques can be found in 4144 

several textbooks; see for instance Lux and Koblinger (1991) and Carter and Cashwell (1975).  4145 

 4146 

 There exist several variance reduction methods. The choice of the most appropriate method 4147 

depends on the actual problem, with a combination of different techniques often being the most effective 4148 

approach. The so-called “region importance biasing” is the easiest method to apply and safest to use. The 4149 

shield is split into layers that are assigned importance factors. The values of the factors increase towards 4150 

the outside of the shield, with the relative value of the factors of two adjacent layers equal to the inverse 4151 

of the dose attenuation in that layer. 4152 

 4153 

 FLUKA (Ferrari, 2005; Battistoni et al., 2007) and MCNPX (Pelowitz, 2005; McKinney et al., 4154 

2006) are two general-purpose codes that include powerful variance reduction techniques and have 4155 

therefore been used widely in shielding studies. 4156 

 4157 
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6.3.2 Activation Studies 4158 

   4159 

 A reliable description of inelastic interactions by microscopic models is indispensable for 4160 

activation studies of beam-line and shielding components. Only activation by low-energy neutrons 4161 

constitutes an exception where evaluated experimental data on nuclide production are typically available 4162 

in the respective neutron transport library. Activation of accelerator components is often dominated by 4163 

spallation reactions. An accurate simulation of these reactions requires a generalized intra-nuclear 4164 

cascade model with pre-equilibrium emission, as well as models for evaporation, fission, and 4165 

fragmentation. The description of the break-up of a highly excited heavy residual (so-called multi-4166 

fragmentation), which can be very complex and too time-consuming during a shower simulation, is often 4167 

approximated by a generalized evaporation of nuclides with mass numbers of up to 20 or more. 4168 

Predictions for the production of individual nuclides are non-trivial and depend on the quality of many 4169 

different physics models, not only for the inelastic interaction and nuclear break-up but also for particle 4170 

transport and shower propagation. Thus, detailed benchmark exercises to assess the reliability of the 4171 

results are of utmost importance. Typically, the longer the cooling time, the less nuclides contribute to 4172 

the total activation, and therefore, details of the production of individual nuclides become more 4173 

important. At short cooling times (up to a few days) over- and underestimations of the nuclide 4174 

production tend to cancel each other so that integral quantities such as total activity or residual doses are 4175 

much less affected by model uncertainties. Both MARS15 and MCNPX can use the Cascade-Exciton 4176 

Model (CEM) and Los Alamos Quark Gluon String Model (LAQGSM) for hadronic interactions that 4177 

have been shown in extensive benchmark experiments to provide reliable predictions for nuclide 4178 

production (Mashnik, 2009). The FLUKA code also includes detailed microscopic models for nuclide 4179 

productions which have been proven to give very accurate results (Brugger et al., 2006). In this case, the 4180 
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models are fully integrated into the code, providing a high level of quality assurance that is often needed 4181 

in safety-related applications. 4182 

   4183 

 In the past, residual dose rates were often estimated by means of so-called omega factors that 4184 

relate the density of inelastic interactions in a solid material to contact dose-equivalent rates caused by 4185 

radioactive nuclides in the material. At present, more and more codes include a description of radioactive 4186 

decay and the transport of decay radiation, and allow one to avoid approximations inherent to omega 4187 

factors. A code capable of a direct simulation of radioactive decay should be preferred for this type of 4188 

study because handling of activated components is an important cost factor due to decreasing dose limits 4189 

and also due to the increasing importance of the optimization principle during the design stage. At 4190 

present, the FLUKA Monte Carlo code gives the most consistent and reliable single-step prediction of 4191 

residual dose rates (Ferrari, 2005; Battistoni et al., 2007; Brugger et al., 2005). Other general purpose 4192 

codes make use of omega factors (MARS15) or require a separate calculation of the radioactive decay 4193 

with a different code (MCNPX). 4194 

 4195 

6.3.3 Secondary Doses to Patients 4196 

   4197 

 Monte Carlo simulations have been used extensively to study secondary doses in patients (see 4198 

Chapter 7). Such simulations obviously require an accurate modeling of the transport, interaction, and 4199 

fragmentation (for ion beams) of the primary beam in tissue-equivalent material, as well as a fully 4200 

coupled hadronic and electromagnetic shower simulation. The capability of the transport code to use 4201 

voxel phantoms usually increases the reliability of the predictions due to the great detail in which the 4202 

human body can be modeled with such phantoms. GEANT4 (Agostinelli et al., 2003; Allison et al., 4203 
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2006; Rogers et al., 2007) and  FLUKA (Ferrari, 2005; Battistoni et al., 2007; Battistoni et al., 2008) are 4204 

two examples of codes that support voxel geometries. 4205 

 4206 

6.3.4 User-Friendliness 4207 

   4208 

 In addition to physics modeling, the user-friendliness of a code can be of significant importance. 4209 

As mentioned earlier, increasing computing power greatly reduces the time actually spent for the 4210 

calculation such that, in many cases, the time necessary to set up a simulation and process its results 4211 

becomes a dominating factor. To address this problem, graphical user interfaces that also take over a 4212 

basic check of input options exist for many codes. A few examples can be found in Vlachoudis, 2009; 4213 

Theis et al., 2006; and Schwarz, 2008. The check of input options is vital as increasing user-friendliness 4214 

is associated with increasing usage of the code as a “black-box,” and one risks having simulation 4215 

artefacts being taken into account undetected. Furthermore, it is observed that the acceptance of the 4216 

results, e.g., by authorities, can depend a great deal on the way the results are presented. In this regard, 4217 

three-dimensional geometry visualization, the overlay of results onto the geometry, and the use of color 4218 

contour plots can be of importance. Finally, it should be noted that despite the enormous advantages of 4219 

graphical user interfaces, a minimum knowledge on the available physical models is indispensible in 4220 

order to judge on the accuracy of the obtained results.  4221 

 4222 

6.4 Overview of the Most Commonly Used Codes 4223 

 4224 

6.4.1 FLUKA 4225 

   4226 
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 FLUKA is a general-purpose particle interaction and transport code with roots in radiation 4227 

protection studies at high energy accelerators (Ferrari, 2005; Battistoni et al., 2007). It therefore 4228 

comprises all features needed in this area of application, such as detailed hadronic and nuclear interaction 4229 

models, full coupling between hadronic and electromagnetic processes, and numerous variance reduction 4230 

options. 4231 

   4232 

 The module for hadronic interactions is called PEANUT and consists of a phenomenological 4233 

description (Dual Parton Model-based Glauber Gribov cascade) of high-energy interactions (up to 20 4234 

TeV), a generalized intra-nuclear cascade, and pre-equilibrium emission models, as well as models for 4235 

evaporation, fragmentation, fission, and de-excitation by gamma emission. Interactions of ions are 4236 

simulated through interfaces with different codes based on models applicable in certain ranges of  energy 4237 

(DPMJET3 above 5 GeV/nucleon, rQMD-2.4 between 0.1 and 5 GeV/nucleon, Boltzmann Master 4238 

Equation below 0.1 GeV/nucleon; see Battistoni, 2007 and references therein). 4239 

 4240 

 The transport of neutrons with energies below 20 MeV is performed by a multi-group algorithm 4241 

based on evaluated cross section data (ENDF/B, JEF, JENDL, etc.) binned into 260 energy groups, 31 of 4242 

which are in the thermal energy region. For a few isotopes (1H, 6Li, 10B, 14N), pointwise cross sections 4243 

can be optionally used during transport. The detailed implementation of electromagnetic processes in the 4244 

energy range between 1 keV and 1 PeV is fully coupled with the models for hadronic interactions. 4245 

  4246 

 Many variance reduction techniques are available in FLUKA, including weight windows, region 4247 

importance biasing, and leading particle, interaction, and decay length biasing (among others). The 4248 

capabilities of FLUKA are unique for studies of induced radioactivity, especially with regard to nuclide 4249 

production, decay, and transport of residual radiation. In particular, particle cascades by prompt and 4250 
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residual radiation are simulated in parallel based on the microscopic models for nuclide production and a 4251 

solution of the Bateman equations for activity built-up and decay. 4252 

 4253 

 FLUKA is written in Fortran77 and runs on most Linux and Unix platforms on which the 4254 

compiler g77 is installed. The code is distributed in binary form, with the addition of the source code for 4255 

user routines and common blocks (http://www.fluka.org). The complete FLUKA source code is available 4256 

by request after an additional registration procedure (see http://www.fluka.org/fluka.php for details). No 4257 

programming experience is required unless user routines are needed for specific applications. 4258 

   4259 

6.4.2 GEANT4 4260 

   4261 

 GEANT4 is an object-oriented toolkit originally designed to simulate detector responses of 4262 

modern particle and nuclear physics experiments (Agostinelli et al., 2003; Allison et al., 2006). It 4263 

consists of a kernel that provides the framework for particle transport, including tracking, geometry 4264 

description, material specifications, management of events, and interfaces to external graphics systems.  4265 

 4266 

 The kernel also provides interfaces to physics processes. In this regard, the flexibility of 4267 

GEANT4 is unique as it allows the user to freely select the physics models that best serve the particular 4268 

application needs. Implementations of interaction models exist over an extended range of energies, from 4269 

optical photons and thermal neutrons to high-energy interactions required for the simulation of 4270 

accelerator and cosmic ray experiments. In many cases, complementary or alternative modeling 4271 

approaches are offered from which the user can choose. 4272 

 4273 

http://www.fluka.org/fluka.php
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 Descriptions of intra-nuclear cascades include implementations of the Binary and the Bertini 4274 

cascade models. Both are valid for interactions of nucleons and charged mesons, the former for energies 4275 

below 3 GeV, and the latter for energies below 10 GeV. At higher energies (up to 10 TeV), three models 4276 

are available: a high-energy parameterized model (using fits to experimental data), a quark-gluon string 4277 

model, and the Fritiof fragmentation model,  with both the quark-gluon string model and the Fritiof 4278 

fragmentation model based on string excitations and decay into hadrons. Nuclear de-excitation models 4279 

include abrasion-ablation and Fermi-breakup models. Furthermore, heavy-ion interactions can also be 4280 

simulated if the appropriate packages are linked. 4281 

 4282 

 The package for electromagnetic physics comprises the standard physics processes as well as 4283 

extensions to energies below 1 keV, including emissions of x rays, optical photon transport, etc. 4284 

 4285 

 To facilitate the use of variance reduction techniques, general-purpose biasing methods such as 4286 

importance biasing, weight windows, and a weight cut-off method have been introduced directly into the 4287 

toolkit. Other variance reduction methods, such as leading particle biasing for hadronic processes, come 4288 

with the respective physics packages,. 4289 

 4290 

 GEANT4 is written in C++ and runs on most Linux and Unix platforms as well as under 4291 

Windows with CygWin Tools. The code and documentation can be downloaded from the GEANT4 4292 

website at http://cern.ch/geant4. Experience in C++ programming is indispensable for using the code. 4293 

 4294 

6.4.3 MARS15 4295 

   4296 

http://cern.ch/geant4
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 The MARS15 code system (Mokhov, 1995; Mokhov and Striganov, 2007; Mokhov, 2009) is a 4297 

set of Monte Carlo programs for the simulation of hadronic and electromagnetic cascades that is used for 4298 

shielding, accelerator design, and detector studies. Correspondingly, it covers a wide energy range: 1 4299 

keV to100 TeV for muons, charged hadrons, heavy ions and electromagnetic showers; and 0.00215 eV to 4300 

100 TeV for neutrons. 4301 

 4302 

 Hadronic interactions above 5 GeV can be simulated with either an inclusive or an exclusive 4303 

event generator. While the former is CPU-efficient (especially at high energy) and based on a wealth of 4304 

experimental data on inclusive interaction spectra, the latter provides final states on a single interaction 4305 

level and preserves correlations. In the exclusive mode, the cascade-exciton model CEM03.03 describes 4306 

hadron-nucleus and photo-nucleus interactions below 5 GeV, the Quark-Gluon String Model code 4307 

LAQGSM03.03 simulates nuclear interactions of hadrons and photons up to 800 GeV and of heavy ions 4308 

up to 800 GeV/nucleon, and the DPMJET3 code treats the interactions at higher energies. The exclusive 4309 

mode also includes models for a detailed calculation of nuclide production via evaporation, fission, and 4310 

fragmentation processes. 4311 

 4312 

 MARS15 is also coupled to the MCNP4C code that handles all interactions of neutrons with 4313 

energies below 14 MeV. Produced secondaries other than neutrons are directed back to the MARS15 4314 

modules for further transport. 4315 

 4316 

 Different variance reduction techniques, such as inclusive particle production, weight windows, 4317 

particle splitting, and Russian roulette, are available in MARS15. A tagging module allows one to tag the 4318 

origin of a given signal for source term or sensitivity analyses. Further features of MARS15 include a 4319 

MAD-MARS Beam-Line Builder for a convenient creation of accelerator models. 4320 
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 4321 

 MARS15 modules are written in Fortran77 and C. The code runs on any Linux or Unix platform 4322 

in both single- and multi-processor modes. A powerful user-friendly graphical user interface provides 4323 

various visualization capabilities. The code must be installed by the author on request (for details see 4324 

Mokhov, 2009). 4325 

   4326 

6.4.4 MCNPX 4327 

   4328 

 MCNPX originates from the Monte Carlo N-Particle transport (MCNP) family of  neutron 4329 

interaction and transport codes and, therefore, features one of the most comprehensive and detailed 4330 

descriptions of the related physical processes (Pelowitz, 2005; McKinney et al., 2006). Later it was 4331 

extended to other particle types, including ions and electromagnetic particles. This allowed an expansion 4332 

of the areas of application from those purely neutronics-related to accelerator shielding design, medical 4333 

physics, and space radiation, among others. 4334 

 4335 

 The neutron interaction and transport modules use standard evaluated data libraries mixed with 4336 

physics models where such libraries are not available. The transport is continuous in energy and includes 4337 

all features necessary for reactor simulations, including burn-up, depletion, and transmutation. Different 4338 

generalized intra-nuclear cascade codes can be linked to explore different physics implementations, such 4339 

as CEM2K, INCL4 and ISABEL (see McKinney et al., 2006 and references therein). They either contain 4340 

fission-evaporation models or can be coupled to such models (i.e., ABLA), allowing detailed predictions 4341 

for radionuclide production. While the intra-nuclear cascade codes are limited to interaction energies 4342 

below a few GeV, a link to the Quark-Gluon String Model code LAQGSM03 extends this energy range 4343 
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to about 800 GeV. The latter code also allows the simulation of ion interactions. Electromagnetic 4344 

interactions are simulated in MCNPX by the ITS 3.0 code. 4345 

 4346 

 MCNPX contains one of the most powerful implementations of variance reduction techniques. 4347 

Spherical mesh weight windows can be created by a generator in order to focus the simulation time on 4348 

certain spatial regions of interest.  In addition, a more generalized phase space biasing is also possible 4349 

through energy- and time-dependent weight windows. Other biasing options include pulse-height tallies 4350 

with variance reduction and criticality source convergence acceleration. 4351 

 4352 

 MCNPX is written in Fortran90 and runs on PC Windows, Linux, and Unix platforms. The code 4353 

(source code, executables, data) is available to nearly everyone (subject to export controls on sensitive 4354 

countries) from the Radiation Safety Information Computational Center  (http://www-rsicc.ornl.gov) in 4355 

Oak Ridge, TN, U.S.A. Experience in programming is not required for many applications. 4356 

   4357 

6.4.5 PHITS 4358 

   4359 

 The Particle and Heavy-Ion Transport code System PHITS (see Iwase, 2002; Niita, 2006 and 4360 

references therein) was among the first general-purpose codes to simulate the transport and interactions 4361 

of heavy ions in a wide energy range, from 10 MeV/nucleon to 100 GeV/nucleon. It is based on the high-4362 

energy hadron transport code NMTC/JAM that was extended to heavy ions by incorporating the JAERI 4363 

Quantum Molecular Dynamics code JQMD. 4364 

 4365 

 Below energies of a few GeV, hadron-nucleus interactions in PHITS are described through the 4366 

production and decay of resonances, while at higher energies (up to 200 GeV) inelastic hadron-nucleus 4367 
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collisions proceed via the formation and decay of so-called strings that eventually hadronize through the 4368 

creation of (di)quark-anti(di)quark pairs. Both are embedded into an intra-nuclear cascade calculation. 4369 

Nucleus-nucleus interactions are simulated within a molecular dynamics framework based on effective 4370 

interactions between nucleons. 4371 

 4372 

 The generalized evaporation model GEM treats the fragmentation and de-excitation of the 4373 

spectator nuclei and includes 66 different ejectiles (up to Mg) and fission processes. The production of 4374 

radioactive nuclides, both from projectile and target nuclei, thus follows directly from the mentioned 4375 

microscopic interaction models. 4376 

 4377 

 The transport of low-energy neutrons employs cross sections from evaluated nuclear data 4378 

libraries such as ENDF and JENDL below 20 MeV and LA150 up to 150 MeV. Electromagnetic 4379 

interactions are simulated based on the ITS code in the energy range between 1 keV and 1 GeV. Several 4380 

variance reduction techniques, including weight windows and region importance biasing, are available 4381 

in.PHITS. 4382 

 4383 

 Due to its capability to transport nuclei, PHITS is frequently applied in ion-therapy and space 4384 

radiation studies. The code is also used for general radiation transport simulations, such as in the design 4385 

of spallation neutron sources. 4386 

 4387 

 The PHITS code is available for download from its Web site, http://phits.jaea.go.jp/ 4388 

 4389 

6.4.6 SHIELD/SHIELD-HIT 4390 

   4391 
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 The SHIELD Monte Carlo code (Sobolevsky, 2008; Dementyev and Sobolevsky, 1999) simulates 4392 

the interactions of hadrons and atomic nuclei of arbitrary charge and mass number with complex 4393 

extended targets in the energy range from 1 MeV/nucleon to 1 TeV/nucleon, and down to thermal 4394 

energies for neutrons. 4395 

 4396 

 Inelastic nuclear interactions are described by the so-called multi-stage dynamical model 4397 

(MSDM). The name refers to the different stages through which a hadronic interaction proceeds in 4398 

SHIELD: fast cascade stage, pre-equilibrium emission of nucleons and light nuclei, and a nuclear 4399 

fragmentation and de-excitation stage. Interactions above 1 GeV are simulated by the quark-gluon string 4400 

model (QGSM), while the Dubna Cascade Model (DCM) handles intra-nuclear cascades at lower 4401 

energies. The models implemented for the equilibrium de-excitation of a residual nucleus cover all 4402 

aspects of this stage, such as evaporation, fission, Fermi break-up of light nuclei, and multi-4403 

fragmentation. In the latter case, the disintegration of highly excited nuclei into several excited fragments 4404 

is described according to the statistical models of multi-fragmentation (SMM). Neutron transport below 4405 

14.5 MeV is simulated by the LOENT (Low Energy Neutron Transport) code based on 28 energy groups 4406 

and using the data system ABBN. 4407 

 4408 

 The code SHIELD-HIT (Gudowska et al., 2004; Geithner et al., 2006), a spin-off of SHIELD, 4409 

specializes in the precision simulation of interaction of therapeutic beams with biological tissue and 4410 

tissue-like materials. Improvements in SHIELD-HIT, relevant for light-ion therapy, comprise ionization 4411 

energy-loss straggling and multiple Coulomb scattering effects of heavy charged particles. Further 4412 

aspects of particle transport that were modified when compared to SHIELD include updated stopping 4413 

power tables, an improved Fermi break-up model, and an improved calculation of hadronic cross 4414 

sections. 4415 
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 4416 

 The code can be obtained from the authors by request (for further information,  see 4417 

http://www.inr.ru/shield). 4418 

4419 

http://www.inr.ru/shield
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7. Patient Dose from Secondary Radiation 4420 

Harald Paganetti and Irena Gudowska 4421 

 4422 

When charged particles such as protons and carbon ions are used in cancer therapy, secondary 4423 

particles such as neutrons, protons, pions, and heavy charged ions are produced through nuclear inelastic 4424 

reactions of the primary ions with the beam-line components and the patients themselves. These particles 4425 

may possess very high energies (up to several hundred MeV) and undergo a variety of cascade events 4426 

during their transport through the patient, which generate new series of secondary particles. An extensive 4427 

part of the patient body may be exposed to the complex radiation field. Secondary radiation produced in 4428 

the beam-line components and that reaches the patient can be regarded as external radiation. On the other 4429 

hand, secondary particles produced in the patient represent an internal radiation source.  4430 

 4431 

The number of review articles in the literature shows the increased awareness regarding health 4432 

risks due to secondary radiation for patients undergoing radiation therapy (Palm and Johansson, 2007; 4433 

Suit et al., 2007; Xu et al., 2008). Numerous experimental and theoretical studies have been done and 4434 

many results have been published. There are quite a few uncertainties leading to controversies among 4435 

experts in the field (Brenner and Hall, 2008b; Chung et al., 2008; Gottschalk, 2006; Hall, 2006; 4436 

Paganetti et al., 2006). In this chapter, the secondary doses (both absorbed doses and equivalent doses 4437 

delivered to the tissue) produced in proton and carbon ion beams of different energies are discussed. 4438 

Concepts of equivalent dose or dose equivalent applied to secondary radiation in ion therapy are 4439 

explained. We summarize the main issues with regard to cancer risk due to secondary radiation (i.e., 4440 

neutrons) in heavy charged particle radiation therapy. Given the amount of material published by several 4441 

groups, this chapter cannot be comprehensive and we discuss only a subset of the available data. 4442 

 4443 
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 4444 

7.1 Sources of Secondary Radiation 4445 

 4446 

7.1.1 Secondary Particles Produced in the Beam-Line Elements 4447 

 4448 

Secondary particles like neutrons, protons, and light charged ions (2H, 3H, 3He, 4He, etc.) are 4449 

produced when primary ion beams interact through nuclear reactions with beam-line components or in 4450 

patients. As far as the dose outside the main radiation field is concerned, proton beams deposit secondary 4451 

dose mostly via secondary neutrons. For light-ion radiation therapy, heavier by-products might occur. 4452 

However, such contributions are likely to be stopped in the multiple collimators or scatterers. The 4453 

production of neutrons outside the patient depends on the material (type and dimensions) in the beam 4454 

path and, hence, depends on the design of the beam line.  4455 

 4456 

For protons and carbon-ion beams delivered by cyclotrons with a fixed energy, a significant 4457 

amount of secondary radiation is produced in the energy selection systems, which include energy 4458 

degraders of variable thickness and energy-defining slits. These degraders  are usually outside the 4459 

treatment room (in the accelerator vault) and thus do not cause secondary dose exposure of the patient. 4460 

However, special care must be taken where the degradation is done, at least partially, directly upstream 4461 

of the patient position. This is the case, for example, in beam lines devoted to ophthalmic applications, 4462 

using small fields (e.g., < 3 cm diameter) and low energies (< 70 MeV) but with high dose rates (e.g., 15 4463 

to 20 Gy/min). 4464 

 4465 

Neutrons and protons produced in the nozzle can undergo tertiary interactions in the beam-line 4466 

elements, which result in the cascade of high-energy secondaries. Depending on the beam focusing and 4467 
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scattering components, certain fractions of these high-energy secondaries, mainly neutrons, reach the 4468 

patient. High-energy neutrons (of energies greater than 10 MeV) and high-energy protons produced by 4469 

an intra-nuclear cascade process, are mainly forward-peaked. Neutrons of energies below 10 MeV are 4470 

produced by an evaporation process and are emitted fairly isotropically around each source in the 4471 

treatment head. In general, high-Z materials generate more neutrons per incoming proton than low-Z 4472 

materials. However, it is not practical to manufacture most treatment head devices with, for example, 4473 

low-Z and high-density plastic materials. Some of the materials typically used in treatment heads are 4474 

brass, steel, carbon, or nickel. 4475 

 4476 

Design of proton therapy beam delivery systems and treatment heads can have considerable 4477 

variations when comparing different facilities. In addition, the beam and treatment-head configuration is 4478 

dependent on the treatment field size. Broad-beam, energy-modulated (or passively scattered) proton 4479 

therapy needs various scatterers, beam-flattening devices, collimators, and energy-modulation devices to 4480 

produce the spread-out Bragg peaks. Additionally, for each treatment field, individual apertures and 4481 

range compensators are generally used. Consequently, the neutron fluence and energy spectrum 4482 

produced in the treatment head of a proton therapy machine used for broad-beam energy-modulated 4483 

treatments depends on several factors. These include the characteristics of the beam entering the 4484 

treatment head (energy, angular spread); the material in the double-scattering system and range 4485 

modulator; and the field size upstream of the final patient-specific aperture (Mesoloras et al., 2006). 4486 

Depending on the field size incident on the aperture, the latter can cause neutron dose variations up to 4487 

one order of magnitude. The complexity of field delivery, specifically for passive-scattering techniques, 4488 

causes considerable variations in neutron doses and prevents us from defining a ‘typical’ neutron 4489 

background representing proton therapy in general (Gottschalk, 2006; Hall, 2006; Paganetti et al., 2006; 4490 

Zacharatou Jarlskog and Paganetti, 2008b). 4491 
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 4492 

In proton therapy, generally only neutrons and protons of high energies, especially those 4493 

produced in the final target-shaped collimators located close to the patient, are of concern for undesired 4494 

exposures in the patient. In addition, most proton therapy delivery systems allow the delivery of only a 4495 

few fixed-field sizes impinging on the final patient specific aperture. Consequently, the efficiency of 4496 

most proton therapy treatment heads is quite low (below 30% and even as low as 10% for typical field 4497 

sizes). This implies that the neutron yield from  such treatment heads typically increases with decreasing 4498 

field size for passive-scattering proton beam treatments, as has been demonstrated in experiments 4499 

(Mesoloras et al., 2006) and Monte Carlo simulations (Zacharatou Jarlskog et al., 2008). 4500 

 4501 

For beam scanning, a proton pencil beam is magnetically scanned throughout the target volume 4502 

without the need for scattering, flattening, or compensating devices. Therefore, for scanned beams the 4503 

intensity of secondary radiation is much lower than for passive systems because there is little material in 4504 

the beam path (typically only monitor ionization chambers or beam position monitors). 4505 

 4506 

In passive-scattering systems where patient-specific collimators are routinely used, the patient is 4507 

also exposed to out-scattered primary particles from the edges of the collimator. This process is 4508 

especially important in proton therapy beams, where the edge-scattered protons influence the lateral out-4509 

of-field dose distribution in a patient. Note that this radiation is referred to as scattered radiation as 4510 

compared to secondary radiation consisting of secondary particles and is not discussed in this chapter. 4511 

 4512 

7.1.2 Secondary Particles Produced in the Patient 4513 

 4514 
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Secondary radiation is also produced in the patient. In proton therapy, the most significant (in 4515 

terms of dose) secondary particles from nuclear interactions are either protons or neutrons. Those protons 4516 

that originate from a primary proton have a lower energy than the primary proton and typically 4517 

contribute to the dose in the main radiation field, e.g., in the entrance region of the Bragg curve 4518 

(Paganetti, 2002). Secondary neutrons, however, can deposit dose at large distances from the target in the 4519 

patient. They deposit most of their dose via protons generated in neutron-nucleus interactions. Thus, 4520 

these protons can be produced anywhere in the human body. 4521 

 4522 

The difference in neutron dose between scanned beams and passively scattered beams is mainly 4523 

determined by the ratio of internal (generated in the patients) and external (generated in the treatment 4524 

head) neutrons. This ratio depends heavily on the organ and its distance to the treatment target volume 4525 

(Jiang et al., 2005). It was concluded that the ratio of neutron dose generated by treatment-head neutrons 4526 

to patient-generated neutrons could be as much as one order of magnitude, which depends mainly on the 4527 

design of the treatment head and on the field size (Jiang et al., 2005). Typically, neutron absorbed dose 4528 

generated by neutrons from the treatment head dominates, which implies that proton beam scanning 4529 

substantially reduces neutron dose to patients. 4530 

 4531 

The neutron yield and the neutron dose due to neutrons generated in the patient depends on the 4532 

range of the beam (Zheng et al., 2007). The greater the penetration of the beam, the greater is the overall 4533 

likelihood of a nuclear interaction producing neutrons. In addition, the neutron yield depends on the 4534 

irradiated volume simply because a bigger volume requires more primary protons in order to deposit the 4535 

prescribed dose in the target. Thus, in contrast to external neutrons, internal neutron yields typically 4536 

increase with increasing treatment volume. 4537 

 4538 
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The situation is far more complex in light-ion therapy than it is in proton therapy. With light-ion 4539 

beams, the primary ions are fragmented due to nuclear inelastic collisions with the atomic nuclei in the 4540 

tissue. This process results in beam-produced secondary ions and attenuation of the primary beam 4541 

intensity. Also the target nuclei can undergo nuclear fragmentation that results in the production of 4542 

secondary ions that are generally of low energies and a deposit local energy close to the ion track. 4543 

Neutrons and secondary ions with atomic masses lower than that of the primary ions are produced, e.g., 4544 

hydrogen, helium, lithium, beryllium, boron, carbon. These lighter fragments can have longer ranges and 4545 

wider energy distributions than the primary ions and give rise to a characteristic undesirable dose tail 4546 

beyond the Bragg peak and broadening of the transverse dose profiles along the beam path. 4547 

 4548 

In the same way as the incident particle, the beam-produced fragments will undergo elastic 4549 

scattering with the target nuclei. Heavier beam fragments with atomic number Z > 2 generally scatter 4550 

through small angles, whereas the scattering of lighter beam fragments of Z ≤ 2 results in larger angle 4551 

scattering which broadens the beam and contributes to the dose outside the treatment field. Fast beam-4552 

produced secondaries are focused mainly in the forward direction, but can also have a noticeable angular 4553 

spread. Target-produced secondaries on the other hand, have a much wider angular distribution, but as 4554 

they generally have low energies they are transported only short distances. Beam-produced fragments, 4555 

especially neutrons and secondary protons, may possess high energies (Gudowska and Sobolevsky, 4556 

2005; Gunzert-Marx et al., 2008; Porta et al., 2008), causing dose deposition at larger distances outside 4557 

the treated volume. Simultaneously, as they traverse the patient they undergo nuclear interactions with 4558 

the tissue elements that result in the generation of high-energy secondaries, produced in the cascade of 4559 

events. 4560 

 4561 
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7.2 Out of Treatment Field Absorbed Dose to Patients (Secondary Dose) 4562 

 4563 

7.2.1 Experimental Methods 4564 

 4565 

A variety of theoretical and experimental studies have been conducted to determine the 4566 

distributions of secondary particles produced in water and tissue-equivalent materials when irradiated 4567 

with ion beams at energies of therapeutic interest. These studies concern both the depth dependence and 4568 

spatial distributions of the charged secondaries produced in the water, carbon, PMMA, and different 4569 

tissue-equivalent phantoms, as well as the energy spectra of particles leaving the irradiated phantoms or 4570 

the patient. A large fraction of the published data addresses the production of fast neutrons, neutron 4571 

energy spectra, and neutron angular distributions by stopping ion beams of different energies in thick 4572 

tissue-equivalent targets. 4573 

 4574 

In addition, various groups from radiation therapy facilities have performed experiments to assess 4575 

secondary doses. In proton therapy, measurements have been primarily concentrated on the use of 4576 

Bonner spheres (Mesoloras et al., 2006; Schneider et al., 2002; Yan et al., 2002). Thermoluminescence 4577 

dosimetry has been applied as well (Francois et al., 1988a; Reft et al., 2006). CR-39 plastic nuclear track 4578 

detectors were used in the studies by Schneider et al. (2002) and Moyers et al. (2008), whereas a bubble 4579 

detector was used by Mesoloras et al. (2006). An improved neutron rem-counter, WENDI, was applied 4580 

for neutron dose measurement in carbon beams in the energy range 100 to 250 MeV/u (Iwase et al., 4581 

2007). Microdosimetric detector systems are very promising in terms of providing reliable dose 4582 

estimates. Microdosimetric distributions of secondary neutrons produced by 290 MeV/nucleon carbon 4583 

beams have been measured by using a tissue-equivalent proportional counter (Endo et al., 2007). Silicon-4584 

based microdosimetry provided information on the depth and lateral distance dependence of the dose 4585 
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equivalent for a passively scattered proton beam (Wroe et al., 2007; Wroe et al., 2009). In other areas of 4586 

radiation protection and radiation therapy, microdosimetric concepts have been shown to be powerful 4587 

tools for relative comparisons of treatment field characteristics in terms of lineal energy (Hall et al., 4588 

1978; Loncol et al., 1994; Morstin and Olko, 1994; Paganetti et al., 1997).  4589 

 4590 

7.2.2 Calculation Methods (Monte Carlo Techniques) 4591 

 4592 

Secondary doses, in particular neutron doses, are difficult to measure. Neutrons are indirectly 4593 

ionizing and interact sparsely causing only low absorbed doses. Although this makes Monte Carlo 4594 

methods very valuable, even Monte Carlo codes have considerable uncertainties when it comes to 4595 

simulating secondary particle production because the underlying physics is not known with sufficient 4596 

accuracy. Firstly, there is insufficient experimental data of inelastic nuclear cross sections in the energy 4597 

region of interest in heavy charged particle radiation therapy. Secondly, neutron and secondary charged 4598 

particle emissions from nuclear interactions can be the result of very complex interactions. There are 4599 

uncertainties in the physics of pre-equilibrium and fragmentation as well as the intra-nuclear cascade 4600 

mechanisms, the latter being based in parameterized models for Monte Carlo transport calculations. 4601 

Several codes have been used to study low doses in radiation therapy, in particular neutron doses 4602 

generated in proton and ion therapy. The Monte Carlo code MCNPX (Pelowitz, 2005) was used to assess 4603 

neutron and photon doses in proton beams (Fontenot et al., 2008; Moyers et al., 2008; Perez-Andujar et 4604 

al., 2009; Polf and Newhauser, 2005; Taddei et al., 2008; Zheng et al., 2007; Zheng et al., 2008). 4605 

Further, FLUKA (Battistoni et al., 2007; Ferrari et al., 2005) and GEANT4 (Agostinelli et al., 2003; 4606 

Allison et al., 2006) were applied to assess secondary doses in proton beams (in Agosteo et al., (1998) 4607 

and Jiang et al., (2005), and Zacharatou Jarlskog et al., (2008), respectively). Other codes used for ions 4608 

are SHIELD-HIT (Dementyev and Sobolevsky, 1999; Gudowska et al., 2004) and PHITS (Iwase et al., 4609 
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2002; Niita et al., 2006). For light ion beams, studies of secondary neutron doses were done with 4610 

FLUKA (Porta et al., 2008), PHITS (Gunzert-Marx et al., 2008; Iwase et al., 2007), GEANT4 4611 

(Pshenichnov et al., 2005), and SHIELD-HIT (Gudowska et al., 2002; Gudowska et al., 2004; 4612 

Gudowska et al., 2007; Gudowska and Sobolevsky, 2005; Iwase et al., 2007). A review of Monte Carlo 4613 

codes used in radiation protection is presented in Chapter 6 of this report. 4614 

 4615 

In order to describe the radiation field incident on the patient, the treatment head needs to be 4616 

simulated. Monte Carlo simulations of treatment heads have been extensively reported for protons 4617 

(Newhauser et al., 2005b; Paganetti, 1998; 2006; Paganetti et al., 2004). The characterization of the 4618 

beam entering the treatment head is typically based on parameterizations obtained from measurements 4619 

(Cho et al., 2005; Fix et al., 2005; Janssen et al., 2001; Keall et al., 2003; Paganetti et al., 2004). 4620 

 4621 

Simulating secondary dose in the patient geometry can, in principle, be done in a similar fashion 4622 

as calculating primary dose using Monte Carlo simulations (Paganetti et al., 2008). The difference is that 4623 

the quantity of interest is not the absorbed dose but the equivalent dose, which is a parameterization of 4624 

radiation effects. Thus, calculations of the secondary equivalent doses to patients require particle and 4625 

particle energy-dependent radiation weighting factors in order to consider the biological effectiveness 4626 

(see section on equivalent dose below). There are different ways to determine equivalent doses using 4627 

Monte Carlo simulations, as discussed by the ICRU (1998). One possible strategy is to calculate the 4628 

average absorbed dose for the organ under consideration and scale the dose with an average radiation 4629 

weighting factor. Another approach frequently used (Polf and Newhauser, 2005; Zheng et al., 2007) is to 4630 

calculate the particle fluences at the surface of a region of interest (organ) and then use energy dependent 4631 

fluence-to-equivalent dose conversion coefficients (Alghamdi et al., 2005; Boag, 1975; Bozkurt et al., 4632 

2000; 2001; Chao et al., 2001a; 2001b; Chen, 2006; NCRP, 1971). In this case, dose deposition events 4633 
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are not explicitly simulated. Using this method, Sato et al. (2009) have calculated organ-dose-equivalent 4634 

conversion coefficients for neutron and proton monoenergetic beams in adult male and adult female 4635 

reference phantoms using the PHITS code. 4636 

 4637 

When dealing with neutrons, Monte Carlo simulations are typically quite time consuming (in 4638 

order to achieve a reasonable statistical accuracy) when based on the dose actually deposited via 4639 

neutrons. However, it is presumably more accurate to score each energy deposition event (i.e., without 4640 

using fluence-to-dose conversion). Fast neutrons lose most of their kinetic energy in the initial relatively 4641 

small number of interactions. In the low/thermal energy region, there is a decreasing probability for 4642 

neutrons to slow down and cause a large number of elastic scatterings in soft tissues, causing the neutron 4643 

energy distributions in the patient to be dominated by low-energy neutrons (Jiang et al., 2005).  4644 

 4645 

An explicit simulation applying radiation weighting factors on a step-by-step basis considering 4646 

particle type, particle history, and particle energy has been done to assess organ-specific neutron 4647 

equivalent doses in proton-beam therapy (Zacharatou Jarlskog et al., 2008). If a neutron was in the 4648 

interaction history of the dose depositing particle, the dose deposition was considered to be due to a 4649 

neutron and a neutron radiation weighting factor was then assigned. Similarly, if a proton from a proton 4650 

chain deposited the absorbed dose, the dose depositions would be classified as proton induced. For each 4651 

interaction chain history. a division into different groups was done depending on particle energy in order 4652 

to apply energy-dependent quality factors.  4653 

 4654 

Different dose-scoring methods were compared by Zacharatou Jarlskog and Paganetti (2008a). 4655 

For neutron equivalent doses in proton beam therapy, it was found that using average weighting factors 4656 
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can underestimate the neutron equivalent dose in comparison to those calculated on a step-by-step basis. 4657 

The difference was found to be around 25% depending on organ and field specifications. 4658 

 4659 

In the approach applied by Pshenichnov et al. (2005) and Gudowska et al. (2007) the neutron 4660 

absorbed doses delivered to tissue-equivalent phantoms by proton and carbon-ion beams were 4661 

determined by two sets of calculations. First, Monte Carlo simulation was performed with the full 4662 

hadronic cascade and transport of all secondary particles, whereas in the second simulation the secondary 4663 

neutrons were produced at the point of interaction but excluded from further transport through the 4664 

phantom. By comparison of the energy deposited in the phantom in these two calculations, the absorbed 4665 

dose due to secondary neutrons was determined. 4666 

 4667 

7.2.3 Human Phantoms 4668 

 4669 

Measurements or simulations of secondary doses in simple geometries are useful in 4670 

understanding the relative differences between treatment modalities or beam conditions. However, a 4671 

more meaningful assessment has to be based on actual patient geometries. Because of the concern of 4672 

excessive radiation with most imaging techniques, whole-body scans are rarely available. In order to 4673 

perform Monte Carlo simulations considering organs not imaged for treatment planning, the use of 4674 

computational phantoms is a valuable option. 4675 

 4676 

Interestingly, these kinds of simulations could potentially provide dosimetric information to 4677 

improve risk models based on long-term follow up of radiation therapy patients and the knowledge of the 4678 

organ doses they received during the course of their treatment for the primary cancer.  4679 

 4680 
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The simpler the geometry, the faster a Monte Carlo simulation typically is. Consequently, 4681 

simulations were based initially on stylized phantoms (Snyder et al., 1969), including male and female 4682 

adult versions (Kramer et al., 1982; Stabin et al., 1995). Cristy and Eckerman (1987) introduced a series 4683 

of stylized pediatric and adult phantoms based on anthropological reference data (ICRP, 1975). Such 4684 

phantoms are based on simple geometrical shapes, e.g., an elliptical cylinder representing the arm, torso, 4685 

and hips, a truncated elliptical cone representing the legs and feet, and an elliptical cylinder representing 4686 

the head and neck. In terms of media, a distinction is drawn only between bone, soft tissue, and lung. 4687 

Stylized models have been used for a variety of simulations for radiation protection, nuclear medicine, 4688 

and medical imaging (ICRP, 1975; 1991; 1998; ICRU, 1992a; 1992b; NCRP, 1996). Work has been 4689 

done on organ doses from medical exposures using stylized models (Stovall et al., 1989; Stovall et al., 4690 

2004) and to derive dose-response relationships for patients in epidemiological studies. Because human 4691 

anatomy is much more complex than that modeled with stylized models, results based on such model 4692 

calculations are controversial and uncertainties may be significant (Lim et al., 1997; Ron, 1997). 4693 

Simulated organ and marrow doses based on stylized models have not produced strong correlations with 4694 

radiotoxicity (Lim et al., 1997). 4695 

 4696 

A more realistic representation of the human body can be achieved using voxel phantoms. Each 4697 

voxel is identified in terms of tissue type (soft tissue, hard bone, etc.) and organ identification (lungs, 4698 

skin, etc.) (Zaidi and Xu, 2007). Lee et al. (2006a) analyzed the differences between the use of stylized 4699 

phantoms and the use of voxel phantoms and found dosimetric differences of up to 150% in some 4700 

organs. Other similar studies showed differences in organ doses as high as 100% (Chao et al., 2001a; 4701 

Jones, 1998; Lee et al., 2006a; Petoussi-Henss et al., 2002). The discrepancies were explained by the 4702 

geometrical considerations in the stylized phantom, i.e., relative positions of organs and organ shapes. 4703 

 4704 
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 Many different voxel phantoms have been created. One of the first was used to compute dose 4705 

from dental radiography (Gibbs et al., 1984). This was followed by developments of Zubal and Harell 4706 

(1992) of a head-torso phantom used to estimate absorbed doses using Monte Carlo simulations (Stabin 4707 

et al., 1999). Kramer et al. (2003; 2006) developed male and female adult voxel models. Recently, a 4708 

voxel-based adult male phantom was introduced with the aim of using it for Monte Carlo modeling of 4709 

radiological dosimetry (Zhang et al., 2008). Models of pregnant patients have been introduced (Shi and 4710 

Xu, 2004; Shi et al., 2004; Xu et al., 2007). Realistic models of the pregnant patient representing three-, 4711 

six-, and nine-month gestational stages were constructed by Bednarz and Xu (2008). The many different 4712 

types and properties of voxel phantoms have been reviewed by Zaidi and Xu (2007). 4713 

 4714 

A popular voxel phantom is the adult male model, VIP-Man (Xu et al., 2000; 2005), developed 4715 

from anatomical color images of the Visible Man from the Visible Human Project by the National 4716 

Library of Medicine (Spitzer and Whitlock, 1998). Part of it is shown in Figure 7.1 and distinguishes 4717 

adrenal glands, bladder, esophagus, gall bladder, stomach mucosa, heart muscle, kidneys, large intestine, 4718 

liver, lungs, pancreas, prostate, skeletal components, skin, small intestine, spleen, stomach, testes, 4719 

thymus, thyroid, gray matter, white matter, teeth, skull CSF, male breast, eye lenses, and red bone 4720 

marrow (Spitzer and Whitlock, 1998; Xu et al., 2000). It has a resolution of 0.33  0.33  1 mm3. The 4721 

composition of  VIP-Man tissues/materials was done according to ICRU specifications (ICRU, 1989). 4722 

4723 
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 4724 

 4725 

 4726 

 4727 

 4728 

 4729 

 4730 

 4731 

 4732 

 4733 

Figure 7.1.  Torso of the whole-body adult male model, VIP-Man (Xu et al., 2000), developed from 4734 

anatomical color images of the Visible Man from the Visible Human Project by the National Library of 4735 

Medicine (Spitzer and Whitlock, 1998). 4736 

4737 
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 4738 

It has been recognized that secondary doses in radiology and radiation therapy are of particular 4739 

concern for pediatric patients. Thus, there was a need for pediatric studies (Francois et al., 1988b). Quite 4740 

a few pediatric phantoms have been designed (Caon et al., 1999; Lee and Bolch, 2003; Nipper et al., 4741 

2002; Staton et al., 2003; Zankl et al., 1988). Such phantoms cannot be generated by scaling an adult 4742 

phantom because of the differences in relative organ position, relative organ sizes, and even organ 4743 

composition as a function of a person’s age. A series of five computational phantoms of different ages 4744 

were constructed from CT images of live patients for use in medical dosimetry (Lee and Bolch, 2003; 4745 

Lee et al., 2005; Lee et al., 2006b; Lee et al., 2007a; Lee et al., 2007b; Lee et al., 2008). The phantoms 4746 

approximate the bodies of a 9-month-old, 4-year-old, 8-year-old, 11-year-old, and 14-year-old child with 4747 

resolutions between 0.43  0.43  3.0 mm3 and 0.625  0.625  6.0 mm3. Age-interpolated reference 4748 

body masses, body heights, sitting heights, and internal organ masses as well as changes in geometry and 4749 

material composition as a function of age and gender were assigned according to ICRP references 4750 

(2003a). For the lungs, effective densities were assigned so that the total lung mass would match its 4751 

interpolated reference mass (inclusive of pulmonary blood). Later, a newborn phantom was added to this 4752 

series (Nipper et al., 2002). Initially these phantoms did not have arms and legs. Extremities are relevant 4753 

when computing doses for risk estimations because of their active bone marrow. Thus, a set of truly 4754 

whole-body voxel phantoms of pediatric patients were developed through the attachment of arms and 4755 

legs (Lee et al., 2006b). 4756 

 4757 

Comparative organ dosimetry between stylized and tomographic pediatric phantoms proved that 4758 

stylized phantoms are inadequate for secondary dose estimations (Lee et al., 2005). Here, a series of 4759 

photon beams were used to ‘irradiate’ a stylized 10-year-old child phantom, a stylized 15-year-old child 4760 

phantom, and a more realistic 11-year-old male child phantom within MCNPX. For example, dose 4761 
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coefficients for the thyroid were significantly lower in the UF 11-year-old child phantom, particularly 4762 

under the lateral irradiation geometries, than seen in the stylized model. 4763 

 4764 

Voxel phantoms are largely based on CT images and manually segmented organ contours. 4765 

Uncertainties are introduced because of image noise and because some representations of mobile organs 4766 

may be blurred. Further, in order to match a particular patient as closely as possible, one might have to 4767 

interpolate between two different phantoms of a specific age. Organ dimensions can only be modified by 4768 

changing the voxel resolution, which generally limits the modification to uniform scaling. Creating a 4769 

non-50th percentile individual from a reference 50th-percentile cannot be done realistically for a number 4770 

of reasons (for example, because of the difference in the distribution of subcutaneous fat). 4771 

 4772 

To overcome these limitations, voxel data can be combined with surface equations to design 4773 

hybrid models. In these phantoms, the boundary of each organ can be adjusted to the desired shape and 4774 

volume using patient-specific images and deformable image registration. A series of reference (i.e., 50th 4775 

height/weight percentile) pediatric hybrid phantoms based on NURBS (non-uniform B-spline fits;see 4776 

Piegl, 1991) surfaces has been developed (Lee et al., 2007a). A similar hybrid approach to phantom 4777 

construction has been made in nuclear imaging (Tsui et al., 1994). Segars et al. (Garrity et al., 2003; 4778 

Segars et al., 1999; Segars, 2001) developed the 4D NURBS-based Cardiac-Torso model that is used as 4779 

a deformable model to simulate SPECT images and respiratory motion (Segars and Tsui, 2002). 4780 

Initially, phantoms have been used in combination with analytical dose models. Diallo et al. (1996) 4781 

estimated the dose to areas volumes outside the target volume using a whole-body phantom. However, 4782 

Monte Carlo methods are typically the method of choice. In order to use whole-body computational 4783 

voxel phantoms with Monte Carlo codes, these either have to be able to handle voxelized geometries, 4784 

i.e., a large amount of individual voxels, or to incorporate contoured organ shapes via surface equations.  4785 
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 For dose calculations involving real patient data, the information stored for each CT voxel is a 4786 

Hounsfield number, which reflects the attenuation coefficient of tissues to diagnostic x rays. In contrast, 4787 

for phantom simulations each voxel is usually tagged with a specific material composition and density. 4788 

Many of the phantoms listed above have been implemented in Monte Carlo codes. Using Monte Carlo 4789 

simulations, two mathematical models of a patient were used to assess the clinical relevance of 4790 

computational phantoms (Rijkee et al., 2006). The VIP-Man was implemented in four Monte Carlo 4791 

codes: EGS4 (Chao et al., 2001a; 2001b; Chao and Xu, 2001), MCNP (Bozkurt et al., 2000), MCNPX 4792 

(Bozkurt et al., 2001), and GEANT4 (Jiang et al., 2005; Zacharatou Jarlskog et al., 2008), to calculate 4793 

organ doses for internal electrons (Chao and Xu, 2001), external photons (Chao et al., 2001a), external 4794 

electrons (Chao et al., 2001b), external neutrons (Bozkurt et al., 2000; 2001), and external protons (Jiang 4795 

et al., 2005; Zacharatou Jarlskog et al., 2008). Pediatric voxel models have been used within GEANT4 to 4796 

assess organ-specific doses in proton therapy (Zacharatou Jarlskog et al., 2008). Xu et al. (2007) 4797 

implemented a pregnant female model based on voxelization of a boundary representation in the Monte 4798 

Carlo codes EGS4 and MCNPX. The same group then implemented anatomically realistic models of the 4799 

pregnant patient representing three-, six-, and nine-month gestational stages into MCNPX (Bednarz and 4800 

Xu, 2008). Further, studies involving parts of a patient’s geometry have been done using phantoms, e.g., 4801 

with a high-resolution eye model (Alghamdi et al., 2007). 4802 

 4803 

7.3 Results of Measurements of Secondary Doses in Particle Therapy 4804 

 4805 

Secondary radiation from therapeutic proton beams has been measured by several groups (see 4806 

e.g., Agosteo et al., 1998; Binns and Hough, 1997; Mesoloras et al., 2006; Newhauser et al., 2005b; Polf 4807 

and Newhauser, 2005; Roy and Sandison, 2004; Schneider et al., 2002; Tayama et al., 2006; Wroe et al., 4808 

2007; Yan et al., 2002). The secondary dose due to neutrons, protons, and photons was studied by 4809 
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Agosteo et al. (1998). The dose due to secondary and scattered photons and neutrons varied from 0.07 to 4810 

0.15 milligray per treatment gray (mGy/Gy) at different depths and distances to the field edge. Secondary 4811 

doses for proton beam delivery using passive scattered beams of 160 MeV and 200 MeV were measured 4812 

by Yan et al. (2002)  and Binns and Hough (1997), respectively. Neutron equivalent doses of up to 15 4813 

millisievert per treatment gray (mSv/Gy) were deduced. Polf and Newhauser (2005) studied the neutron 4814 

dose in a passive-scattering delivery system. The neutron dose decreased from 6.3 to 0.6 mSv/Gy with 4815 

increasing distance to isocenter and increased as the range modulation increased. Tayama et al. (2006) 4816 

measured neutron equivalent doses up to 2 mSv/Gy outside of the field in a 200 MeV proton beam. 4817 

 4818 

Measurements were also done using anthropomorphic phantoms and microdosimetric detectors 4819 

(Wroe et al., 2007). Equivalent doses from 3.9 to 0.18 mSv/Gy were measured when moving from 2.5 4820 

cm to 60 cm distance from the field edge. The dose and dose equivalent delivered to a large phantom 4821 

patient outside a primary proton field were determined experimentally using silver halide film, ionization 4822 

chambers, rem meters, and CR-39 plastic nuclear track detectors by Moyers et al. (2008). The purpose of 4823 

another investigation using etch-track detectors was to measure the impact of Ti-alloy prostheses on the 4824 

neutron dose during proton and photon radiotherapy (Schneider et al., 2004). Roy and Sandison (2004) 4825 

irradiated an anthropomorphic phantom and found secondary neutron doses between 0.1 and 0.26 4826 

mSv/Gy for a passive-scattering system with a beam energy of 198 MeV. Secondary neutron dose 4827 

equivalent decreased rapidly with lateral distance from the field edge. Subsequently, a systematic study 4828 

on secondary neutron dose equivalent using anthropomorphic phantoms was done (Mesoloras et al., 4829 

2006). The neutron dose decreased with increasing aperture size and air gap, implying that the brass 4830 

collimator contributes significantly to the neutron dose. The contribution by neutrons generated in the 4831 

patient increased with field size. Due to the reduced area available for interaction with the patient 4832 
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collimator, as aperture size increases, externally generated neutrons decrease with field size. The neutron 4833 

dose varied from 0.03 to 0.87 mSv/Gy for large fields. 4834 

 4835 

The results from all these studies vary significantly with details of the beam-delivery system and 4836 

because the neutron doses decrease rapidly with lateral distance from the proton field, making them 4837 

heavily dependent on the precise point of measurement. For a scanning system, measurements of the 4838 

secondary neutron dose were performed using a Bonner sphere and CR39 etch detectors by Schneider et 4839 

al.  (2002). The measured neutron equivalent doses varied between 2 and 5 mSv/Gy for target volumes 4840 

of 211 cm3 (sacral chordoma) and 1253 cm3 (rhabdomyosarcoma), respectively, and 0.002 to 8 mSv/Gy 4841 

for lateral distances of 100 cm to 7 cm from the isocenter. In the region of the Bragg peak, the neutron 4842 

equivalent dose for a medium-sized target volume reached ~ 1 % of the treatment dose. They concluded 4843 

that a beam line using the passive-scattering technique shows at least a ten-fold secondary neutron dose 4844 

disadvantage as compared with the spot-scanning technique.  4845 

 4846 

Using Bonner spheres for measurements in carbon as well as in proton beams, it was found that 4847 

the neutron ambient dose equivalent in passive-particle radiotherapy is equal to or less than that in 4848 

photon radiotherapy with 6 MV beams (Yonai et al., 2008). Microdosimetric data have been obtained in 4849 

carbon beams as well (Endo et al., 2007). Downstream of the Bragg peak, the ratio of the neutron dose to 4850 

the carbon dose at the Bragg peak was found to be < 1.4 x 10-4 and the ratio of neutron dose to the carbon 4851 

dose was < 3.0 x 10-7 on a lateral face of a phantom. The neutron contamination in therapeutic 12C beams 4852 

has been studied experimentally (Gunzert-Marx et al., 2004; Gunzert-Marx et al., 2008; Iwase et al., 4853 

2007; Schardt et al., 2006). The yield, energy spectra, and angular distribution of fast neutrons and 4854 

secondary charged particles were measured for 200 MeV/u carbon ions impinging on a water-equivalent 4855 

phantom (Gunzert-Marx et al., 2004; Gunzert-Marx et al., 2008). It was found that the neutrons were 4856 
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mainly emitted in the forward direction. The reported neutron dose of 8 mGy per treatment Gy was less 4857 

than 1 % of the treatment dose, whereas the absorbed dose due to secondary charged particles was about 4858 

94 mGy per treatment Gy. From the resulting yield of 0.54 neutrons with energies above 20 MeV per 4859 

primary ion, a neutron dose of 5.4 mSv per treatment gray equivalent (GyE) delivered to the target was 4860 

estimated. Schardt et al. (2006) compared neutron doses in proton and carbon-ion therapy using beam 4861 

scanning techniques. The secondary neutron absorbed doses per treatment dose were found to be similar. 4862 

Although the cross sections for neutron production are much higher for therapeutic carbon- ion beams 4863 

compared to proton beams, the neutron absorbed dose is expected to be similar (albeit with a different 4864 

neutron energy distribution). Due to the higher LET of carbon ions, fewer particles are needed to deliver 4865 

the same target dose compared to protons, approximately compensating for the higher neutron 4866 

production per primary particle. 4867 

 4868 

Other than in proton therapy, the depth-dose curves of light-ion beams show a fragmentation tail 4869 

beyond the Bragg peak (Matsufuji et al., 2003; Schimmerling et al., 1989). Neutron production by 4870 

fragmentation of light ions in water and graphite was investigated by Cecil et al. (1980) and by 4871 

Kurosawa et al. (1999), respectively. Using 12C beams of 200 and 400 MeV/u kinetic energy, the 4872 

production of secondary fragments from nuclear reactions in water was investigated at GSI, Darmstadt, 4873 

Germany (Gunzert-Marx et al., 2004; Gunzert-Marx et al., 2008; Haettner et al., 2006). Fast neutrons 4874 

and energetic charged particles (p-, d-, t-, α-particles) emitted in forward direction were detected by a 4875 

BaF2/plastic scintillation-detector telescope and neutron energy spectra were recorded using time-of-4876 

flight techniques.  4877 

 4878 

7.4 Results for Calculated Secondary Doses to Patients 4879 

 4880 
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Monte Carlo simulations have been used in several studies of secondary doses. Agosteo et al. 4881 

(1998) analyzed the neutron dose for a passive-beam delivery system with a beam energy of 65 MeV. 4882 

The absorbed dose due to neutrons varied between 3.7  10−7 and 1.1  10−4 Gy per treatment Gy 4883 

depending on the distance from the field. For a high-energy proton beam, the secondary dose due to 4884 

photons and neutrons varied from 0.146 to 7.1  10−2 mGy per treatment Gy for depths ranging from 1 to 4885 

8 cm and distances to the field edge ranging from 9 to 15 cm. Polf and Newhauser (2005) found in their 4886 

MCNPX calculations that the neutron dose decreased from 6.3 to 0.63 mSv/Gy as the distance from the 4887 

field center was increased from 50 to 150 cm. In a subsequent study this group has reported equivalent 4888 

doses up to 20 mSv/Gy (Zheng et al., 2007). The dose increased as the modulation extent was increased. 4889 

The neutron dose equivalent per therapeutic proton absorbed dose was estimated for passively spread 4890 

treatment fields using Monte Carlo simulations by Polf et al. (2005). For a beam with 16 cm range and a 4891 

5  5 cm2 field size, the results show an equivalent dose of 0.35 mSv/Gy at 100 cm from the isocenter. 4892 

Further, Monte Carlo calculations for a passive-scattering proton therapy treatment nozzle were done for 4893 

various settings of the range modulator wheel (Polf and Newhauser, 2005). Zheng et al. (2007) also 4894 

analyzed secondary radiation for a passive-scattering proton therapy system using Monte Carlo 4895 

simulations. The whole-body effective dose from secondary radiation was estimated for a passively 4896 

scattered proton treatment beam incident on an anthropomorphic phantom (Taddei et al., 2008). The 4897 

results show a dose equivalent of 567 mSv, of which 320 mSv was attributed to leakage from the 4898 

treatment head. Using the MCNPX code it was shown that the range modulation wheel is the most 4899 

intense neutron source of any of the beam-modifying devices within the treatment head (Perez-Andujar 4900 

et al., 2009). Simulations by Moyers et al. (2008) illustrated that most of the neutrons entering the 4901 

patient are produced in the final patient-specific aperture and pre-collimator just upstream of the 4902 

aperture, not in the scattering system. Additionally, Monte Carlo simulations were performed using the 4903 

FLUKA code for a 177 MeV scanned proton beam by Schneider et al. (2002). For the proton-beam 4904 
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scanning system, neutron equivalent doses between 2 and 5 mSv/Gy were measured for target volumes 4905 

of 211 cm3 (sacral chordoma) and 1253 cm3 (rhabdomyosarcoma), respectively, and 0.002 to 8 mSv/Gy 4906 

for lateral distances of 100 cm to 7 cm from the isocenter (Schneider et al., 2002). 4907 

 4908 

Secondary particle production in tissue-like and shielding materials for light and heavy ions was 4909 

done using the Monte Carlo code SHIELD-HIT (Gudowska et al., 2002; Gudowska et al., 2004). For ion 4910 

beams, simulations of secondary particle production and absorbed dose to tissue were done by 4911 

Gudowska and Sobolevsky (Gudowska et al., 2007; Gudowska and Sobolevsky, 2005). For a 200 MeV 4912 

proton beam, these authors reported the neutron absorbed dose delivered to the water and A-150 4913 

phantoms of about 0.6 % and 0.65 % of the total dose, respectively. The calculated absorbed dose due to 4914 

secondary neutrons produced by a 390 MeV/u 12C beam in the water and A-150 phantoms were 1.0% 4915 

and 1.2% of the total dose, respectively. 4916 

 4917 

Further, simulations using a Monte Carlo model for light-ion therapy (MCHIT) based on the 4918 

GEANT4 toolkit were done by Pchenichnov et al. (2005). The energy deposition due to secondary 4919 

neutrons produced by 12C beams in water was estimated to be 1 % to 2 % of the total dose, i.e., slightly 4920 

above the neutron contribution (~ 1 %) induced by a 200 MeV proton beam. Morone et al. (2008) 4921 

studied the neutron contamination in an energy modulated carbon-ion beam using the FLUKA Monte 4922 

Carlo. 4923 

 4924 

The mathematical anthropomorphic phantoms EVA-HIT and ADAM-HIT have been used in the 4925 

Monte Carlo code SHIELD-HIT07 for simulations of lung and prostate tumors irradiated with light ions 4926 

(Hultqvist and Gudowska, 2008). Calculations were performed for 1H, 7Li, and 12C beams in the energy 4927 

range 80 to 330 MeV/u. The secondary doses to organs due to scattered primary ions and secondary 4928 
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particles produced in the phantoms were studied, taking into account the contribution from secondary 4929 

neutrons, secondary protons, pions, and heavier fragments from helium to calcium. The calculated doses 4930 

to organs per dose to target (tumor) were of the order of 10-6 to 10-1 mGy/Gy and generally decrease with 4931 

increasing distance from the target. 4932 

 4933 

Figure 7.2 summarizes some of the experimental and theoretical results of neutron doses as a 4934 

function of lateral distance from the field edge for various proton-beam facilities and beam parameters. 4935 

These data share a very similar trend although the values show significant variations associated with 4936 

different beams and field parameters. 4937 

4938 
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 4941 

 4942 

 4943 

 4944 

 4945 

 4946 

 4947 

 4948 

 4949 

 4950 

Figure 7.2. Equivalent doses as a function of distance to the field edge for therapeutic proton beams 4951 

using passive-scattering techniques. Shown are data from experiments (Mesoloras et al., 2006; Wroe et 4952 

al., 2007; Yan et al., 2002) and calculations (Polf and Newhauser, 2005; Zacharatou Jarlskog and 4953 

Paganetti, 2008a; Zheng et al., 2007). In most cases, several beam parameters were considered and we 4954 

plot two curves, the maximum and minimum findings. Also shown is the scattered photon dose for an 4955 

intensity-modulated x-radiation therapy (IMRT) case assuming a 10 cm × 10 cm field (Klein et al., 4956 

2006).  4957 

4958 
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 While the data shown in Figure 7.2 help to understand differences among different beam-delivery 4959 

conditions, epidemiological studies require the use of organ-specific doses for proper risk analysis. To 4960 

this end, a number of recent studies have used whole-body patient phantoms and Monte Carlo 4961 

simulations to calculate organ doses for different proton treatment conditions. 4962 

 4963 

Organ doses out of the target (tumor) volume in the whole-body VIP-Man model for proton 4964 

therapy treatments have been studied by Jiang et al. (2005) assuming treatments of a tumor in the head 4965 

and neck region and a tumor in the lung. The simulations were based on the GEANT4 Monte Carlo code. 4966 

The treatment head simulation incorporated the different settings (combinations of scatterers, variable 4967 

jaws, etc.) necessary to simulate hardware configurations for each treatment field. The average neutron 4968 

dose equivalent for organs of the abdomen region was 1.9 and 0.2 mSv/Gy for a lung tumor and 4969 

paranasal sinus treatment plans, respectively. The dose in the red bone marrow was found to be 3 to 4 4970 

orders of magnitude lower than the prescribed dose to the tumor volume. However, the dose distribution 4971 

is highly non-uniform. The yield, the quality factors, and the absorbed doses from neutrons produced 4972 

internally in the patient’s body and externally in the treatment nozzle were analyzed for each organ. 4973 

Internal neutrons include the neutrons produced in the patient via interactions of primary protons and the 4974 

later generation of neutrons originating from them. In contrast, external neutrons are those generated in 4975 

the treatment nozzle and also the next generation of neutrons generated by them in the patient. Jiang et 4976 

al. (2005) reported, for internal and external neutrons, the equivalent doses for individual organs. The 4977 

simulations confirmed that the externally produced neutrons dominate the secondary neutron dose. 4978 

 4979 

Using a Monte Carlo model of a proton therapy treatment head and a computerized 4980 

anthropomorphic phantom, Fontenot et al. (2008) determined that the effective dose from secondary 4981 

radiation per therapeutic dose for a typical prostate patient was ~ 5.5 mSv/Gy. The secondary dose 4982 
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decreased with distance from the isocenter, with a maximum of 12 mSv/Gy for the bladder. The specific 4983 

aim of the study by Taddei et al. (2009) was to simulate secondary doses to organs following cranio-4984 

spinal irradiation with proton therapy. A passive-scattering proton treatment unit was simulated using 4985 

Monte Carlo simulations methods and a voxelized phantom to represented the pediatric patient. For a 4986 

treatment using delivering 30.6 Gy to the target plus a boost of 23.4 Gy, the predicted effective dose 4987 

from secondary radiation was 418 mSv, of which 344 mSv were from neutrons originating outside the 4988 

patient. Monte Carlo simulations of secondary radiation for passively scattered and scanned-beam proton 4989 

irradiation of cranio-spinal lesions were also done using a male phantom (Newhauser et al., 2009). 4990 

Zacharatou Jarlskog et al. (2008) simulated proton beam therapy for pediatric patients and considered 4991 

several proton fields of varying field size, beam range and modulation width for the treatment of tumors 4992 

in the intracranial region. To simulate age- and organ-specific equivalent doses, one adult phantom and 4993 

five pediatric phantoms (a 9-month old, a 4-year old, an 8-year old, an 11-year old, and a 14-year old) 4994 

were considered. Organ doses were presented as a function of organ index for up to 48 different organs 4995 

and structures. The organ-specific neutron equivalent doses varied as a function of field parameters. 4996 

Further, variations in dose between different organs was caused by differences in volume, in their 4997 

distance to the target, and in their elemental composition. For example, a greater range in tissue requires 4998 

a higher beam energy and thus more material (tissue) is needed to reduce the penetration of the proton 4999 

beam. Consequently, simulations based on the voxel phantom of a 4-year-old resulted in neutron 5000 

equivalent doses of about 1.3 mSv/Gy in the lungs for short-range fields and about 2.7 mSv/Gy for long-5001 

range fields. Neutron equivalent doses to organs increased with treatment volume because the number of 5002 

protons necessary to deposit the prescription dose in the target had to increase. The neutron equivalent 5003 

dose due to external neutrons typically increases with decreasing field size (Gottschalk, 2006; Paganetti 5004 

et al., 2006). It was found that for a small target volume, the contribution of neutrons from the treatment 5005 

head can be close to 99 % of the total neutron contribution, while for a large target volume it can go 5006 
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down to ~ 60 %. The neutron equivalent dose was as high as 10 mSv/Gy in organs located near the target 5007 

but decreased rapidly with distance (Zacharatou Jarlskog et al., 2008). Figure 7.3 shows how the thyroid, 5008 

esophagus and liver equivalent doses vary significantly with patient age (Zacharatou Jarlskog et al., 5009 

2008). Younger patients are exposed to a higher neutron contribution from the treatment head because of 5010 

their smaller bodies. With increasing distance from the target, doses vary more significantly with patient 5011 

age. For example, simulation based on the phantom of a 9-month old showed ~ 50 % higher dose to the 5012 

thyroid compared to simulations based on an adult phantom. In the case of esophagus, the ratio of the 5013 

dose to the phantoms of the adult to the 9-month old child was roughly a factor of 4. Simulations showed 5014 

that the maximum neutron equivalent dose delivered to an organ was ~ 10 mSv/Gy (Zacharatou Jarlskog 5015 

et al., 2008). Organs at larger distances from the target will show higher dependency on the patient age; 5016 

e.g., for the same field, the factor of dose increase for liver is approximately 20. 5017 

5018 
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 5028 

Figure 7.3. Organ equivalent dose in the thyroid (circles), esophagus (squares) and liver (triangles) as a 5029 

function of patient age averaged over six different cranial treatment fields. (Zacharatou Jarlskog et al., 5030 

2008)  5031 
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Table 7.1 shows, averaged over eight proton therapy fields used in the head and neck region 5035 

(Zacharatou Jarlskog et al., 2008), how the equivalent doses compare with doses from chest CT scans. 5036 

Apparently, for young patients it could correspond to on average of about 25 additional CT scans for the 5037 

fields considered. A similar analysis was done by Moyers et al. (2008). In their study, the total dose 5038 

equivalent outside of the field was similar to that received by patients undergoing IMRT. At the center of 5039 

a patient, the dose equivalent for a full course of treatment was comparable to that delivered by a single 5040 

whole-body CT scan. 5041 

5042 
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4-year old 11-year old 14-year old Average

H to thyroid from proton therapy 195.4 166.0 155.1

H to thyroid from chest CT scan 9.0 5.2 6.9

Therapy / CT scan (thyroid) 21.6 31.8 22.4 25.3

H to lung from proton therapy 128.2 54.7 34.7

H to lung from chest CT scan 13.9 12.0 12.6

Therapy / CT scan (lung) 9.3 4.5 2.8 5.5

 5043 

 5044 

Table 7.1. Equivalent doses (in mSv) for thyroid and lung due to secondary neutron radiation for a 70 Gy 5045 

treatment of a brain lesion (averaged over eight treatment fields). The values are compared to the 5046 

radiation to be expected from a chest CT scan as a function of patient’s age. (Zacharatou Jarlskog et al., 5047 

2008) 5048 

 5049 

 5050 

 5051 

 5052 

 5053 

 5054 

 5055 

5056 
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 In order to apply the appropriate energy-dependent radiation weighting factor for neutrons, the 5057 

energy of the neutrons causing dose deposition in organs needs to be determined. Figure 7.4 shows the 5058 

energy distribution of neutrons at the surface of several organs (Jiang et al., 2005). Fast neutrons lose 5059 

most of their kinetic energy in the initial relatively small number of scatterings. In the low/thermal 5060 

energy region, there is a decreasing probability for neutrons to slow down, causing a large number of 5061 

elastic scatterings in soft tissues with a prevailing field of low-energy neutrons in the patient. However, 5062 

the dose deposition events (and thus the determination of the radiation weighting factor) are mainly due 5063 

to higher energy neutrons (> 10 MeV). Zheng et al. (2008) calculated the neutron spectral fluence using 5064 

Monte Carlo simulations 5065 

5066 
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 5067 

 5068 

 5069 

 5070 

 5071 

 5072 

 5073 

 5074 

 5075 

 5076 

 5077 

Figure 7.4.  Energy distribution of external neutrons (per incident neutron entering the patient) arriving at 5078 

the outer surface of some major organs lateral to the field edge under a head and neck tumor plan. (Jiang 5079 

et al., 2005) 5080 

5081 
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7.5 Biological Effects of Secondary Particles (Low- and High-LET Particles, Low Doses) 5082 

 5083 

The radiation quality of particles is often classified by their linear energy transfer (LET). 5084 

Although there is not a direct relationship between LET and biological effect, higher linear energy 5085 

transfer radiations in most situations cause more severe damage to tissue. The parameter often used to 5086 

compare the biological effect of different radiations in radiation therapy is the relative biological 5087 

effectiveness (RBE). The RBE is defined as the ratio of the doses required by two different types of 5088 

radiation to cause the same level of effect for a specified end point. The RBE depends on dose, dose rate, 5089 

overall treatment time, fractionation, tissue, and endpoint. It is only defined with respect to a reference 5090 

radiation. To understand the effect of scattered or secondary radiation in ion therapy one has to examine 5091 

low-dose radiation effects. Because the RBE is defined for a given level of effect and increases with 5092 

decreasing dose (neglecting the potential effect of low-dose hypersensitivity and threshold effects), one 5093 

has to consider RBEmax, i.e., the RBE extrapolated to the zero dose level on the survival curves for a 5094 

specified radiation such as neutrons and the reference radiation.  5095 

 5096 

The dose deposited by secondary neutron radiation is typically quite low. While it may be 5097 

straightforward with simple laboratory cell systems to extrapolate high- or medium-level dose-response 5098 

data to low doses, it is very difficult to extrapolate to low doses with complex systems. This is due to 5099 

competing effects influencing in particular the low dose region. The biological effectiveness of radiation 5100 

depends on many different physical factors (e.g., dose, dose rate, track structure) and biological factors 5101 

(e.g., tissue type, endpoint, repair capacity, and intrinsic radiosensitivity). 5102 

 5103 

The biological effect of neutrons is a complex matter because neutrons are indirectly ionizing. At 5104 

very low energies (below 1 MeV) neutrons contribute to absorbed dose by elastic scattering processes 5105 
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(protons); by protons produced in neutron capture in nitrogen; by recoil of carbon, oxygen, nitrogen 5106 

atoms; and partly by γ-rays from thermal neutron capture processes in hydrogen. For higher energy 5107 

neutrons (around 1 to 20 MeV) a substantial amount of dose is deposited via recoil protons.  5108 

 5109 

To assess the risk of developing a second tumor from radiation therapy, the parameter of interest 5110 

is fractionated low-dose delivery leading to carcinogenesis. Such data are sparse, in particular at doses 5111 

below 0.1 Gy. Furthermore, the data on carcinogenesis in animal models based on fission neutrons reveal 5112 

that the dose-response relationship is non-linear (except for the initial portion), making extrapolation to 5113 

low doses very difficult and unreliable. As discussed by Edwards (1999), it is very difficult, and 5114 

associated with big uncertainties, to fit the correct initial slopes to neutron and reference radiations 5115 

because of the significant experimental uncertainties. 5116 

 5117 

The vast majority of data on neutron RBE has been obtained using fission neutrons. Fission 5118 

neutrons typically have energies between (on average) 1 and 1.5 MeV. It has been shown (Shellabarger 5119 

et al., 1980) that even single doses of 1 mGy of 0.43 MeV neutrons have the potential to increase the 5120 

tumor induction rate for fibroadenomas in rats. Broerse et al. (1986) have shown for the incidence of 5121 

benign mammary tumors in rats that 0.5 MeV neutrons are significantly more effective than 15 MeV 5122 

neutrons. Others have studied this as well (Fry, 1981). Because of the lack of high-energy neutron 5123 

carcinogenesis data, extrapolations have been made of the energy dependence of the measured neutron 5124 

(RBEmax) values up to much higher neutron energies (ICRP, 1991; 2003b; 2008; ICRU, 1986; NCRP, 5125 

1990; 1991). 5126 

 5127 

Based on the human data from neutron dose estimates to Japanese atomic bomb survivors (Egbert 5128 

et al., 2007; Nolte et al., 2006), two independent groups have estimated the most likely RBEmax for 5129 
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neutron-induced carcinogenesis in humans to be 100 for solid-cancer mortality (Kellerer et al., 2006) and 5130 

63 for overall cancer incidence (Little, 1997), respectively. The radiation field to which the atomic bomb 5131 

survivors were exposed is of course much different from the conditions in radiation therapy.  5132 

 5133 

As has been discussed, for example, in the review by Kocher et al. (2005) and by Brenner and 5134 

Hall (2008b), considerable uncertainties exist for neutron RBE values because of the paucity of data on 5135 

RBEs at energies outside the range of about 0.1 to 2 MeV; i.e., the energies of most fission neutrons. 5136 

Reviews by the NCRP (1990) and Edwards (1999) did not include data for neutrons above 20 MeV. 5137 

 5138 

7.6 Concept of Equivalent Dose to Patient Due to Secondary Particles 5139 

 5140 

7.6.1 Radiation Weighting Factors 5141 

 5142 

In the low-dose region of secondary radiation, the use of the term “radiation weighting factor” 5143 

instead of RBE emphasizes the fact that the quality or weighting factor is typically not endpoint- or dose- 5144 

dependent. The radiation weighting factor superseded the quantity “quality factor” (ICRP, 1991). The 5145 

conservative radiation weighting factors (wR) as defined, for example, by the ICRP (2003b; 2008), can be 5146 

associated with RBEmax. Thus, for radiation protection involving relatively low dose levels, the radiation 5147 

weighting factor is defined as a conservative and simplified measure of the RBE. For radiation protection 5148 

purposes one is interested in defining a parameter that is largely independent of dose and biological 5149 

endpoint (e.g., a maximum RBE). There are three main reasons for this: first, dose levels of interest in 5150 

radiation protection are typically low; second, recommendations for the general public should be easy to 5151 

understand; and third, a radiation protection recommendation does not aim at accuracy but provides a 5152 

conservative guideline.  5153 
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 5154 

For γ rays, fast electrons, and x rays, a radiation weighting factor of 1 can be assumed (ICRP, 5155 

1991) (although there is evidence based on chromosomal aberration data and on biophysical 5156 

considerations that, at low doses, the biological effectiveness per unit absorbed dose of standard x rays 5157 

may be about twice that of high-energy photons). The ICRP recommends for photons and electrons a 5158 

radiation weighting factor of 1, for protons a weighting factor of 2, and for alpha particles a weighting 5159 

factor of 20 (ICRP, 2008).  5160 

 5161 

For neutrons, the ICRP defines an energy dependent bell-shaped curve with a maximum 5162 

weighting factor of 20 at around 1 MeV (ICRP, 1991; 2003b; 2008). Ambiguities in weighting factor 5163 

assignments exist for uncharged particles. For example, fast neutrons deposit their energy mostly via 5164 

secondary protons. Nevertheless, the maximum radiation weighting factor recommendation for neutrons 5165 

is 20, while the factor for protons has a constant value of 2. 5166 

 5167 

One has to keep in mind that radiation weighting was recommended for radioprotection purposes 5168 

and the applicability to secondary radiation produced in the patient is questionable. The weighting factors 5169 

are given for external radiation and could be applied to the secondary radiation produced in the beam-5170 

line components. However, the secondary radiation produced in the patient can be regarded as an internal 5171 

radiation source and the use of weighting factors in this case is problematic. The quality factor is defined 5172 

as a function of the unrestricted linear energy transfer, whereas the radiation weighting factor is defined 5173 

as a function of particle and particle energy. Both concepts should result in similar outcomes. However, 5174 

in particular for indirectly ionizing radiation like neutrons, some inconsistencies exist with these 5175 

concepts as was discussed in section 7.2.2. 5176 

 5177 
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7.6.2 Equivalent Dose 5178 

 5179 

The ICRP also defines a radiation protection quantity, equivalent dose, as the average absorbed 5180 

dose in an organ or tissue multiplied by the radiation weighting factor for the type, and sometimes the 5181 

energy, of the radiation (ICRP, 2003b). The radiation weighting factor converts the absorbed dose in 5182 

gray (Gy) to sievert (Sv). Another radiation protection quantity is “effective dose” which normalizes 5183 

partial-body exposures in terms of whole-body stochastic risk (ICRP, 2003b). The ICRP developed the 5184 

concept of effective dose in order to recommend an occupational dose limit for radiation protection. 5185 

However, effective dose is not measurable or additive, and it depends on the so-called tissue weighting 5186 

factors that are subject to revision. The ICRP has stated that, for situations involving high doses, doses 5187 

should be evaluated in terms of absorbed dose and, where high-LET radiations (e.g., neutrons or alpha 5188 

particles) are involved, an absorbed dose weighted with an appropriate RBE should be used. Further, the 5189 

ICRP (1991) states that the effective dose concept should not be used to indicate risk for specific 5190 

individuals. 5191 

 5192 

When estimating equivalent doses under various conditions, e.g., in the case of a patient treated 5193 

with radiation therapy, the dose rate (fractionation) has to be taken into account. Radiation therapy is 5194 

typically delivered in multiple fractions, e.g., on 30 consecutive days (typically excluding weekends). 5195 

Most risk models are valid for a single irradiation. The difference in effect between a single fraction and 5196 

a multiple fraction irradiation with the same dose is due to the difference in repair capacity of the tissues. 5197 

In order to account for this effect, a dose and dose-rate effectiveness factor (DDREF) has to be applied. 5198 

DDREF is 1 for neutrons due to their high LET nature (Kocher et al., 2005). DDREF is applied for doses 5199 

below 0.2 Gy and for chronic exposure. The Biological Effects of Ionizing Radiation (BEIR) committee 5200 

(BEIR, 2006) recommends the use of an average correction factor of 1.5 to take into account 5201 
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fractionation when using dosimetric data for risk analysis for solid tumors and linear dose-response 5202 

relationships. While this is appropriate for photon radiation, equivalent doses from high-LET radiation, 5203 

like neutrons, should not be scaled using DDREF when dealing with low dose exposure because of the 5204 

different biological mechanisms with which neutrons interact with tissues (Kocher et al., 2005). There 5205 

can even be an inverse dose-rate effect describing a situation where the biological effectiveness of high-5206 

LET radiation increases with decreasing dose rate. However, this effect is typically not seen at lower 5207 

doses.  5208 

 5209 

7.7 Early and Late Effects 5210 

 5211 

Volumes in the patient receiving dose can be separated into three regions: 1) the target (tumor), 5212 

characterized by the planning target volume (PTV) treated with the therapeutic dose; 2) organs at risk 5213 

typically defined in the tumor vicinity (these may intersect with the beam path and are allowed to receive 5214 

low to intermediate doses); and 3) the rest of the patient body, which may receive low doses. 5215 

 5216 

Dose delivered to healthy tissues can lead to severe side effects, e.g., affecting the functionality of 5217 

organs (see e.g., Nishimura et al., 2003) or even causing a second cancer. In the tumor and along the path 5218 

of the therapeutic radiation beam, one may have to accept a risk for developing even significant side 5219 

effects because of the therapeutic benefit. A significant number of second tumors is found in the margins 5220 

of the target volume (Dorr and Herrmann, 2002). Such effects are not necessarily proportional to dose. 5221 

For example, if the dose is prescribed with the aim of killing tumor cells without leaving behind cells 5222 

with the potential for mutation, the risk of radiation-induced cancer within the target volume might be 5223 

smaller than the risk in the surrounding tissues receiving intermediate doses. 5224 

 5225 
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Organs that are part of the patient volume imaged for treatment planning are considered in the 5226 

treatment planning process by using dose constraints. They typically receive medium doses (> 1 % of the 5227 

prescribed target dose). The dose is due to scattering of the particle beam and due to the fact that these 5228 

organs lie within the primary beam path. The total dose delivered is termed integral dose. Other organs 5229 

are further away from the target volume and receive low doses (< 1 % of the prescribed target dose). 5230 

These organs are typically not imaged or outlined for treatment planning. The dose is a result of radiation 5231 

being scattered at large angles in the treatment head, radiation leakage through the treatment head, and 5232 

secondary radiation, i.e., radiation generated by interactions of the primary radiation with material in the 5233 

treatment head or the patient. Some treatment techniques, while aiming at highly conformal dose to the 5234 

target, do not necessarily deliver lower doses to areas distant from the target. Several authors have 5235 

cautioned that compared with conventional radiotherapy, the use of IMRT or proton therapy could result 5236 

in a higher incidence of radiation-induced second cancers (Hall, 2006; Hall and Wuu, 2003; Kry et al., 5237 

2005; Paganetti et al., 2006). Because doses are low, the main concerns are late effects and, in particular, 5238 

second cancers. 5239 

 5240 

Treatment-related cancers are a well-recognized side effect in radiation oncology (Schottenfeld 5241 

and Beebe-Dimmer, 2006; Tubiana, 2009; van Leeuwen and Travis, 2005). The likelihood of developing 5242 

a second cancer depends on both the entire irradiated volume and on the volume of the high-dose region. 5243 

With respect to radiation-induced sarcoma, the main concern is not primarily the dose far away from the 5244 

beam edge, but the dose delivered directly in the beam path. The second malignancy rates in children 5245 

from incidental normal tissue dose are of the order of 2 to 10 % 15 to 20 years after radiotherapy 5246 

(Broniscer et al., 2004; Jenkinson et al., 2004; Kuttesch Jr. et al., 1996). Others have estimated the 5247 

cumulative risk for the development of second cancers over a 25-year follow-up interval as ranging from 5248 

5 to 12 % (de Vathaire et al., 1989; Hawkins et al., 1987; Olsen et al., 1993; Tucker et al., 1984) with 5249 
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conventional radiation therapy as a predisposing factor (de Vathaire et al., 1989; Potish et al., 1985; 5250 

Strong et al., 1979; Tucker et al., 1987). Radiation can cause intracranial tumors after therapeutic cranial 5251 

irradiation for leukemia (Neglia et al., 1991), tinea capitis (Ron et al., 1988; Sadetzki et al., 2002), and 5252 

intracranial tumors (Kaschten et al., 1995; Liwnicz et al., 1985; Simmons and Laws, 1998). The median 5253 

latency of second cancers has been reported as 7.6 years in one group of patients (Kuttesch Jr. et al., 5254 

1996). In patients with pituitary adenoma a cumulative risk of secondary brain tumors of 1.9 to 2.4 % at 5255 

~ 20 years after radiotherapy and a latency period for tumor occurrence of 6 to 21 years was reported 5256 

(Brada et al., 1992; Minniti et al., 2005). Brenner et al. (2000) examined second cancers from prostate 5257 

radiotherapy and found that the absolute risk was 1.4 % for patients surviving longer than 10 years. The 5258 

relative risk of developing a second cancer is less in patients with smaller treatment volumes (Kaido et 5259 

al., 2001; Loeffler et al., 2003; Shamisa et al., 2001; Shin et al., 2002; Yu et al., 2000). Data on 5260 

radiation-induced cancer and mortality after exposure to low doses data have been summarized in the 5261 

BEIR VII (Biological Effects of Ionizing Radiation) report for various organs (BEIR, 2006). 5262 

 5263 

The relative risk of irradiated versus non-irradiated population for fatal solid cancer for persons 5264 

30 years of age for 1 Sv of whole-body irradiation was estimated to be 1.42 (Preston et al., 2004). Pierce 5265 

et al. (1996) estimated lifetime excess risks of radiation-associated solid cancer death rates and lifetime 5266 

excess risks for leukemia as a function of age, gender, and dose. The risk was higher for those exposed at 5267 

younger ages (Imaizumi et al., 2006). High rates of late (50 years after exposure) second cancers are 5268 

pertinent to risk estimates based on patient follow-up data extending to only 10 to 20 years. Thus, 5269 

estimates of radiation-induced cancer risk in radiation treated patients must be considered to be less than 5270 

the actual lifetime risk. 5271 

 5272 
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Often the highest incidence of radiation-associated second tumors occurs at field peripheries and 5273 

not at the field center (Epstein et al., 1997; Foss Abrahamsen et al., 2002). However, even doses 5274 

delivered far outside the main field have been associated with second tumors. Decades ago, the scalps of 5275 

children in Israel were irradiated to induce alopecia for the purpose of aiding the topical treatment of 5276 

tinea capitis (Ron et al., 1988). Mean doses to the neural tissue were ~ 1.5 Gy. The relative risk of tumor 5277 

formation at 30 years compared with the general population was 18.8 for schwannomas, 9.5 for 5278 

meningiomas, and 2.6 for gliomas with a mean interval for tumor occurrence of 15, 21, and 14 years, 5279 

respectively. Sadetzki et al. (2002) report on the development of meningiomas after radiation for tinea 5280 

capitis with a time from exposure to meningioma diagnosis of 36 years. A recent study has concluded 5281 

that, even 40 years after initial radiation treatment of cervical cancer, survivors remain at an increased 5282 

risk of second cancers (Chaturvedi et al., 2007). 5283 

 5284 

Second cancers are late effects and thus of particular importance in the treatment of childhood 5285 

cancers. For childhood cancers, the relative five-year survival rate has risen from 56 % for children 5286 

diagnosed between 1974 to 1976 to 79 % for those diagnosed in the period 1995 to 2001 (Jemal et al., 5287 

2006); the current ten-year survival rate is ~ 75 % (Ries et al., 2006). Although the majority of children 5288 

with cancer can expect a long life post-treatment, a second cancer will occur in some pediatric cancer 5289 

patients following successful treatment of the original disease (Ron, 2006). Most published data are 5290 

based on the Childhood Cancer Survivor Study, an ongoing multi-institutional retrospective study of 5291 

over 14,000 cases (Bassal et al., 2006; Kenney et al., 2004; Neglia et al., 2001; Sigurdson et al., 2005). 5292 

 5293 

7.8 Models 5294 

 5295 
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7.8.1 Model Concepts 5296 

 5297 

Cancer risk is specified as either the risk for incidence or the risk for mortality. Dose-response 5298 

relationships are typically defined as a function of age, gender, and site. The cancer incidence rate at a 5299 

given point in time is defined as the ratio of number of diagnosed individuals in a time interval divided 5300 

by the interval duration and the total number of unaffected individuals at the beginning of this interval. 5301 

Cancer risk, on the other hand, is defined as the probability for disease occurrence in the population 5302 

under observation, i.e., risk equals the ratio of number of diagnosed to total number of individuals in the 5303 

given time interval. The baseline risk refers to the incidence of cancer observed in a group without a 5304 

specific risk factor (e.g., the un-irradiated reference population). In order to obtain a measure of the 5305 

relation between the incidence rate in the exposed population and the incidence rate in the unexposed 5306 

population, one can use either their difference or their ratio. 5307 

 5308 

Quite often, risk estimates are performed using whole-body effective doses and organ weighting 5309 

factors (EPA, 1994; 1999; ICRP, 1991; 2003b; NCRP, 1993). The NCRP defines probabilities of fatal 5310 

cancer for bladder, bone marrow, bone surface, breast, esophagus, colon, liver, lung, ovary, skin, 5311 

stomach, thyroid, and remainder of the body (NCRP, 1993). The ICRP defines a whole-body effective 5312 

dose with organ-specific weighting factors (ICRP, 2003b). The methodology was originally designed for 5313 

setting radiation protection limits by making sure the radiation exposures to workers are controlled to a 5314 

level that is considered to be safe (ICRP, 1991; 2003b). Tissue weighting factors employed by the NCRP 5315 

and ICRP for the effective dose are gender- and age-averaged values applying a radiation independent 5316 

dose-rate correction. Thus, these models are rough approximations which yield a nominal risk value of 5 5317 

x 10-2/Sv. Effective doses are suited for radiation protection studies but it has to be stated clearly that 5318 

they are not suited for risk models for secondary cancer, which are site specific. The ICRP has advised 5319 
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against the use of effective dose for the risk of a single patient and of a site-specific tumor. 5320 

Epidemiological risk assessments should be based on organ-specific equivalent doses. The BEIR report 5321 

(2006) provides formalisms to calculate organ-specific risks of cancer incidence and mortality. Dose-5322 

response relationships are typically defined as a function of age, gender, and site.  5323 

 5324 

Relative risk (RR) is the rate of disease among groups with a specific risk factor (e.g., having 5325 

received some radiation) divided by the rate among a group without that specific risk factor. Excess 5326 

relative risk (ERR) is defined as the rate of an effect (e.g., cancer incidence or mortality) in an exposed 5327 

population divided by the rate of the effect in an unexposed population minus 1, or RR-1. In risk models 5328 

using ERR, the excess risk is expressed relative to the background risk. Absolute risk is the rate of a 5329 

disease among a population, e.g., cancer cases per capita per year. Excess absolute risk (EAR) is the rate 5330 

of an effect (e.g., cancer incidence or mortality) in an exposed population minus the rate of the effect in 5331 

an unexposed population. Thus, in risk models using EAR, the excess risk is expressed as the difference 5332 

in the total risk and the background risk. The latter depends on the area in which the person lives, their 5333 

age, sex, and date of birth (Ries et al., 2003). When modeling a dose-response relationship for a specific 5334 

disease, one can either use the concept of ERR or the concept of EAR. In general, estimates based on 5335 

ERR can have less statistical uncertainties and thus are more meaningful for small risks. On the other 5336 

hand, EAR is often used to describe the impact of a disease on the population. The excess risk can be 5337 

calculated as a function of attained age of the individual, age at exposure, dose received, sex index, and 5338 

an index denoting population characteristics. The lifetime attributable risk (LAR) is the probability that 5339 

an irradiated individual will develop a radiation-induced cancer in their lifetime (Kellerer et al., 2001). It 5340 

includes cancers that would develop without exposure but which occur sooner in life due to radiation. 5341 

The LAR can be estimated as an integral of excess risk over all attained ages using either ERR or EAR 5342 

(BEIR, 2006). 5343 
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 5344 

The models presented in BEIR report (2006) define the relation between the incidence rate in the 5345 

exposed population and the incidence rate in the unexposed population. The excess risk can be calculated 5346 

as a function of attained age of the individual: a, age at exposure, e; dose received, D; sex index, s; and 5347 

time since exposure, t. One assumes a linear (solid cancers) or quadratic (leukemia) function of dose. The 5348 

BEIR committee suggests that ERR for solid cancers (except for breast and thyroid) depend on age only 5349 

for exposures under age 30. Specific parameterizations are given for estimation of breast cancer risk, 5350 

thyroid cancer risk, and leukemia.  5351 

 5352 

Schneider and Kaser-Hotz (2005) proposed the concept of “organ equivalent dose” (OED), in 5353 

which any dose distribution in an organ is equivalent and corresponds to the same OED if it causes the 5354 

same radiation-induced cancer incidence. For low doses, the OED is simply the average organ dose. At 5355 

high doses the OED is different, because cell killing becomes important. The basis for the OED model is 5356 

the dose-response relationship for radiation-induced cancer for different organs. The model is a linear-5357 

exponential dose-response model that takes into account cell-killing effects by an exponential function 5358 

that depends on the dose and the organ-specific cell sterilization factor that is determined by Hodgkin’s 5359 

disease data. The dose distributions used to determine the organ-specific cell sterilization factor were 5360 

calculated in individual organs for which cancer incidence data were available. Kry et al. (2005) pointed 5361 

out that developing concepts like the OED model suffers from major deficiencies, such as single specific 5362 

irradiated populations. However, the OED approach has the advantage compared to the BEIR model that 5363 

it is able also to estimate cancer risk from medium to high dose exposures, i.e., in the vicinity of the 5364 

target (Schneider et al., 2006; Schneider et al., 2007). 5365 

 5366 
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By developing models based on the atomic bomb data, differences in the radiation exposure 5367 

compared to radiation treatments need to be considered. Even though most bomb survivors were exposed 5368 

to low doses (< 0.1 Gy), some were exposed to doses exceeding 0.5 Gy, thus influencing the risk 5369 

estimation. The risk is also dose-rate dependent. Grahn et al. (1972) observed reduction in leukemia 5370 

incidence by a factor of ~ 5 with reduction of dose to 0.2 to 0.3 Gy/day. Ullrich et al. (Ullrich, 1980; 5371 

Ullrich et al., 1987) reported on dose-rate dependencies for the incidence of lung adenocarcinoma in 5372 

mice. Maisin et al. (1991) found that ten fractions of 0.6 Gy yielded more cancers than a dose of 6 Gy in 5373 

mice following whole-body irradiation. Brenner and Hall (1992) discussed this inverse effect of dose 5374 

protraction for cancer induction. Dose rate effects are well understood for therapeutic dose levels with 5375 

low-LET radiation (Paganetti, 2005). Most risk models account for dose rate effects by introducing 5376 

scaling factors. However, the effect of dose protraction may be different in low dose regions in particular 5377 

for neutron irradiation. While a positive “dose and dose-rate effect factor” (DDREF) is established for 5378 

scattered photon doses, there is evidence for no dose-rate effect or even a reverse dose-rate effect for low 5379 

doses of neutron radiation. This effect is a well-known phenomenon for high-LET radiation (Kocher et 5380 

al., 2005).  5381 

 5382 

To establish a more precise dose-response relationship for second cancers as a function of 5383 

modality, treatment site, beam characteristics, and patient population, progressively larger 5384 

epidemiological studies are required to quantify the risk to a useful degree of precision in the low dose 5385 

regions (Brenner et al., 2003). In order to facilitate the evaluation of dose-response relationships as 5386 

defined in epidemiological models, organ-specific dosimetry is needed. In fact, one of the reasons for 5387 

considerable uncertainties in the current risk models is that actual second cancer incidences from 5388 

radiation therapy patients are difficult to interpret due to the lack of accurate organ-specific dosimetric 5389 
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information. Further, simple dose-response relationships can be misleading. Dose-rate effects certainly 5390 

play a role (Gregoire and Cleland, 2006). 5391 

 5392 

7.8.2  Dose-Response Relationships 5393 

 5394 

Various low-dose response relationships for second cancer induction have been discussed 5395 

(Brenner et al., 2003). Studies on leukemia suggest that the carcinogenic effect of radiation decreases at 5396 

high doses because cell killing starts to dominate mutation (Upton, 2001). Patients treated with radiation 5397 

for cervical cancer showed an increased risk of developing leukemia with doses up to ~ 4 Gy, which 5398 

decreased at higher doses (Blettner and Boice, 1991; Boice et al., 1987). Sigurdson et al. (2005) found 5399 

that the risk for developing a second thyroid cancer after childhood cancer increased with doses up to ~ 5400 

29 Gy and then decreased. There is other evidence that the risk of solid tumors might level off at 4 to 8 5401 

Gy (Curtis et al., 1997; Tucker et al., 1987). For pediatric patients, Ron et al. (1995) showed that a linear 5402 

dose-response relationship best described the radiation response down to 0.1 Gy. In general, a linear 5403 

dose-response curve is assumed for solid cancers (Little, 2000; 2001; Little and Muirhead, 2000). 5404 

 5405 

It has been shown that even a single particle can cause mutations in a single-cell irradiation 5406 

process. This is an indication of a linear dose-response relationship (Barcellos-Hoff, 2001), at least down 5407 

to about 0.1 Gy (Frankenberg et al., 2002; Han and Elkind, 1979; Heyes and Mill, 2004; NCRP, 2001). 5408 

For even lower doses a small decrease in transformation has been reported (Ko et al., 2004) while some 5409 

data suggest a non-linear dose-response curve (Sasaki and Fukuda, 1999). Others have suggested a 5410 

protective effect (Calabrese and Baldwin, 2000; 2003; Feinendegen, 2005; Hall, 2004; Upton, 2001). 5411 

Results of whole-body irradiation (WBI) of primates with a follow-up of 24 years show no increase in 5412 

cancer for 0.25 to 2.8 Gy (Wood, 1991).  5413 
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 5414 

Most currently used risk models are based on these data. Both the BEIR VII Committee (2006) 5415 

and the ICRP (1991) recommend, for doses below 0.1 Gy, a “linear no-threshold” (LNT) model. This 5416 

concept has been challenged by recent data (Tubiana et al., 2009). 5417 

 5418 

Assumptions about dose-response relationships for tumor induction are largely based on the 5419 

atomic bomb survivor data. These are consistent with linearity up to ~ 2.5 Sv with a risk of ~ 10 %/Sv 5420 

(Pierce et al., 1996; Preston et al., 2003). However, some analyses show a linear dose response for 5421 

cancer incidence between 0.005 and 0.1 Sv (Pierce and Preston, 2000), some indicate a deviation from 5422 

linearity (Preston et al., 2004), and some find no increased cancer rate at doses less than 0.2 Sv 5423 

(Heidenreich et al., 1997). There is even some evidence for a decreasing slope for cancer mortality and 5424 

incidence. This may be caused by the existence of small subpopulations of individuals showing 5425 

hypersensitivity (ICRP, 1999). There might also be reduced radioresistance in which a small dose 5426 

decreases the radiosensitivity, as has been reported for carcinogenesis (Bhattacharjee and Ito, 2001), 5427 

cellular inactivation (Joiner et al., 2001), mutation induction (Ueno et al., 1996), chromosome aberration 5428 

formation (Wolff, 1998), and in vitro oncogenic transformation (Azzam et al., 1994). Further, linearity 5429 

would not necessarily hold if multiple radiation-damaged cells influenced each other (Ballarini et al., 5430 

2002; Little, 2000; Little and Muirhead, 2000; Nasagawa and Little, 1999; Ullrich and Davis, 1999). An 5431 

increasing slope seems to fit dose-effect relations for radiation-induced leukemia (Preston et al., 2003), 5432 

while a threshold in dose seems to be present for radiation-induced sarcoma (White et al., 1993). Also, 5433 

animal data have not shown significant cancer excess for doses below 100 mSv (Tubiana, 2005). The 5434 

lack of evidence of a carcinogenic effect for low doses could be because the carcinogenic effect is too 5435 

small to be detected by statistical analysis or because there is a threshold. 5436 

 5437 
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7.9 Risks of Radiation-Induced Secondary Cancers in Particle Therapy 5438 

 5439 

Second malignancies are a major source of morbidity and mortality in pediatric cancer survivors. 5440 

Although IMRT provides highly conformal dose to the target volume at high doses, due to the increased 5441 

volume of tissue receiving lower doses it may nearly double the risk of second malignancy compared 5442 

with 3D conformal techniques (Hall and Wuu, 2003). Protons reduce the integral dose by a factor of 2 to 5443 

3 compared to photon techniques and can thus be expected to decrease second cancer risk. 5444 

 5445 

Recently, the comparative risk for developing second malignancies from scattered photon dose in 5446 

IMRT and secondary neutron dose in proton therapy has been assessed by analyzing clinical data (Chung 5447 

et al., 2008). The study matched 503 patients treated with proton radiation therapy from 1974 to 2001 at 5448 

the Harvard Cyclotron Laboratory and 1591 photon patients from the Surveillance, Epidemiology, and 5449 

End Results (SEER) cancer registry. Patients were matched by age at radiation treatment, year of 5450 

treatment, cancer histology, and site of treatment. The median age in both groups was comparable. It was 5451 

found that 6.4 % of proton patients developed a second malignancy as compared to 12.8 % of photon 5452 

patients The median follow-up was 7.7 years in the proton cohort and 6.1 years in the photon cohort. 5453 

After adjusting for gender and the age at treatment, the results indicated that the use of proton radiation 5454 

therapy is associated with a lower risk of a second malignancy compared to photon radiation therapy. 5455 

 5456 

Because we can assume (for passive-scattering techniques) that the majority of the neutrons in the 5457 

patient are generated in the treatment head, we can infer that proton beam scanning reduces the neutron 5458 

dose exposure significantly, in particular for small treatment fields (i.e., small apertures in scattering 5459 

systems). In fact, it has been demonstrated that scanned proton beams result in a lower second cancer risk 5460 

than passive-scattered protons or photons (Miralbell et al., 2002; Schneider et al., 2002). Miralbell et al. 5461 
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(2002) assessed the potential influence of improved dose distribution with proton beams compared to 5462 

photon beams on the incidence of treatment-induced second cancers in pediatric oncology. Two children, 5463 

one with a parameningeal rhabdomyosarcoma (RMS) and a second with a medulloblastoma, were 5464 

considered. They showed that proton beams have the potential to reduce the incidence of radiation-5465 

induced second cancers for the RMS patient by a factor of > 2 and for the medulloblastoma case by a 5466 

factor of 15 when compared with IMRT (Table 7.2). These data for scanned proton beams do not include 5467 

any secondary neutron component. Thus the improvement is simply due to a smaller irradiated high-dose 5468 

volume. 5469 

 5470 

5471 



RC22 on Ion-Beam Therapy 

25 September 2009 

 

 

321 

 

 5472 

Table 7.2.  Estimated absolute yearly rate of second cancer incidence after treating a medulloblastoma 5473 

case with either conventional x ray, IMRT, or scanned proton beams. (Miralbell et al., 2002)  5474 

 5475 

 5476 

 5477 

 5478 

 5479 

 5480 

 5481 

 5482 

 5483 

5484 
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The magnitude of second cancer risk in patients treated with passive and scanned proton radiation 5485 

has also been estimated utilizing computer simulations of organ doses using computational phantoms 5486 

(Brenner and Hall, 2008b; Jiang et al., 2005; Newhauser et al., 2009; Taddei et al., 2009; Zacharatou 5487 

Jarlskog and Paganetti, 2008b). Based on dosimetric data on organ doses given by Jiang et al. (2005), 5488 

Brenner and Hall (2008a) estimated second cancer risks for various organs assuming a neutron RBE 5489 

value of 25. They reported that lifetime cancer risk due to external neutrons in passive-scattered proton 5490 

therapy is 4.7 % and 11.1 % for a cured 15-year-old male and female, respectively. The estimations were 5491 

based on a proton treatment for lung cancer. The risk decreased to 2 % and 3 %, respectively, for an adult 5492 

patient. 5493 

 5494 

Based on Monte Carlo simulations using a treatment head model and a voxelized phantom, 5495 

Taddei et al. (2009) estimated the second cancer risk from secondary radiation following cranio-spinal 5496 

irradiation with proton therapy. An effective dose corresponding to an attributable lifetime risk of a fatal 5497 

second cancer of 3.4 % was determined. The equivalent doses that predominated the effective dose from 5498 

secondary radiation were in the lungs, stomach, and colon. Further, cranio-spinal irradiation of a male 5499 

phantom was calculated for passively scattered and scanned-beam proton treatment units (Newhauser et 5500 

al., 2009). The total lifetime risk of second cancer due exclusively to secondary radiation was 1.5 % for 5501 

the passively scattered treatment versus 0.8 % for the scanned proton-beam treatment. 5502 

 5503 

Based on the data on organ neutron equivalent doses using five pediatric computational 5504 

phantoms, risk estimations based on BEIR risk models have been done (Zacharatou Jarlskog and 5505 

Paganetti, 2008b). For eight proton fields to treat brain tumors, the risk for developing second cancer in 5506 

various organs was calculated. Figure 7.5 shows the lifetime attributable risk (LAR) for some of the 5507 

organs. It was found that young patients are subject to significantly higher risks than adult patients due to 5508 
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geometric differences and age-dependency of risk models. In particular, a comparison of the lifetime 5509 

risks showed that breast cancer should be the main concern for females, whereas for males, risks for lung 5510 

cancer, leukemia, and thyroid cancer were more significant. Other than for pediatric patients, leukemia 5511 

was the leading risk for an adult. Most of the calculated lifetime risks were below 1 % for the 70 Gy 5512 

treatment considered. The only exceptions were breast, thyroid, and lung for females. For female thyroid 5513 

cancer the treatment risk can exceed the baseline risk. The patient’s age at the time of treatment plays a 5514 

major role (Zacharatou Jarlskog and Paganetti, 2008b). 5515 

5516 



RC22 on Ion-Beam Therapy 

25 September 2009 

 

 

324 

 

 5517 

 5518 

 5519 

 5520 

 5521 

 5522 

 5523 

 5524 

 5525 

 5526 

 5527 

 5528 

 5529 

Figure 7.5. Lifetime attributable risk [%] based on a 70 Gy treatment for various second cancers for 4-5530 

year-old and 8-year-old brain tumor patients. The three colors refer to three different treatment fields. 5531 

The numbers on the right represent the baseline risks for these cancers. (Zacharatou Jarlskog and 5532 

Paganetti, 2008b) 5533 

 5534 

5535 
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Although strictly speaking it is a radiation protection quantity, the whole-body dose equivalent 5536 

was used to estimate the risk by a few groups (Followill et al., 1997; Kry et al., 2005; Verellen and 5537 

Vanhavere, 1999). In this approach, the whole-body dose equivalent was determined for a point in the 5538 

patient, usually 40 to 50 cm from the edge of the treatment field. This value is then multiplied by a 5539 

whole-body risk coefficient. Followill et al. (1997) measured whole-body dose equivalent for neutrons 5540 

and photons at a point 50 cm from the isocenter. The radiation weighting factor of 20 for neutrons was 5541 

used. As the beam energy increased, the neutron contribution increased dramatically. For each treatment 5542 

modality, the whole-body dose equivalent for 25 MV beams was found to be eight times greater than that 5543 

for the 6 MV beams. For a given energy, the whole-body dose equivalent was the highest for serial 5544 

tomotherapy, and lowest for 3D-CRT procedures. The risk of any fatal second cancer associated with the 5545 

scattered dose from the 6 MV unwedged conventional treatment technique was estimated by the authors 5546 

to be 0.4 %. The risk for an assumed 25 MV tomotherapy treatment was estimated to be 24.4 %. The 5547 

increased risks were associated with the increase in total number of monitor units used for each treatment 5548 

technique. Another series of calculations of whole-body dose equivalents for 3D-CRT and IMRT 5549 

prostate treatments were carried out by Kry et al. (2005). The authors reported major differences between 5550 

using this method and organ-specific risk calculations. 5551 

 5552 

7.10 Uncertainties and Limitations of Risks Estimations 5553 

 5554 

Neutron radiation weighting factors are subject to significant uncertainties that can affect risk 5555 

estimations, in particular at low doses (Brenner and Hall, 2008a; Hall, 2007; Kocher et al., 2005). The 5556 

ICRP radiation weighting factors may not be very accurate for extremely low doses (Kellerer, 2000). 5557 

Energy-averaged neutron radiation weighting factors in the human body based on the ICRP curve are 5558 

typically between 2 and 11 (Jiang et al., 2005; Wroe et al., 2007; Yan et al., 2002). However, much 5559 
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higher neutron RBE values have been found for various endpoints both in vivo and in vitro (Dennis, 5560 

1987; Edwards, 1999; NCRP, 1990). The NCRP has shown neutron radiation weighting factors of more 5561 

than 80 for fission neutrons considering several radiation endpoints in the energy range of 1 to 2 MeV, 5562 

where the ICRP recommendation assumes a weighting factor of 20 (NCRP, 1990). Dennis (1987) has 5563 

reviewed experimental neutron RBE data and found maximum in vivo values at low doses of up to 71. 5564 

 5565 

There are insufficient data to define the radiation effectiveness of neutrons for epidemiological 5566 

endpoints. The radiation weighting factor recommendation by the ICRP may not reflect reality as it does 5567 

focus on radiation protection rather than radiation epidemiology. The ICRP explicitly states that the term 5568 

effective dose is a quantity for use in radiation protection and not in epidemiology. These limitations 5569 

have to be considered when analyzing secondary doses. 5570 

 5571 

There are many different contributions that provide uncertainties in absolute risk estimates that 5572 

have been given in the literature. Kry et al. (2007) examined the uncertainty in absolute risk estimates 5573 

and in the ratio of risk estimates between different treatment modalities using the NCRP/ICRP risk 5574 

model and a risk model suggested by the U.S. Environmental Protection Agency (EPA, 1994; 1999). 5575 

They found that the absolute risk estimates of fatal second cancers were associated with very large 5576 

uncertainties, thus making it difficult to distinguish between risks associated with the different treatment 5577 

modalities considered. 5578 

 5579 

Several risk models have been proposed and used to estimate the risk of second malignancies 5580 

induced by radiation treatment. The models in use today are largely based on the atomic bomb survival 5581 

data. Both the BEIR VII Committee (2006) and the ICRP (1991) recommend, for doses below 0.1 Gy, a 5582 

linear dose-response relationship without a low-dose threshold based on the epidemiological data 5583 



RC22 on Ion-Beam Therapy 

25 September 2009 

 

 

327 

 

obtained from Japanese atomic bomb survivors. This population was exposed to a single equivalent dose 5584 

fraction of between 0.1 and 2.5 Sv. The radiation field, dose, and dose rate were certainly much different 5585 

from the radiation fields in radiation therapy. However, extracting dose-response relationships from 5586 

patient data is associated with large statistical uncertainties (Suit et al., 2007). 5587 

 5588 

At low doses, none of the epidemiological data are sufficient to establish the shape of the dose-5589 

response relationship and more extensive studies are required to quantify the risk to a useful degree of 5590 

precision (Brenner et al., 2003). One reason for the considerable uncertainties in risk models is the fact 5591 

that actual second cancer incidences are difficult to interpret because of the lack of accurate dosimetric 5592 

information. For example, in estimating the baseline risk for lungs from the atomic bomb survivors, a 5593 

significant fraction in the cohort were smokers. The lung cancer risk associated with smoking is additive 5594 

with the secondary cancer risk in lungs from the radiation. There is a large ambiguity in what fraction of 5595 

the cohort in the atomic bomb survivors were smokers. Consequently, the estimated baseline risk for 5596 

lung cancers for both genders is over estimated. 5597 

 5598 

7.11 Summary and Conclusion 5599 

 5600 

The issue of secondary radiation to patients undergoing proton beam therapy has become an 5601 

important topic among medical physics researchers and clinicians alike. A large amount of data has been 5602 

published on this subject particularly within the last few years. To some extent this shows the success of 5603 

radiation therapy. Due to early cancer diagnosis and long life expectancy post treatment, second cancer 5604 

induction could be a significant late effect. 5605 

 5606 
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Although dosimetric data, experimental as well as theoretical, are known by now to a sufficient 5607 

degree of accuracy, the actual cancer risk associated with the absorbed doses is not well known at all. 5608 

This is due to huge uncertainties in the biological effectiveness of neutrons at low doses and due to huge 5609 

uncertainties in current epidemiological risk models. 5610 

 5611 

Clinical data are difficult to interpret because of inter-patient variability and lack of dosimetric 5612 

information in the low dose region.  However, improved dosimetric data in combination with long-term 5613 

patient follow-up might eventually lead to improved risk models. 5614 

5615 
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8. Safety Systems and Interlocks 5616 

Jacobus Maarten Schippers 5617 

 5618 

8.1  Introduction 5619 

 5620 

The purpose of safety systems and interlocks (particle-beam interruption systems) in a particle 5621 

therapy facility is threefold:  5622 

 5623 

1. to protect personnel, patients, and visitors from inadvertent exposure to overly excessive 5624 

radiation doses; 5625 

2. to protect patients from receiving an incorrect dose or a dose in an incorrect volume; and 5626 

3. to protect equipment and environment against heat, radiation damage, or activation.  5627 

 5628 

How these goals are implemented depends strongly on the local radiation protection legislation, the 5629 

specific requirements and traditions of the institute concerned, and the standards to which the company 5630 

delivering the equipment adheres. In this chapter several methods and relevant parts of either planned or 5631 

actually installed safety systems are discussed, with the sole purpose of showing the underlying 5632 

philosophy and how one could implement such systems in practice. Therefore, the description of the 5633 

systems is by no means complete and is sometimes simplified. Most examples of the systems discussed 5634 

in this chapter refer to the situation at the Center for Proton Therapy at the Paul Scherrer Institute (PSI) 5635 

in Switzerland as they existed or were planned at the time of writing this chapter. Other methods will be 5636 

applicable to other treatment facilities or when other irradiation techniques are applied. Due to the 5637 

differences and continuing developments in legislation, it is up to the reader to decide which ideas or 5638 

systems could be of use in one’s own country or facility. The purpose of this chapter is to inform the 5639 
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reader about the different aspects of safety systems that need to be addressed; to give a potential user 5640 

enough background information and some suggestions to define one’s own list of criteria for a safety 5641 

system in order to have relevant and thorough discussions with the vendors; and to provide information 5642 

to help users understand, judge, and eventually criticize a vendor’s proposal and to check compliance 5643 

with local requirements and regulations.  5644 

 5645 

Figure 8.1 shows the facility at PSI, which has been built and designed in-house. Within a 5646 

research collaboration with the supplier of the cyclotron, PSI has contributed to the development of the 5647 

accelerator, its interfaces, and control system. The experience obtained since the start of particle therapy 5648 

at PSI in 1980 has evolved in the current design of the control and safety systems. Until 2005, the 5649 

therapy program ran parallel with the physics program at PSI by using a fraction of the high intensity 5650 

proton beam (Pedroni et al., 1995). This type of operation imposed special constraints on the design of 5651 

the safety systems, such as the rigorous separation of patient safety functions from the machine control 5652 

system. This philosophy has been used again in the newly built stand-alone proton therapy facility that 5653 

has been in use since 2007. This therapy facility (Schippers et al., 2007) consists of a cyclotron, energy 5654 

degrader and beam analysis system, two rotating gantries (Gantry 1 and Gantry 2, the latter of which is 5655 

not yet operational at the time of writing), an eye treatment room (OPTIS2), and a room for experimental 5656 

measurements.  5657 

5658 
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 5659 

 5660 

 5661 

 5662 

 5663 

Figure 8.1. Floor plan of the proton therapy facility at PSI, indicating the actuators that can be used to 5664 

stop or intercept the beam. (Courtesy of PSI) 5665 

 5666 

5667 
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At PSI the three safety functions mentioned above are controlled by three separate systems: a 5668 

Personnel Safety System (PSS); a Patient Safety System (PaSS); and a Run Permit System (RPS). The 5669 

PSS and PaSS operate separately from the control system of the machine (cyclotron and beam lines). The 5670 

separation of functions reduces the risks and complexity that might occur in the case of a system in 5671 

which the design is based on one combined operation and safety system in which “everything is 5672 

connected to everything else.” Of course, well-designed systems with a global function approach to the 5673 

facility can be conceived without this separation, but the separated function approach leaves more 5674 

freedom for further technical developments. The control system architecture at PSI allows explicit 5675 

visibility of these functions in the system architecture.  5676 

 5677 

In the case of an undesired input signal or status, each of the three safety systems has the 5678 

capability to “trip”: it sends a signal that switches the beam off or prevents the beam from being switched 5679 

on. The event of changing into a state which is not “OK” is usually referred to as “a trip” or “an interlock 5680 

trip.” Each safety system has its own sensor systems, actuators, switches, and computer systems. 5681 

Although actuators that can switch off the beam (Fig. 8.1) can be activated by more than one safety 5682 

system, they have separate inputs/outputs for the signals from/to each of these safety systems. In many 5683 

cases, dedicated diagnostic signals are also used to determine if the actuator is working properly. Apart 5684 

from the statuses “OK” and “not OK,” the other possible states of an actuator might be “NC” (not 5685 

connected) and “err” (short circuit). This defines the fail-safe nature of the signals. 5686 

 5687 

The displays in the control room indicate which system causes the interception or interruption of 5688 

the beam and allow a detailed in-depth analysis in order to find out the cause of such an error status. All 5689 

events are logged with time reference stamps.  5690 

 5691 
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In this chapter, these three safety systems and their implementation will be described. Although 5692 

some issues are specific to PSI (e.g., the spot scanning technique; see Pedroni et al., 1995) or to the use 5693 

of a cyclotron, the concepts are applicable to any facility. The most important aspect of the safety 5694 

concept used at PSI is the complete and rigorous separation of the three systems. By this, a very flexible 5695 

arrangement has been created. Some general issues on safety systems are discussed in Sec. 8.1, followed 5696 

by information on the beam-intercepting devices in Sec. 8.2, with Sec. 8.3 describing the relevant aspects 5697 

of the control system at PSI, and Sec. 8.4, 8.5, and 8.6 providing a detailed description of the three safety 5698 

systems. 5699 

 5700 

8.1.1  Safety Requirements 5701 

 5702 

The risk limitation and reduction required by various authorities depends upon local laws and 5703 

administration rules, and is in steady development. An FDA approval (U.S.A.), CE conformity procedure 5704 

(E.U.), or similar authorization by equivalent bodies in other countries of the facility could be required. 5705 

When the research and development of the equipment and software was started a long time ago, or when 5706 

it is not thought that the system will be put on the market, an adaptation of the project into a more 5707 

regulated form is generally not possible without substantial effort. For these special cases, special 5708 

regulations might exist.  5709 

 5710 

However, for proton/ion therapy, the practical implementation of existing regulations might 5711 

sometimes not be evident or applicable. Then one has to negotiate with the appropriate authorities, e.g., 5712 

regarding how the documentation and test procedures should be designed in order to obtain approval for 5713 

treatments. In any case, a state-of-the-art approach would at least consist of a report with a thorough 5714 

description of the safety systems, a risk analysis, operating instructions, and a list of tests to be done with 5715 
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a specified frequency of these tests. In general, the results of initial and periodic tests must be available 5716 

for the appropriate authorities.  5717 

 5718 

8.1.2  Safety Standards 5719 

 5720 

To the best of the author’s knowledge, there are no existing specific norms or widely applicable 5721 

safety guidelines specifically for proton and ion therapy facilities at this time. However, in some 5722 

countries authorities follow or adapt applicable existing recommendations or guidelines for linear 5723 

accelerators for photon or electron therapy, and regulations for particle therapy facilities are being 5724 

developed. The current recommendations and guidelines present generally accepted safety standards for 5725 

radiation therapy, many of which are also applicable to proton and ion therapy. One could, for instance, 5726 

use the applicable parts of the standards for medical electron linear accelerators, as given in the 5727 

International Electrotechnical Commission’s Publication 60601-2-1 (1998). As an example, in proton or 5728 

ion therapy, it would then also require two dose monitors in the treatment nozzle, one giving a stop 5729 

signal at 100 % and the second monitor giving a stop signal at approximately 110 % of the prescribed 5730 

dose. Also, useful guidelines can be found in the recently issued new IEC Publication 62304 (2006), 5731 

which deals with software for medical applications.  5732 

 5733 

Criteria for accidental exposures in radiotherapy are listed in ICRP Publication 86 (2000). An 5734 

overdose due to a failure in procedure or in equipment is classified as a “Class I hazard,” when the extra 5735 

dose could cause death or serious injury. Within this class, two types of hazards are distinguished: type 5736 

A, which can likely be responsible for life-threatening complications (25 % overdose or more of the total 5737 

prescribed treatment dose); and type B (5  to 25 % dose excess over the total treatment dose), which 5738 

increases the probability of an unacceptable treatment outcome (complications or lack of tumor control).  5739 
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 5740 

One of the goals of a patient safety system could thus be defined as preventing an excess dose 5741 

that is due to an error in dose delivery and exceeds 5 % of the treatment dose, which is typically ~ 3 Gy.  5742 

 5743 

8.1.3  Risk Analysis 5744 

 5745 

The requirements for and extent of a risk analysis for medical devices differ from country to 5746 

country and are in steady development, so a general rule cannot be given. Furthermore, there is no 5747 

unique way of performing a risk analysis, but one can obtain good working structures from existing 5748 

norms and recommendations on medical devices. Note, however, that whether and under which 5749 

conditions proton or ion therapy equipment and its accessories fall under the definition of “a medical 5750 

device” can differ from country to country (although, in the EU it is the same for all members).  5751 

 5752 

In ISO 14971 (2007), the general process of how risk management could be applied to medical 5753 

devices is given. On the ISO Web site mentioned in the above standard, a list of member countries that 5754 

have recognized ISO 14971 is given. This ISO norm presents an organizational structure of activities 5755 

related to risk management. One can typically distinguish the following steps in a risk management 5756 

process:  5757 

• Risk analysis: identification of hazardous situations and risk quantification, e.g., by 5758 

analyzing fault trees; 5759 

• Risk evaluation: decide upon need for risk reduction; 5760 

• Risk control: describe measures (definition, implementation, and verification) to reduce 5761 

risk; 5762 

• Residual risk evaluation: what is the risk after implementing the measures;  5763 
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• (Post) production information: review the actual implementation and observe how these 5764 

implementations perform in real practice. This gives the process the capability to update 5765 

the risk analysis and to react to observed problems after production. 5766 

 5767 

For an estimation of the amount of needed safety measures, one could use a process in analogy to 5768 

the one given in IEC Publication 61508 (2005) as a guideline. In Part 5 of this international standard for 5769 

the functional safety of electrical, electronic, and programmable electronic equipment, many examples 5770 

are given to categorize hazardous events in a “hazard severity matrix” by means of their impact and their 5771 

probability of occurrence. When the combination of severity and occurrence (i.e., the risk) exceeds a 5772 

certain threshold, a measure must be taken. The robustness of such a measure (the Safety Integrity Level, 5773 

or SIL) must increase with the risk. One way to increase the robustness of a measure is to add 5774 

redundancy, i.e., to increase the number of independent safety related systems that comprise the measure 5775 

taken. Specialized companies have developed software tools as an aid to make such a risk analysis.  5776 

 5777 

8.1.4 Interlock Analysis and Reset 5778 

 5779 

An interlock trip occurs when a device, component, measurement, or signal under the control of a 5780 

specific safety system is found in an undesirable state with respect to specified tolerances. It is important 5781 

to reset the interlock signals  and restore the machine setting to their normal operating states as soon as 5782 

possible after the machine state is “OK” again. This is necessary in order to limit waiting time, but also 5783 

to prevent loss of extra time for retuning of the machine to its normal operating state due, e.g., to 5784 

temperature drifts. This applies especially to interlock trips that were caused by a condition that was not 5785 

met for only a short time interval, but which was not caused by a malfunctioning device. For example, 5786 

one could think of an interlock trip caused by a transient state in which not all components are in an 5787 
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“OK” status. It could also occur due to a short occurrence of a too high beam current, which might 5788 

happen when the intensity (signal) is noisy.  5789 

 5790 

In order to recognize the cause of an interlock trip, a clear indication of the signals and an error 5791 

logging with time stamps of the underlying process and relevant events are essential tools for the 5792 

diagnosis and repair of problems.  Figure 8.2 shows the PSI user interface in the control room as an 5793 

example.  5794 

 5795 

5796 
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 5797 

 5798 

Figure 8.2.  The user interface of PSI’s control system showing the status of beam-intercepting actuators 5799 

in the cyclotron (controlled via a Safety Switch Box) and area-specific beam stoppers “BMx1.” (“Offen” 5800 

means “open”; “geschlossen” means “closed.”) (Courtesy of PSI) 5801 

 5802 

5803 



RC22 on Ion-Beam Therapy 

25 September 2009 

 

 

339 

 

The programs displaying the interlock status and bypasses (“bridges”) must be capable of giving 5804 

easy and quick access to such data. Data from deeper levels that cannot be displayed on the main screen, 5805 

or more detailed information on the status of specific beam-line sections or devices, can be found by 5806 

clicking on the components of interest or on a details field in the main screen. Depending on the failure 5807 

scenario, the continuation of the therapy has to be forbidden or disabled and a comprehensive evaluation 5808 

of the machine status and the dose already delivered to the patient must be carried out. An easily 5809 

interpreted interlock analysis program to inform the (therapy) operator can save a lot of time.  5810 

  5811 

After resetting an interlock, the beam should not be automatically switched on again. For safety 5812 

reasons, a dedicated manual action should be required to switch the beam on again.  5813 

 5814 

8.1.5  Quality Assurance 5815 

 5816 

Although rigorous tests of interlock systems must be done in theory, in practice it is impossible to 5817 

test all conceivable situations (control system configurations). However, a set of tests can be done to 5818 

verify that the entire system is working properly. For this purpose one can design tests during the 5819 

commissioning of the system (which could be part of the acceptance tests) as well as tests during the 5820 

operational phase of the facility. The combination of such tests should then exclude (or reveal) all errors 5821 

that one could think of. When a commercial therapy system is obtained, the possibilities for end user 5822 

testing are limited; however, a vendor should be able to state what type of tests have been done.  5823 

 5824 

During the commissioning of any proton or ion therapy facility, certified or not, several quality 5825 

assurance tests can be done by generating specific fault conditions. Sometimes the system needs to be 5826 

“fooled” in order to reach a faulty state for the test. Some possible testing scenarios  include a sudden 5827 
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increase of beam current; detuning of magnets; setting the energy degrader or collimator in the wrong 5828 

position; placing a radioactive source in front of a dosimeter; pressing emergency buttons; or bypassing 5829 

the limit switches on mechanical beam stoppers. Some of these tests are also incorporated in a quality 5830 

control program of periodic tests. 5831 

 5832 

All modifications or substantial repairs of the therapy equipment or control systems need to be 5833 

documented and followed by an “end-to-end test,” described in the quality control program of the 5834 

facility. Similar to standard radiation therapy, in a partial simulation of a treatment, a dose distribution is 5835 

delivered to a phantom in a treatment room. Measurements are made of the dose and proton range within 5836 

the phantom, and specified functions of the Patient Safety System are tested.  5837 

 5838 

8.2  Methods of Turning off the Beam 5839 

 5840 

In a particle accelerator and beam transport system there are many mechanisms for turning the 5841 

beam off. The action of each actuator (method or device) has its own specific reaction time, varying from 5842 

a few microseconds to fractions of a second. Also the time and effort to switch the beam on again 5843 

depends on the actuator. In case of severe risk (determined by a risk analysis; see Sec. 8.1.3), several 5844 

actuators must switch the beam off at the same time (redundancy). In case of low risk or routine switch-5845 

off, only one actuator will work, but if the beam does not stop in time, the action of more actuators will 5846 

follow. When a cyclotron is used as the accelerator, one might consider keeping the beam on, but only 5847 

allow the beam to be transported to a certain element in the beam line, e.g., by using an inserted 5848 

mechanical beam stopper. In case of a synchrotron, one might decide to stop the slow extraction and 5849 

store the beam in the synchrotron. In this case, an additional fast kicker magnet in the beam line to the 5850 

treatment areas can be used to suppress protons that “leak out” of the synchrotron. For cyclotrons, one 5851 
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should limit the duration of this type of interruption to avoid unnecessary accumulation of radioactivity 5852 

in and around the beam stopper. In case of a synchrotron, one might completely decelerate the beam in 5853 

the synchrotron and, in some cases, dump the low-energy beam on a beam dump when the waiting time 5854 

would be so long that beam losses would start to activate the machine. 5855 

 5856 

Most of the beam interrupting components can receive a “beam off” command from different 5857 

systems. At PSI these systems are the machine control system (see Sec. 8.3) and the safety systems PSS, 5858 

RPS and PaSS.  5859 

 5860 

Beam interrupting components implemented at PSI as well as those used in commercial facilities 5861 

are devices typical for cyclotron/synchrotron laboratories.  When using external ion sources (e.g., ECR 5862 

electron cyclotron resonance ion source) in ion therapy facilities, or staged accelerator systems (e.g., an 5863 

injector followed by a synchrotron), beam interruption can be done with similar methods. With a 5864 

synchrotron, however, one should realize that an interruption in the injection line or at the ion source is 5865 

decoupled from the beam to the treatment room. In this section an overview of components that turn off 5866 

the beam will be given. This is followed by a discussion of their use and the implications for the time and 5867 

actions that are needed after an interruption to get the beam back in the treatment room again.  5868 

 5869 

8.2.1 Beam Interrupting Components 5870 

 5871 

When a synchrotron is used, there are different options to stop the beam before it enters the beam 5872 

transport system. One could stop the radio frequency (RF) kicker that performs the slow extraction 5873 

process, and thus reduce the extracted intensity. One could also use a fast kicker magnet in the ring to 5874 

dump the stored particles on a beam dump. This can be done immediately in case of a severe emergency, 5875 
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or after deceleration to reduce the amount of radioactivity in the beam dump. The method (or methods) 5876 

used depends on the type of synchrotron and the manufacturer. In addition, one can shut off the ion 5877 

source. In general, more than one of these actions can be used to achieve safety redundancy.  5878 

 5879 

In a cyclotron facility, the devices that can turn the beam off include fast and normal mechanical 5880 

beam stoppers, and  fast deflection magnets in the beam line.  In addition, one can switch off the RF 5881 

acceleration voltage of the cyclotron or the ion source arc current, or use a fast electrostatic deflector in 5882 

the center of the cyclotron. Below, some details of the beam interrupting devices used at PSI are listed as 5883 

examples, starting from the center of the cyclotron. 5884 

 5885 

As in all proton cyclotrons, the ion source is located at the center of the cyclotron and at PSI it is 5886 

of the “cold cathode” type (Forringer et al., 2001). The performance of such a source is compromised 5887 

when it undergoes a fast switch-off (within < 1 min). Moreover, because the beam intensity decay is 5888 

slow when the source is switched off, taking several fractions of a second, the source should only be 5889 

switched off in severe cases. In general, some instability after switching on again might be expected in 5890 

any type of ion source.  5891 

 5892 

The next beam interruption device is a set of parallel plates, mounted near the center of the 5893 

cyclotron. Between these plates an electric field in the vertical direction can be generated. This field 5894 

deflects the protons, which still have low energy, in the vertical direction, so that they are stopped on a 5895 

collimator that limits the vertical aperture. This very fast (40 s) system stops the protons before they are 5896 

accelerated to energies at which they can produce radioactivity.  5897 

 5898 
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The RF of the cyclotron offers two options to switch the beam off: a reduced power mode (in 5899 

which a fraction of the nominal RF-power is applied), or switching the RF completely off. The reduced 5900 

mode also prevents the beam from being accelerated. This mode is used for non-severe reasons to switch 5901 

off the beam, thus allowing a fast return of the beam. The reaction time is less than 50 s.  5902 

 5903 

After extraction from the cyclotron, the first beam-intercepting device is a fast kicker magnet, 5904 

AMAKI. When the current in this magnet is switched on, it deflects the beam within 50 s onto a beam 5905 

dump next to the beam axis. This kicker magnet is the main “beam on-off switch” used during therapy. It 5906 

plays an essential role in the spot-scanning technique used at PSI. The magnet is equipped with an 5907 

independent magnet current verification device as well as with magnetic field switches to measure 5908 

whether the magnet has reacted within an appropriate time.  5909 

 5910 

The mechanical beam stopper, BMA1 (reaction time < 1 s), is located downstream of AMAKI. 5911 

This stopper is only opened when beam is allowed downstream. When closed, the cyclotron can be 5912 

ramped up and the extracted beam can be measured and prepared independently of the status of the other 5913 

beam lines or treatment rooms (see Fig. 8.3). 5914 

5915 
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 5916 

 5917 

 5918 

 5919 

Figure 8.3. The first beam line section with a fast kicker magnet serving as main beam “on/off” switch. 5920 

(Courtesy of PSI) 5921 

 5922 

5923 
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A mechanical stopper, BMx1, is located at the start of each beam line section specific for a 5924 

treatment room (“x” indicates beam line/treatment room B, C, D or E). This stopper must be closed in 5925 

order to allow persons to enter a treatment room. Only one of the BMx1s can be open at a time to prevent 5926 

the beam from entering the wrong room due to a magnet failure.  5927 

 5928 

In the beam line leading to each treatment room an additional fast mechanical stopper, BMx2 5929 

(reaction time < 60 ms), is inserted for longer beam interruptions and when a PaSS interlock trip occurs. 5930 

The beam stoppers are also used to stop the beam in normal operation and to measure the beam current. 5931 

Furthermore, a moveable neutron stopper (a block of iron) is mounted just upstream of the hole in the 5932 

wall through which the beam line enters the treatment room. The neutron stoppers are not allowed to be 5933 

struck directly by the proton beam and can therefore only be inserted when the preceding BMx1 stopper 5934 

is closed. Otherwise an interlock trip will be generated.  5935 

 5936 

8.2.2 Use of the Different Beam Interrupting Components 5937 

 5938 

 When the beam is stopped for normal operation reasons, the appropriate actuator is selected to 5939 

minimize the activation and radiation load as well as to minimize the time to get back to stable operation. 5940 

For beam interruptions up to a few minutes, the fast kicker magnet AMAKI is used. For longer 5941 

interruptions, the goal is to stop the beam at low proton energy in the cyclotron with the vertical 5942 

deflector.  5943 

 5944 

In case of a detected error state, the beam is switched off by one of the safety systems. Table 8.1 5945 

lists the various beam-intercepting actuators and when they are used by the three safety systems. The 5946 

major factor that determines which device is to be used is the reaction time. The combination of reaction 5947 
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time and dose rate determines the extra dose received by the patient when the beam is shut down during 5948 

treatment due to an error condition. The goal of the Patient Safety System is to limit the extra dose in 5949 

such cases. This goal is discussed more specifically in Sec. 8.5.1, where two types of errors are 5950 

described. The first is an extra dose due to an error in the dose application, but dealt with by, for 5951 

example, the dual monitor system. The extra unintended dose must be lower than 10 % of the fraction 5952 

dose (IEC, 1998).  At PSI, we aim for less than 2 % of the fraction dose, i.e., typically 4 cGy for Gantry-5953 

1. The second dose error is more serious and falls under the “radiation incident” category. In case of a 5954 

radiation incident, the goal of the Patient Safety System is to prevent an unintended extra dose larger 5955 

than 3 Gy (see Sec. 8.1.2 and 8.5.1).  5956 

5957 
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Table 8.1.  Beam-Intercepting Actuators and their Use In PSS, PaSS, and RPS. (Courtesy of PSI) 5958 

 5959 

Beam turn-off 

method useda 

Personnel Safety 

System 

 PSS 

Patient Safety System 

PaSS 

Run Permit System 

RPS 

kicker magn.AMAKI  ALOK b ILK d  from beam 

line 

Fast stopper BMx2  ALOK  

RF cyclotron “reduced”  ATOT c ILK from beam line 

RF cyclotron “off” alarm ETOT: Emergency 

off 

ILK from cyclotron 

Ion source off alarm ETOT: Emergency 

off 

ILK from cyclotron 

Beam stopper BMA1   ATOT ILK from beam line 

Beam stopper BMx1  when alarm in x, 

otherwise 

status check only 

ATOT  

Neutron stopper x  when alarm in x, 

otherwise 

status check only 

 when BMx1 closes 

 5960 

a  The first column  indicates which of the Beam-off switches is used when one of the three safety 5961 

systems (PSS, PaSS and RPS) generates a signal listed in column 2, 3 and 4 respectively. 5962 

b “ALOK”  indicates a local PaSS alarm, caused by a device within a treatment room. 5963 

c  A more serious alarm, “ATOT” indicates a global alarm from the PaSS, which requires general beam 5964 

off. 5965 

d  “ILK” means “interlock signal,” and “x” represents a given beam line toward a specific treatment room 5966 

(B,C,D, etc.). 5967 

 5968 

5969 
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Table 8.2 shows the list of switching devices with the response times of the actuators and the 5970 

approximate response time of the beam detectors and processing electronics. The calculated extra dose 5971 

deposition includes the complete system response time. With the regular beam setting for Gantry-1, 5972 

which has 100 nA extracted from the cyclotron, the dose rate of the pencil beam in the Bragg peak (i.e., a 5973 

volume of < 1 cm3) is approximately 6 Gy/s. When the Patient Safety System detects an error, e.g., the 5974 

beam has not been switched off on time, it will switch off the RF. The extra dose is then 0.09 cGy, which 5975 

is far below the maximum error of 4 cGy.  5976 

5977 
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Table 8.2.  Response times for beam interruption by the different beam stop methods and estimated extra 5978 

dose deposition at Gantry 1 at PSI for two cases with different extracted beam intensities Ip.a   (Courtesy 5979 

of PSI) 5980 

Device Response time 

Device,  

sensor &electronics 

Dose 

with 6 Gy/s  

(Ip=100 nA) 

nominal case 

Dose 

with max. intensity 

(Ip=1000 nA) 

worst case 

Kicker magn. AMAKI 50 s 

100 s 
0.09 cGy 0.9 cGy 

RF cyclotron “off”  

RF cyclotron “reduced” 
50 s 

100 s 
0.09 cGy 0.9 cGy 

Ion source 

 

20 ms 

100 s 
12 cGy 120 cGy 

Fast Beam stop. BME2 60 ms 

100 s 
36 cGy 360 cGy 

Beam stopper BME1 < 1 s <6 Gy <60 Gy 

Beam stopper BMA1 < 1 s <6 Gy <60 Gy 

 5981 

a  Note that the maximum possible current extracted from the cyclotron in normal operation conditions is 5982 

only a factor 10 larger than the normal current during Gantry-1 operation. 5983 

 5984 

5985 
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 When using a cyclotron, an unintended increase of the beam intensity can occur. In a synchrotron 5986 

this might also happen due to extraction instabilities; however, the number of protons is limited to those 5987 

stored in the ring. In a cyclotron an unintended increase of the beam intensity might happen due to, for 5988 

example, a sudden crack in the aperture of the ion source. To limit the beam intensity, fixed collimators 5989 

in the central region of the cyclotron are provided. These are designed such that they intercept most of 5990 

the unwanted additional intensity because protons originating from such an event are not well-focused. 5991 

When the intensity becomes higher than allowed (this limit depends on the application; for eye 5992 

treatments at PSI, it is a few times higher than for treatments at the gantry), it will be detected by the 5993 

permanently installed beam-intensity monitors at the exit of the cyclotron. These monitors will cause an 5994 

alarm signal and the two fast-switching devices (AMAKI and RF) will stop the beam. Even though there 5995 

will be a time delay in the signaling and the operation of the devices, the extra dose will stay below 3 Gy, 5996 

as specified in Sec. 8.1.2 and 8.5.1. To prevent the extremely unlikely event that these fast and redundant 5997 

systems fail, mechanical beam stoppers are also inserted into the beam line to stop the beam. Due to their 5998 

longer reaction time a higher excess dose will be given to the patient, but only in case both fast systems 5999 

fail (see Table 8.2).  6000 

 6001 

8.3  Control Systems, Mastership, and Facility Mode 6002 

 6003 

The operation of the accelerator and beam lines (e.g., setting the current of a power supply, 6004 

inserting a beam monitor, measuring the beam intensity) is done by means of a control system. The 6005 

safety systems must work independently of the control system. The only interactions between the safety 6006 

systems and the control system are receiving and sending status information. Because the concept of the 6007 

control system architecture is related to the goals and the design of the safety systems, some essential 6008 

aspects are discussed in this section.  Questions such as who is in control in case of having multiple 6009 
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treatment rooms (mastership), who can do what (machine access control) and when (facility mode), and 6010 

how is a separation of (safety) systems guaranteed, need to be considered in any design. In this section 6011 

these aspects will be elucidated by discussing the concepts used at PSI.  6012 

 6013 

8.3.1  Control Concept 6014 

 6015 

At PSI, a rigorous separation has been achieved between the responsibilities of cyclotron and 6016 

beam transport lines and those related to the treatment equipment. This decouples the tasks and 6017 

responsibilities of the machine as a beam delivery system and a user who decides whether the beam is 6018 

accepted or not for a treatment.  6019 

 6020 

 This separation is reflected in the control system architecture (see Fig. 8.4). A Machine Control 6021 

System (MCS) controls the accelerator and beam lines and it only controls the machine performance 6022 

itself. Each treatment area has its own Therapy Control System (TCS). Each TCS communicates with the 6023 

MCS via a Beam Allocator (BAL), a software package that grants the TCS of the requesting area 6024 

exclusive access (the Master status) to the corresponding beam line up to the accelerator. Also, it grants 6025 

the Master TCS a selected set of actions. This includes control of the degrader, beam line magnets and 6026 

kicker, and the right to give beam on/off commands. The Master TCS will ask the MCS via the BAL to 6027 

set the beam line according a predefined setting list. Independently of the MCS, the Master TCS will 6028 

start, verify, use, and stop the beam.  6029 

6030 
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 6031 

 6032 

Figure 8.4. Concept of the different control systems. Only one of the Therapy Control Systems (TCS, 6033 

right side) has mastership over the facility and can set beam line components via the Beam Allocator 6034 

(BAL). Necessary measurements and beam on/off is done directly by the Master TCS. (Courtesy of PSI) 6035 

 6036 

6037 
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8.3.2  Separation of Systems 6038 

 6039 

The separation of the safety systems as well as the control systems extends to the cabling of the 6040 

hardware, and if possible to the hardware itself (e.g., ion chambers). Each system has its own signal 6041 

cables and limit switches. As can be seen in Figure 8.5, the closed (“in”) position of a mechanical beam 6042 

blocker is equipped with three limit switches, one for each safety system. 6043 

6044 
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 6045 

 6046 

Figure 8.5.  Partial view of a mechanical actuator of a stopper. Each safety system (for machine, 6047 

personnel, and patients) has its own signal, resulting in three limit switches on this stopper. (Courtesy of 6048 

PSI) 6049 

 6050 

6051 
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8.3.3  Facility Modes 6052 

 6053 

In order to organize when certain operator actions are allowed, three different facility modes have 6054 

been defined. The Therapy Mode is used for patient treatment. The Diagnostic Mode is used for tuning a 6055 

beam line which is allocated to an area with Master status. Normally no patient treatment is allowed. 6056 

However, in case of a minor problem (e.g., bridging a RPS interlock signal due to a problem with a 6057 

vacuum pump), this mode can be used to finish a treatment. Special rules apply in this case (see Sec. 6058 

8.6.1). The facility can only be in Therapy Mode or Diagnostic Mode when requested by the control 6059 

system of a treatment room. The Machine Mode is used for the daily setup of the machine and allows 6060 

beam tests to be made with the accelerator and the energy degrader. In Machine Mode, the facility safety 6061 

system is set to a virtual user area “accelerator”; opening of all the beam stoppers BMx1 is disabled and 6062 

beam cannot be directed to the user areas. 6063 

 6064 

Only the operator of the treatment area that has obtained mastership is able to set the facility 6065 

mode to Therapy Mode or Diagnostic Mode and use the beam. Switching from an area which is in 6066 

Diagnostic Mode to an area in Therapy Mode requires a procedure which first forces the beam line and 6067 

current setting into a safe state.  6068 

 6069 

8.3.4  Treatment Procedure and Typical Operator Actions 6070 

 6071 

The way a facility is operated is strongly site dependent. At PSI there is an operator crew in a 6072 

main control room (24hrs/day, 7 days/week) and there are local radiation therapists (or therapy operators) 6073 

at every treatment room. The task of the operator in the main control room is to prepare and check the 6074 

accelerator and beam lines early in the morning and to store specific machine parameters for several 6075 
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standard beam intensities for the day. When these activities have been completed, the mastership is 6076 

handed over to the first treatment area, where QA checks are to be performed. This QA comprises the 6077 

set-up and check of the scanning parameters, dose delivery, and interlock system.  6078 

 6079 

During the day, until the last patient has been treated, the radiation therapists are responsible for 6080 

setting the machine and safety systems in the mode that allows patient treatment or switching of 6081 

treatment areas. Changing facility mode is done via a well defined procedure that validates the integrity 6082 

of the system.    6083 

 6084 

When a particular room is ready to receive beam for a patient treatment, the radiation therapist in 6085 

that treatment room requests mastership from the Beam Allocator application (BAL; see Sec. 8.3.1)  to 6086 

be able to start therapy operation. Mastership is granted when not possessed by another treatment room. 6087 

For efficient use of the beam time, the radiation therapist of each treatment room needs to be informed of 6088 

the status and progress of the treatments in the other rooms. Although not yet implemented at PSI, one 6089 

could imagine a screen showing the expected time left until mastership is released by the current Master 6090 

treatment room. In most commercial systems, the control system has an application which provides 6091 

information about the treatment status and patient flow in each treatment room and proposes or alerts the 6092 

next treatment room in the queue to get mastership.  6093 

 6094 

When mastership has been obtained and the patient is ready for treatment, the radiation therapist 6095 

selects the steering file and presses the “GO” button. This starts the computer program on the Therapy 6096 

Control System (TCS) that executes the treatment. The TCS executes the sequence of commands listed 6097 

in the steering file for this treatment that was generated by the treatment planning system. This file 6098 

contains all necessary parameters and the appropriate order of actions to perform the treatment. After the 6099 
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treatment has reached a normal end, the kicker magnet AMAKI deflects the beam automatically to stop 6100 

the beam and, in addition, beam stopper BMx2 is inserted automatically. When mastership is released 6101 

(treatment is completed) or the room is to be entered by the therapist, beam stoppers BMA1 and BMx1 6102 

are also inserted as well as the neutron stopper.  6103 

 6104 

In case of an interlock trip during treatment, the radiation therapist who has mastership 6105 

determines the cause by checking the displays of the interlock system and the error log. When the 6106 

problem is transient or can be solved, the system is reset by the radiation therapist and the spot scanning 6107 

continues where it had stopped. If the treatment cannot be resumed within a few minutes (depending on 6108 

the patient), the partial treatment is logged and documented and the patient is taken from the gantry to the 6109 

preparation room. On the other hand, when an interlock occurs, the mastership can be given to the main 6110 

control room so that the  problem can be solved by a machine operator. When the problem has been 6111 

solved, the patient will be brought back to the gantry and repositioned. After getting back the mastership, 6112 

the procedure for restarting an interrupted treatment is performed and then the treatment will continue at 6113 

the spot number (and its corresponding position) where the treatment had stopped. The TCS always 6114 

keeps track of the spot number and the monitor units applied using a power fail safe procedure. 6115 

 6116 

8.3.5  Hardware 6117 

 6118 

In the sections dealing with the respective safety systems, details of the hardware are given. In 6119 

general, one should try to use well-proven components and systems. Aspects to consider when selecting 6120 

hardware are: robustness; fail-safe design; which transient states are possible; what if the device is 6121 

switched off or cables not connected; robustness and signaling of overflow or signal saturation; time 6122 

response (speed as well as reproducibility); possible SIL level; and certification by manufacturer. 6123 
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Programmable Logic Controllers (PLCs) can be used for user interface applications and general control 6124 

functions. In general, however, PLCs are not allowed to be used in safety systems. Therefore, some 6125 

companies have developed dedicated and certified safety PLCs. To reach the required level of safety, 6126 

special concepts (e.g., redundancy) have been integrated into the PLC design. One part of these concepts 6127 

is a rigorous test program that is to be performed after any small change in a program of the PLC.  6128 

 6129 

When speed or a reproducible time response is an issue (e.g., in switch-off systems) advanced 6130 

logic components and/or Digital Signal Processors (DSPs) are preferred.  6131 

 6132 

8.4  Personnel Safety System 6133 

 6134 

A Personnel Safety System (PSS) needs to be robust to prevent irradiation of staff or other 6135 

persons; however, it needs a certain flexibility to ensure reliable beam operation and both fast and easy 6136 

access to areas where patients are treated.  Considerable experience exists with such systems in 6137 

accelerator laboratories and radiation therapy departments, although there are different constraints in 6138 

these applications. In a proton or ion therapy facility, the philosophies of an accelerator laboratory and a 6139 

radiation therapy department must be combined. The PSS used at PSI is based on the philosophy of an 6140 

accelerator laboratory, but for the application in the treatment rooms it has implemented an extension 6141 

dedicated to patient treatment. The accelerator laboratory type of system that is normally installed at the 6142 

PSI accelerator complex is applied to the access control of the room for experimental measurements and 6143 

to the cyclotron/beam-line vaults. Access to these areas is controlled (via PSS) by the operators in the 6144 

permanently manned control room for all accelerators at PSI.  The necessary communication with these 6145 

operators when entering these areas is usually organized differently in a hospital-based facility. On the 6146 
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other hand, the system used for the therapy rooms at PSI is not much different from the system used in a 6147 

hospital-based proton or ion therapy facility. 6148 

 6149 

8.4.1  Purpose  6150 

 6151 

The purpose of a PSS is to prevent people from reaching areas where beam can be delivered, 6152 

which can eventually result in an accidental exposure due to particle or photon irradiation. Specifically, a 6153 

PSS has to ensure that no beam can be transferred into an area accessible to personnel. On the other 6154 

hand, personnel access has to be inhibited if beam operation is possible in that area. Furthermore, PSS 6155 

signals can be used to monitor radiation levels in accessible controlled areas for which the beam is 6156 

blocked.  The radiation dose in an accessible area could be too high due to uncontrolled beam losses in a 6157 

neighboring area. A PSS must generate an interlock trip when an event occurs (e.g., a limit switch opens) 6158 

or when a critical situation develops that does not concur with the actual PSS access conditions, i.e., an 6159 

excessive dose rate in an accessible controlled area. 6160 

 6161 

The designation of different areas according to their radiological risk and the associated 6162 

accessibility concepts are applied in different way in different countries. For example, areas can be 6163 

designated as “forbidden,” “locked,” “controlled,” “surveyed,” “public,” “staff only,” etc. Sometimes 6164 

one uses indications of radioactivity levels (“red,” “yellow,” “green”), or lamps indicating “beam on” or 6165 

“beam off.” These assignments should be associated with a risk evaluation that determines the area 6166 

classification and the access rules. Apart from the goal to protect persons, it is also of utmost importance 6167 

that the access rules are easy to understand and maintain. When access is “forbidden,” it should not be 6168 

possible to enter accidentally.  6169 

 6170 
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In most countries, areas with an enhanced radiological risk must be designated as “controlled 6171 

areas” or the equivalent. For such areas, access restrictions must exist as prescribed by local rules. The 6172 

most common requirement is the wearing of individual dose meters applicable to the potential type of 6173 

radiation occurring (i.e., neutron radiation or  radiation) in order to detect the radiation exposure of 6174 

people. Frequently, a level classification is assigned to the controlled areas. This level classification is 6175 

related to the level of contamination risk (leading to an adapted dress code), possible dose rate 6176 

(potentially resulting in restricted occupation time), or possible presence of the proton beam. The 6177 

accessibility depends on the area type (level) and status of the PSS, and can be designated “free” or 6178 

“limited” access areas for authorized personnel.  6179 

 6180 

8.4.2  Modes of Operation 6181 

 6182 

At PSI the access status of an area is set by the PSS and is displayed at a panel near the entrance 6183 

of the area (see Sec. 8.4.5.1).  6184 

 6185 

 It can have the following modes: 6186 

• “free”: doors can be open. 6187 

• “limited”: the door is unlocked remotely by the control room operator and each person 6188 

must take a key from the key bank at the door.  6189 

• “locked”: the door is locked. It is possible that there is beam present in the area or that the 6190 

dose rate in the area is above a specified limit. 6191 

• “alarm”: Beam is switched off and the door of the area is released. 6192 

 6193 
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Treatment rooms can only be “free” or “locked.” When the area has the status “locked,” either a 6194 

door is locked or a light barrier will detect a person entering the room and initiate an alarm; see below. 6195 

 6196 

When a treatment room “x” is accessible, one must ensure that no beam can be sent into the 6197 

room. This is guaranteed by inserting the beam stopper BMx1 and a neutron stopper just upstream of the 6198 

hole in the wall where the beam line enters this room. When the accessible area is a beam-line vault or 6199 

the cyclotron vault, the cyclotron RF as well as the ion source must be switched off.  6200 

 6201 

 Table 8.3 summarizes the different conditions and actions related to the PSS access control. In 6202 

order to switch the mode of an area from “free” to “limited” or “locked,” a search for persons in the room 6203 

is mandatory. The search is made by the last person leaving the area, who must push several buttons at 6204 

different locations in the area, to ensure the complete search has been made. Also, an audio signal warns 6205 

people to leave the area (except in treatment rooms). When a person wants to enter the cyclotron/beam-6206 

line vaults or the experimental vault again, this can be done in “limited” access mode. In this mode, each 6207 

person entering the area must take a key from the key bank near the door. In order to switch the access 6208 

mode of an area from “limited” to “locked,” no search is needed, but all keys must be in the key bank at 6209 

the entrance door of the area before that vault’s status can be switched back to “locked.” Only when the 6210 

area is “locked” can BMx1 and its neutron stopper can be removed from the beam line, or the cyclotron 6211 

RF and ion source can be switched on again. 6212 
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Table 8.3. Status and actions of beam intercepting components for area access. 6213 

Reason for beam off by 

Personnel Safety System 
Beam interrupting components Other constraints 

  RF 

Ion 

source  BMx1 

Neutron 

stopper 

x  

      

allowed access to user area x   must be 

in 

must be 

in 

Area dose monitor 

being checked 

(prevents access or 

evokes alarm signal 

when dose rate too 

high) 

allowed access in 

cyclotron/beam-line vault, 

when the area is (limited) 

accessible 

must be 

off 

must be 

off 

  Lead shield must be 

at degrader  

 

Area dose monitor 

being checked 

(prevents access or 

evokes alarm signal 

when dose rate too 

high) 

Emergency off request / 

Alarm signal in 

cyclotron/beam-line vault 

 

e.g:  

     -emergency button  

         pressed 

 -failure in safety relevant 

    element  

-local dose monitor above 

    limit 

Switch 

off 

Switch 

off 

 

  

Emergency off request / 

Alarm signal in  user area x 

 

e.g:  

     -emergency button  

         pressed 

     -failure in safety relevant  

        element  

-local dose monitor above 

    limit 

Switch 

off 

Switch 

off 

insert insert  

 6214 

6215 
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 The entry of all vaults and rooms is through a maze. A polyethylene door is mounted at the exit 6216 

of the mazes to the patient treatment rooms. It is not closed during patient treatment in order to allow fast 6217 

access to a patient by the therapist. In the maze, a light barrier that detects a person who enters the 6218 

corridor is used in Therapy Mode. The light barrier will trigger an alarm that stops the RF and the ion 6219 

source, and inserts BMx1 and corresponding neutron stopper x. The polyethylene door must be closed 6220 

for non-therapy operation in a treatment room (e.g., QA, calibrations, etc.).  6221 

 6222 

 At PSI, the access status of the cyclotron vault and experimental room can only be changed 6223 

remotely by an operator in the control room. The treatment rooms, however, have a local control panel 6224 

near the door by which the medical staff can set the access status themselves (“free” or “locked”).  6225 

 6226 

 Emergency-off buttons are mounted in each area and in each vault to initiate an alarm by a person 6227 

who is still in the room. This alarm switches the RF and ion source off, inserts BMx1, and unlocks the 6228 

area entrance doors. 6229 

 6230 

8.4.3  Rules of Beam Turn-Off  6231 

 6232 

Because the PSS basically only gives permission to turn the RF and ion source on after checking 6233 

if all conditions are met, it is, in effect, passive with respect to beam control. During beam operation, if 6234 

one of the conditions is not met anymore, permission will be removed and the beam (RF and ion source) 6235 

turned off. It is important that the beam does not automatically switch on after it has been switched off 6236 

due to an interlock trip and reset again. Beam must always be turned on deliberately by the operator. 6237 

 6238 

8.4.4  Functional Implementation 6239 
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 6240 

The PSS system runs on a dedicated safety PLC that is certified for safety functions. It is 6241 

constructed of fail-safe components and is completely separated from other systems. This system has its 6242 

own dedicated actuator supervision sensors (e.g., limit switches or end switches) to register the status of 6243 

connected actuators such as beam stoppers. When the PSS causes an interlock trip, beam and neutron 6244 

stoppers will “fall” into their closed position. At PSI, the motion of mechanical stoppers is controlled by 6245 

compressed air in addition to gravity (fail-safe). In the event of such a trip, several devices (mechanical 6246 

stoppers but also RF) will act at the same time to intercept the beam. 6247 

 6248 

A separate PSS input is present in the control boxes of the RF and ion source. A fail-safe signal 6249 

must be present to allow “RF on” or “ion source on.” If a cable is disconnected the signal is absent.  6250 

 6251 

8.4.5 Components 6252 

 6253 

The PSS is only one part of a system ensuring personnel safety. Several devices, with different 6254 

functions, are connected to this system; some of them will be discussed here. 6255 

 6256 

 8.4.5.1 Area Access Control.  The implementation of access control in a hospital-based proton 6257 

or ion therapy facility can be organized quite similarly to a conventional radiation therapy facility. The 6258 

way it is implemented might also depend on the distance and visual contact situation between the control 6259 

desk of the radiation therapist and the door to the treatment room.  6260 

 6261 

At PSI, dedicated cabinets for area access control are installed near the entrance door of each area 6262 

(Fig. 8.6). The cabinets at the therapy areas are equipped with touch panels that guide the user through a 6263 
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menu of required sequential actions to allow access or to allow beam into the area. The panels and key 6264 

banks at the beam-line vault are installed next to a dedicated PSS door. The access status is visible on the 6265 

panel and a direct intercom connection to the control room is used if one wants to change the access 6266 

status or enter the vault in “limited” access mode. At PSI, no “beam on” type of signal is displayed at the 6267 

door. The access status only forbids or permits beam in the area, but whether beam is actually sent to the 6268 

area is up to the user. 6269 

6270 
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 6271 

 6272 

Figure 8.6.  Personnel Safety System units at vault entrance and treatment room entrance (Courtesy of 6273 

PSI) 6274 

6275 
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For radiation shielding purposes, the cyclotron vault has an additional concrete door at the maze 6276 

entrance from the vault. Inside the vaults, warning lights and audio signals provide warning before the 6277 

access mode is changed to “locked.” In order to prevent patient confusion, this is not done inside the 6278 

patient treatment rooms at PSI. However, local regulations might impose that beam on/off warning lights 6279 

must also be installed or used in the treatment rooms.  6280 

 6281 

8.4.5.2  Detectors.  Monitors are mounted in the vaults, controlled areas, and patient treatment 6282 

rooms to protect personnel against radiation. The extension for proton or ion therapy is that monitors 6283 

must be installed for gamma rays as well as for neutrons (see Chapter 4). They must trigger an alarm that 6284 

leads to an interlock trip when the area is in “free” or in “limited” access mode and a dose rate above a 6285 

preset threshold is detected. At the exits of the cyclotron/beam-line vault and the experimental area at 6286 

PSI, hand/foot monitors are installed. These are not connected to the interlocks. 6287 

 6288 

8.5  Patient Safety System 6289 

 6290 

The purpose of the Patient Safety System (PaSS) is to guarantee a safe treatment of the patient. 6291 

This has led to the rigorous separation of the functionality and safety systems, and it enabled PSI to build 6292 

a dedicated patient safety system that can be understood by all users and is well documented. The design 6293 

of the PSI system is based on general safety concepts and safety functions, which can in principle be 6294 

applied in any particle therapy system. In this section, the concepts of the system will be discussed first, 6295 

followed by a more detailed description of the components with the purpose of illustrating how the 6296 

concepts can be realized in practice. As a consequence, a simplified description is given, which is by no 6297 

means complete. Finally, the PSI-specific situation with respect to spot scanning will be addressed, 6298 
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followed by the rules applied by the Patient Safety System to turn the beam off, and some remarks on 6299 

quality assurance. 6300 

 6301 

8.5.1  Purpose  6302 

 6303 

 The task of any Patient Safety System (PaSS) is to comply with established requirements in order 6304 

to reach the essential safety goals for patient protection. These goals can be formulated as such:  6305 

 6306 

Goal 1: No serious radiation accidents can occur.  6307 

The most serious accident is the delivery of an unintended high dose to the patient. The first and 6308 

most important safety aim is to prevent an unintentional additional dose delivery greater than 3 Gy 6309 

(5 % of the total treatment dose) in case of a serious radiation accident. This is in correspondence 6310 

with the claim to prevent all Class I hazards of type A and B, following the classification for 6311 

accidental exposures published in ICRP Publication 86 (2000). The main concerns here are the 6312 

monitoring and beam switch-off systems. 6313 

 6314 

Goal 2:  To apply the correct and known radiation dose. 6315 

Any error in the total treatment dose delivered can adversely increase the probability of an 6316 

unacceptable treatment outcome (lack of tumor control or increased complications). Therefore, the 6317 

second safety goal is to prevent the occurrence of such errors during therapy, e.g., by using a 6318 

redundant dose monitoring system in the nozzle of the beam delivery system, and to limit the 6319 

unintended extra dose due to such errors (IEC, 1998). This extra unintended dose must be lower 6320 

than 10 % of the fraction dose (IEC, 1998). At PSI, we aim for less than 2 % of the fraction dose, 6321 

i.e., 4 cGy for Gantry 1. 6322 
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 6323 

Goal 3: To apply the dose to the correct position in the patient.   6324 

The main concerns here are the control of the position (checked by means of a position sensitive 6325 

ionization chamber in the nozzle of the beam delivery system) and energy of the beam (checked by 6326 

means of a dedicated position signal from the degrader and dedicated reading of bending magnet 6327 

settings), and the position of the patient (by prior CT scout views, x rays, cameras). 6328 

 6329 

Goal 4: Applied dose and dose position must be known at all times. 6330 

If the irradiation is interrupted at any time, the dose already given and the beam position of the last 6331 

irradiated spot must be known. 6332 

 6333 

8.5.2  Functional Requirements 6334 

 6335 

 The amount of the dose and the position of applied dose are monitored by the therapy control and 6336 

therapy monitoring systems (see Sec. 8.5.4.4). The major requirement of the Patient Safety System is to 6337 

cause an interlock trip when the tolerance limits in this monitoring system or in other devices that 6338 

monitor the status of crucial beam line and accelerator components are exceeded.  In general, this is in 6339 

analogy with the usual practice in radiation therapy to record and verify all the parameters being used 6340 

during the treatment and interrupting treatment in case of lack of agreement between planned and real 6341 

values. This could be done, e.g., by using commercially available “Record and Verify” systems. Due to 6342 

the high degree of complexity of a proton or ion therapy system, the number of available parameters is 6343 

too large to deal with for this purpose. Furthermore, many parameters have no relevance for the safety of 6344 

the patient. Therefore, in every proton or ion therapy facility, a selection of the relevant parameters or 6345 

components must be made. The most important components selected for this purpose at PSI are 6346 
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described in 8.5.4.4. Further, to avoid severe radiation accidents and to switch off the beam with high 6347 

reliability after each interlock trip, a redundant system is needed with multiple independent systems to 6348 

switch the beam off.  6349 

 6350 

 In a system with multiple treatment areas, a secure patient treatment in a pre-selected area must 6351 

be guaranteed, and interferences from other parts of the treatment facility are not allowed. It is usually 6352 

required to be able to sequentially treat patients in different areas with a switching time of less than one 6353 

minute.  6354 

 6355 

 An important specification is the independence of the treatment delivery and patient safety 6356 

system from the rest of the facility, including the control systems. Signals from beam-line devices that 6357 

are crucial for safe operation are directly sent to the PaSS and the PaSS also has direct access to selected 6358 

components to switch off the beam. It has no other control functionality than switching off the beam (or 6359 

preventing the switching on of the beam) through these devices when an anomaly has been detected. 6360 

 6361 

When a patient is being treated, all parameter values, patient-specific or field-specific devices, 6362 

and machine settings must be read from the steering file generated by the treatment planning system. One 6363 

important task of a Patient Safety System is to ensure that the correct devices are installed and that 6364 

parameters are set appropriately. 6365 

 6366 

 At PSI, the irradiation of the patient is fully automated, which minimizes human errors. Before 6367 

the treatment starts, the TCS reads all instructions, all settings of the machine, and dose limits from the 6368 

steering file. The PaSS also obtains the steering file information and makes an independent check of the 6369 

settings of selected critical devices, and watches relevant measurements. When the treatment is started, 6370 
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the TCS starts the actions listed in the steering file and the PaSS verifies online if the treatment proceeds 6371 

as it should.   6372 

 6373 

8.5.3  Description of System 6374 

 6375 

During a treatment the (Master) TCS sends instructions to the machine control system (MCS; see 6376 

Sec. 8.3). In the scanning technique employed at PSI, the beam-line settings vary during the treatment 6377 

because the energy is also a beam-line parameter. For each beam energy the MCS will use a predefined 6378 

setting of the beam line (a “tune”). During treatment, a sequence of tunes is used as given in the steering 6379 

file. For every tune to be set, the TCS sends the tune information to the MCS, which sets the degrader 6380 

and the magnets, etc. accordingly. The TCS automatically verifies whether the beam characteristics 6381 

satisfy the user’s needs by means of dedicated beam diagnostics at the checkpoints, and dedicated signals 6382 

from energy-defining elements. The Patient Safety System automatically checks the results of these 6383 

verifications (Jirousek et al., 2003). Note that all these readout systems are exclusively used by PaSS (the 6384 

blue boxes in Figure 8.7). 6385 

6386 
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 6387 

 6388 

Figure 8.7.  Signals to the Therapy Control System (TCS) of Gantry-1 are indicated with arrow-boxes. 6389 

Components controlled by TCS or PaSS are in rectangular boxes and the oval boxes indicate actions by 6390 

TCS or PaSS. (Courtesy of PSI) 6391 

 6392 

6393 
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 8.5.4  Components of the Patient Safety System (PaSS) 6394 

 6395 

The main components of the PaSS are:  6396 

• Main Patient Safety Switch and Controller (MPSSC): a central system that controls and 6397 

supervises a unique beam line and area allocation to only one user or treatment room (the 6398 

Master treatment room) at a time and transfers or triggers interlock signals.   6399 

• Local PaSS: the local patient safety system of a treatment room. It monitors all the signals 6400 

(interlocks, warnings, and “beam ready”) connected to the Therapy Control System of this 6401 

room and can generate and send interlock to the local and remote actuators. 6402 

• Emergency OR module: a logic unit that generates a global emergency beam switch-off 6403 

signal when either one of the input signals (permanent hardwired connections to each 6404 

room) is not OK. Being an independent device, it also acts as a redundant safety switch-6405 

off for the MPSSC.  6406 

• Detectors and sensors: these devices are wired to the PaSS. 6407 

•  Beam-interrupting devices: The actuators are activated by the local PaSS or the MPSSC. 6408 

For details, see Sec. 8.2.  6409 

 6410 

In addition, there are modules that read out, digitize, process, and distribute the signals observed 6411 

by the PaSS. These modules perform simple tasks that are implemented in the low-level software or 6412 

firmware and they operate independently of the control system (except for being informed of the 6413 

currently requested beam tune).  6414 

 6415 
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In the following subsections, the function of the main components will be described in more 6416 

detail. The organization of these components and the interlock signals are schematically displayed in 6417 

Figure 8.8. 6418 

6419 
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 6420 

 6421 

Figure 8.8.  The connection between the Local Patient Safety System (Local PaSS) of each area, MPSSC 6422 

(Main Patient Safety Switch and Controller), Emergency OR module, and the major beam on/off 6423 

actuators. The Emergency OR can generate a redundant switch-off signal, hard wired to the RF and ion 6424 

source.  (Courtesy of PSI) 6425 

6426 
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 8.5.4.1 Main Patient Safety Switch and Controller (MPSSC).  A topology control must be 6427 

implemented because there are multiple areas for treatments or experiments in the facility. Therefore an 6428 

important part of the PaSS is a central system that controls and supervises a unique beam line and area 6429 

allocation to only one user or treatment room (the Master treatment room) at a time. This system, the 6430 

Main Patient Safety Switch and Controller (MPSSC) monitors the interlocks and status of all areas. It 6431 

controls and supervises a unique beam line and area allocation, then sets its operation mode according to 6432 

a defined sequence including the following steps: disable the beam stoppers in all areas, and enable the 6433 

beam stopper BMx1 in the Master area. The exclusivity of the granting of the Master status will be 6434 

checked. It enables the Master user to switch on the beam with the fast kicker magnet AMAKI and 6435 

monitors its interlock status. Further, it monitors the operation of the beam interrupting elements and 6436 

verifies the consistency of the ready signal returned from the RPS and the reservation signal from the 6437 

Master area’s TCS.  6438 

 6439 

The MPSSC will generate an interlock trip when one of the above mentioned supervising 6440 

functions indicates an error or an inconsistency. In case of a failure within the MPSSC and its beam 6441 

actuators, the MPSSC will generate a emergency interlock (ETOT). The MPSSC has been built in a 6442 

redundant configuration.  6443 

 6444 

8.5.4.2 Local PaSS.  Each area has a local PaSS that is embedded in the TCS of that area and that 6445 

monitors all the signals connected to that TCS (interlocks, warnings, and “beam ready”). It generates and 6446 

monitors the pre-programmed AMAKI on/off signals for the spot scanning and monitors the remaining 6447 

beam intensity in case of a local interlock (“ALOK”). The local PaSS can stop the beam independently 6448 

of the MPSSC status. In that case, it uses BMx2, a beam blocker controlled solely by the local PaSS.  6449 

 6450 
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8.5.4.3 Emergency OR Module.  The Emergency OR module is a logic unit with permanent 6451 

hardwired input signals from each area. It generates a global emergency switch-off signal “ETOT” when 6452 

there is an alarm signal on one of the input signals. The electronic module has no processors and acts as a 6453 

simple logic “OR” function to pass the alarm signal on to the RF and ion source. As can be seen in Fig. 6454 

8.8, the system is independent of the MPSSC and user status. The independence guarantees that the beam 6455 

can be turned off by two redundant systems, each using a separate set of beam stopping actuators.   6456 

 6457 

 8.5.4.4  Detectors and Safety-Relevant Signals from Various Components.  The signals from 6458 

the beam line leading to an interlock trip from the Patient Safety System come from:  6459 

• dedicated beam-intensity monitors (ionization chambers and a measurement of the 6460 

secondary electron emission from a foil, which does not saturate at high intensities);  6461 

• dedicated reading of the degrader position to verify the set beam energy; 6462 

• dedicated magnetic switch in the AMAKI kicker magnet, to verify the action of the 6463 

kicker; 6464 

• dedicated Hall probes in each dipole magnet to verify the set beam energy; 6465 

• beam-intensity monitors at the check points (specific locations along the beam line); and 6466 

• monitors in the beam nozzle upstream of the patient, which encompass, e.g., the plane 6467 

parallel-plate ionization chambers “Monitor 1” and “Monitor 2” in Gantry 1 (the latter of 6468 

which has a larger gap to provide diversity in sensor design; see Sec. 8.5.5). “Monitor 3” 6469 

is an ionization chamber to measure dose as well, but equipped with a grid to have a faster 6470 

response. In addition, multi-strip ion chambers are used to measure the position of the 6471 

pencil beam during the delivery of each spot. 6472 

 6473 
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 8.5.4.5 Electronics, Hardware, and Firmware.  The hardware platform used in the PaSS is an 6474 

Industry Pack (IP) carrier board with a Digital Signal Processor (DSP). The logic to switch the beam off 6475 

is embedded in IP modules mounted on the carrier boards.  6476 

 6477 

 Several methods are used to enhance reliability. Redundant paths were implemented between the 6478 

subsystems to avoid single points of failure. Further , diagnostic coverage in the system has been 6479 

increased. At the same time, care has been taken to use diversity, such as the use of different types of 6480 

sensors, but also the supervision of actuators as well as the direct detection of the beam status. 6481 

 6482 

8.5.5 Implementation of the PaSS for Dose Application and Spot Scanning 6483 

 6484 

The use of the spot-scanning technique at PSI has specific implications for the design details of 6485 

the patient safety system. In Gantry-1 of PSI, the dose is applied by discrete spot scanning. The eye 6486 

treatment in OPTIS2 is performed with a scattered beam that is applied as a sequence of single spots 6487 

from the control system point of view. The application of the spot sequence is the most critical phase in 6488 

terms of patient safety. The dose is delivered as a sequence of static dose deliveries (“discrete spot 6489 

scanning”). The dose of each spot is checked online during the spot application. The dose delivery is 6490 

based on the signal of Monitor 1 in the treatment nozzle. For the dose verification, two other monitors, 6491 

Monitor 2 and Monitor 3, are used.  6492 

 6493 

The radiation beam is switched off by the fast kicker magnet AMAKI between each spot 6494 

delivery. The Monitor 2 preset value is always programmed with a built-in safety margin added to the 6495 

prescribed dose. If Monitor 1 fails, then the beam is switched off by the Monitor 2 preset counter. The 6496 

spot overdose resulting from this delay is estimated to be at maximum 0.04 Gy, which is 2 % of the 6497 
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fraction dose (PaSS Safety Goal 2). This corresponds to a fault situation and therefore an interlock signal 6498 

will be generated (beam switch-off with interruption of the treatment). If no interlock signals were 6499 

generated and if all the measuring systems show that the spot deposition has been carried out correctly, 6500 

the TCS sets the actuators, verifies actuators, and applies the next dose spot. The maximum dose per spot 6501 

that can be planned or given is limited by the maximum value that is allowed to be stored in the register 6502 

of the preset counter. 6503 

 6504 

A fixed upper limit for the maximum dose and dwell time of a spot is defined within the 6505 

hardware. These limits are checked by watchdogs (also called backup timers) in the PaSS. These are 6506 

separate electronic counters measuring the spot dose and the spot dwell time. If a defined value is 6507 

exceeded (counter overflow), then an error signal will be produced automatically. Each watchdog is set 6508 

back to zero at the end of the irradiation and approval of the spot dose.  If the beam remains switched on 6509 

unintentionally, the watchdogs will prevent a patient overdose greater than the maximum defined spot 6510 

dose. 6511 

 6512 

8.5.6  Rules for Turning the Beam Off 6513 

 6514 

The layout of the safety system for beam switch-off with the interconnections between local 6515 

interlock modules and the shared beam switch devices is drawn schematically in Fig. 8.8. Here one can 6516 

see the central role of the MPSSC. It checks the interlock status of all areas, enables the main user to 6517 

switch the kicker AMAKI, and controls its interlock status. It controls the commands of the Master user 6518 

and the operation of specific beam-interrupting elements (reduced RF and the mechanical beam stoppers 6519 

BMA1 and BMx1).  6520 

 6521 



RC22 on Ion-Beam Therapy 

25 September 2009 

 

 

380 

 

The PaSS can generate beam-off signals with different consequences and for different reasons. 6522 

The signals and their causes are listed in Table 8.4. Their interlock level (hierarchy) and the switch-off 6523 

action are listed in Table 8.5.  6524 

6525 
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Table 8.4.  The interlock signals of the Patient Safety System and examples of their causes. 6526 

 6527 

PaSS 

interlock 

signal 

 

General cause Examples of specific causes 

ALOK  error detected within the 

local therapy control system  

 

• Functional errors in a local device of TCS 

• Crossing of dose or position limits 

checked in the steering software. 

 

ATOT severe error detected in the 

allocated user safety system 

or error in the shared safety 

system that might lead to an 

uncontrolled deposition of 

dose or injury of a person 

• Error in the allocated user safety system 

• AMAKI error, area reservation error 

• Watchdog error in any TCS which is in 

Therapy Mode 

• Error in any of the beam switch-off 

devices BMA1, BME1, RF red. 

• Error in MPSSC boards and firmware 

 

ETOT emergency signal generated 

in any user safety system or 

error detected in ATOT 

generation 

• Emergency button pushed in any user 

safety system 

• Beam detected and ATOT interlock 

present 

• Error in the beam switch-off devices, RF 

off, or ion source 

• Error in the local supervision of 

emergency status. 

 

 6528 

6529 
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Table 8.5.  The hierarchy of the interlock signals from the Patient Safety System and the components that 6530 

will switch off the beam.  6531 

 6532 

Interlock Level / 

Beam Switch-Off Control Function 

Measures for Beam-Off 

ETOT 

ATOT 

ALOK 

Beam Off 

command 

Send current through kicker magnet 

AMAKI 

 Close local beam stopper BMx2 

 Close beam stopper BMx1 

Close beam stopper BMA1 

Reduce RF power to 80% 

 Switch off RF power 

Switch off ion-source power supply 

 6533 

6534 
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During treatment, all relevant safety checks are performed for each spot. If there is any 6535 

discrepancy between the prescribed and measured values of dose (Monitor 1, 2) or spot position (multi-6536 

strip monitor in the nozzle of the gantry, or a segmented ion chamber in the nozzle of OPTIS2), or in the 6537 

case of a technical fault, the result is always an immediate interruption of the treatment and the 6538 

generation of a local interlock trip “ALOK.” 6539 

 6540 

The watchdogs that check fixed upper limits for the maximum dose and dwell time of a spot will 6541 

automatically produce a global interlock “ATOT” if a defined value is exceeded (counter overflow). 6542 

Figure 8.8 also shows that, through the separate connection to the Emergency OR module, the local 6543 

system has the redundant capability of generating a global switch-off signal (“ETOT”), independent of 6544 

the beam-line Master. The ETOT controls the switch-off of the ion source and the RF system.  6545 

 6546 

8.5.7  Quality Assurance 6547 

 6548 

 As described in Sec. 8.1.5, frequent checks are performed of the Patient Safety System and each 6549 

treatment area. The checks are described in a QA manual, which also prescribes the frequency of the 6550 

tests (daily, weekly, monthly, yearly, etc.).  6551 

 6552 

During the building phase of the facility, a rigorous quality test program has been undertaken. 6553 

Not all possible configurations of a complete system can be checked; therefore, a procedure has been 6554 

developed for performing separate bench tests during the production phase of the electronic components 6555 

that are used in the Patient Safety System. With a simulation program that generates many initial 6556 

conditions for the electronic circuit boards under test, the boards have been tested and automatic test 6557 

reports have been generated.  6558 
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8.6  Machine Safety:  Run Permit System 6559 

 6560 

A machine safety interlock system should be used in every accelerator system. The tasks of this 6561 

interlock system are protection of the machine and its subsystems from damage due to wrong actions or 6562 

faulty devices, and to prevent unwanted high beam intensities.  In the following sections, the system will 6563 

be described in more detail. 6564 

 6565 

8.6.1  Purpose 6566 

 6567 

The machine interlock system at PSI is called the Run Permit System (RPS). It checks the status 6568 

of signals from all beam lines and cyclotron devices and compares these signals with the requested 6569 

topology (beam-line sections that will be used). The beam can only be switched on when the RPS allows 6570 

this; i.e., when its “beam-off” signal is “false.” This is done when a topology has been reserved and when 6571 

all devices in this topology have been set to their values and return an “OK” status. After the beam-off 6572 

status has been set to false, it sends a “machine ready” signal to the (Master) TCS, which then can 6573 

actually switch on the beam (with the kicker magnet AMAKI).  6574 

 6575 

The task of the RPS is to prevent the machine from being damaged, to prevent unnecessary 6576 

activation, and to prevent higher beam intensities than those allowed by the authorities. It does not check 6577 

beam optics, or whether the calculated settings of magnets are correct. However, from beam diagnostics, 6578 

several signals are observed online and bending magnet currents should be within intervals 6579 

corresponding with the used beam lines. Furthermore, the RPS will switch the beam-off to “true” when 6580 

fatal device faults are registered, such as an excessive temperature in a power supply or excessive 6581 

pressure in the vacuum system. 6582 
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 6583 

A bridge can be set to ignore these signals in the case of non-severe failure signals. In Therapy 6584 

Mode, however, no bridge is allowed. A protocol, signed by designated persons, must be used for cases 6585 

when one has to run with a bridged signal (“degraded mode”). Running in Therapy Mode with a bridged 6586 

signal is only allowed when an approval procedure by qualified persons is carried out, and only for a 6587 

limited time (e.g., one day).  6588 

 6589 

Some functions of the RPS are redundantly implemented in the PaSS for therapy purposes (e.g., a 6590 

limit on the maximum allowed beam intensity). The “responsibilities” of RPS and PaSS, however, are 6591 

strictly separated and the systems do not rely on each other. 6592 

 6593 

8.6.2  Functional Requirements 6594 

 6595 

The RPS is not intended to be used for personnel or patient safety; therefore, the requirements 6596 

with respect to redundancy and “fail-safe” are less critical. However, for the RPS, general design rules 6597 

(e.g., cabling, where a failed connection invokes a safe state) apply that result in a high safety standard. 6598 

An important requirement that applies specially for a proton therapy facility is that the RPS must be able 6599 

to quickly change its settings, as the operational requirements change quickly. Because an important 6600 

requirement for a proton therapy facility is a high uptime and high availability for the treatments, this 6601 

requires special precautions against false alarms and the implementation of a user interface with clear 6602 

data logging, failure recognition, and easy retrieval of the sequences that can lead to an interlock trip.  6603 

 6604 

Most of the auxiliary devices possess their own device-safety system that checks the proper 6605 

working of the devices. From these devices only status signals and, when available, detailed error 6606 
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information are sent to the RPS inputs. These are sent over fail-safe connections. Connections to the 6607 

actuators as well as the end switches of beam stopping devices are separate from the ones of PaSS and 6608 

PSS.  6609 

 6610 

8.6.3  Description of System 6611 

 6612 

Before turning the beam on, the topology and operation mode (Therapy, Diagnostic or Machine) 6613 

are sent to a computer program that generates the unique logic configurations and defines the beam 6614 

switch-off chain. Unlike the switch-off chain, which is hardwired to the various components that can 6615 

switch off the beam; the data acquisition and element control are performed by software in VME 6616 

computers. 6617 

 6618 

The user interface (Fig. 8.9) indicates the RPS status by coloring the cyclotron and beam line 6619 

sections. Green indicates that the section is ready for beam; red that it is not ready for beam; and yellow 6620 

that it is ready, but with “bridges” applied. When an interlock trip from the RPS occurs, the cause of the 6621 

sequences is logged and listed with time stamps in a message window. When clicking with the mouse on 6622 

a beam line section, a screen with the status of all its components will show up for further analysis. 6623 

 6624 

6625 
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 6626 

 6627 

Figure 8.9. Overview of the machine interlock (RPS) status. In the top figure, the beam line colors 6628 

indicate the status of the corresponding beam line section. The bottom figure shows the status of 6629 

individual components in the “bridged” first beam line section. (Courtesy of PSI) 6630 

 6631 

6632 
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 6633 

8.6.4 Components and Conditions That Are Checked 6634 

 6635 

 Inputs that cause the logic to generate a switched-off signal are deduced from the status of the 6636 

following component groups: 6637 

 6638 

a) Active devices: power supplies of bending magnets, quadrupole magnets, and steering 6639 

magnets belonging to the selected topology. The status signals yield information on the 6640 

cooling, the ready signal (actual current = requested current), and a few general signals of 6641 

the power supply. 6642 

b) Devices with a verification/guarding role: beam current monitors (also ratios between 6643 

monitors), slit and collimator currents, beam currents from beam stoppers, temperature 6644 

measurements, water flow controls, etc. 6645 

c) Configuration (topology) dependent parameters: magnet current intervals, positions of the 6646 

neutron stoppers, beam stoppers, vacuum valves in the beam line, etc.  6647 

 6648 

Many of the interlock trips will be caused by a device error, sent by a device that is part of the 6649 

active topology. When an error occurs, it usually has an effect on the beam characteristics and beam 6650 

losses. Some changes in beam losses can also lead to interlock trips. This intrinsic redundancy is very 6651 

useful and, with the aid of proper logging with time stamps, helps in a quick diagnosis of a problem 6652 

consisting of a chain of events. 6653 

 6654 

8.6.5  High-Reliability Components and Fail-Safe Design 6655 

 6656 
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The Run Permit System is built of dedicated modules (Run Permit System module, RPSM), each 6657 

having multiple I/O channels. Up to 4 RPSMs are mounted on a VME Basis plate. The direction of the 6658 

signal flow is programmed in firmware (XILINX). The logic that determines whether to switch off or not 6659 

is part of this program. Therefore, this logic is independent of the machine control system. The control 6660 

system communicates with the RPSMs via I/O-Computers (IOCs) to obtain the switch-off diagnostics 6661 

and information for the visualization programs, or to perform periodic tests.  6662 

 6663 

The following security measures are incorporated in each RPSM: 6664 

 6665 

a) The inputs and outputs are equipped with three-wire connections, so that disconnections 6666 

or shorts are recognized and the module changes its state into “NC” (not connected) or 6667 

“err” (short). 6668 

b) Every RPSM is characterized by an individual ID number. 6669 

c) The consistency of the internal firmware program is checkable by means of Check Sums. 6670 

d) The Machine Control System must use an encrypted communication procedure to write 6671 

into the control register or the bypass/bridging register. The new content of these registers 6672 

must be identified with the ID number of the RPSM in which has been written. 6673 

e) The data read from an RPSM must be signed with its ID number. 6674 

f) The RPSMs have a dedicated input which can be used by the Machine Control System to 6675 

enforce a beam-off command for test purposes. The time interval between this command 6676 

and the actual beam off is logged and can be read by the Machine Control System. 6677 

 6678 

8.6.6  Rules for Turning the Beam Off 6679 

 6680 
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Beam turn-off is implemented by the Run Permit System with a three-fold redundancy: 6681 

 6682 

a) fast kicker magnet AMAKI; 6683 

b) RF at reduced power so that particles are not accelerated. This is done if the fast kicker 6684 

magnet does not react within 50 to 100 sec, or when the integrated charge on BMA1 6685 

increases by a certain value within a preset time. This last error condition has been 6686 

implemented to avoid unnecessary activation; 6687 

c) Switch-off the ion source when the RF does not react in time.  6688 

 6689 

8.6.7  Tests and Quality Assurance (QA) 6690 

 6691 

The frequency of component periodic tests depends on their relative importance in terms of 6692 

machine security. 6693 

 6694 

Several tests are performed online: cross checks with PaSS signals; checks of cable connections 6695 

between RPS modules and those of the input signals; and check-sum verification of the XILINX 6696 

contents. 6697 

 6698 

In the Machine Control System, several test procedures are built-in and are typically run every week: 6699 

 6700 

a) test switch-off via primary switch-off channels and analysis of switch-off times; 6701 

b) checks of contacts of limit switches of moveable components (e.g., beam stoppers);  6702 

c) checks of interlocks on the allowed topology-dependent current interval of magnet 6703 

currents. 6704 



RC22 on Ion-Beam Therapy 

25 September 2009 

 

 

391 

 

 6705 

Additional tests are done after maintenance or repair. These tests are of course related to the components 6706 

involved in the maintenance or repair.  6707 

6708 
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Glossary 6709 

 6710 

absorbed dose (D):  The quotient of 
dm

d
D


= where d  is the mean energy imparted by ionizing 6711 

radiation to matter of mass dm . The unit is J kg-1 .The special name for the unit of absorbed dose 6712 

is the gray (Gy). 6713 

activation:  The process of inducing radioactivity by irradiation. 6714 

ALOK:  Local interlock signal from PaSS 6715 

AMAKI:  Fast magnetic kicker used at PSI 6716 

ambient dose equivalent (H*(d)):  The dose equivalent at a point in a radiation field that would be 6717 

produced by the corresponding expanded and aligned field in the ICRU sphere (diameter = 30 6718 

cm, 76.2 % O, 10.1 % H, 11.1 % C, and 2.6 % N) at a depth, d, on the radius opposing the 6719 

direction of the aligned field (ICRU, 1993). The ambient dose equivalent is measured in Sv. 6720 

attenuation length (λ):  The penetration distance in which the intensity of the radiation is attenuated by 6721 

a factor of e. 6722 

BAL:  Beam allocation system 6723 

BMxi:  Mechanical beam stopper number i, in beam line x at PSI 6724 

bridge:  The bypass of a system, irrespective its status. 6725 

compound nucleus:  A metastable nucleus that exists during the time between the fusion of a target 6726 

nucleus X and a impinging particle p and the separation into a residual nucleus Y and a outgoing 6727 

particle q. Niels Bohr introduced this concept in 1936. 6728 

computational human phantom: Computer representation of the human body 6729 

conversion coefficients:  The quotient of the dose equivalent under specified conditions and the 6730 

associated field quantity (for example, fluence). 6731 
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Coulomb barrier:  The repulsive Coulomb force between the target nucleus and the charged particle 6732 

that an  impinging charged particle does not have enough velocity to overcome ; hence, the 6733 

collision does not take place. The Coulomb barrier lowers the probability of nuclear reactions of 6734 

charged particles. 6735 

degrader:  A system to slow down the particles to a chosen energy. 6736 

directional dose equivalent H’(d,  ):  The dose equivalent at a point in a radiation field that would be 6737 

produced by the corresponding expanded field in the ICRU sphere at a depth, d, on the radius in a 6738 

specified direction,   (ICRU, 1993). The directional dose equivalent is measured in Sv. 6739 

dose equivalent (H):  The product of Q and D at a point in tissue, where D is the absorbed dose and Q is 6740 

the quality factor at that point. Thus, H = Q D. The unit of dose equivalent in the SI system of 6741 

units is joules per kilogram (J kg-1) and its special name is the sievert (Sv). 6742 

DSP:  Digital Signal Processor 6743 

ECR source:  An ion source often used for heavy ions, applying ionization by electron cyclotron 6744 

resonance. 6745 

effective dose: Weighted sum of various organ or tissue doses using organ weighting factors 6746 

Emergency OR module:  A logic “OR” unit used for an emergency-off. 6747 

equivalent dose (HT):  A quantity in a tissue or organ that is used for radiation protection purposes and 6748 

takes into account the different probability of effects which occur with the same absorbed dose 6749 

delivered by radiation with different radiation weighting factors ( Rw ). It is given by 6750 

RT

R

R DwH ,=T , where 
RTD ,

 is the mean absorbed dose in the tissue or organ, T, due to radiation 6751 

R, and Rw  is the corresponding radiation weighting factor. The unit of equivalent dose is the 6752 

sievert (Sv).  6753 

ETOT:  Global emergency switch-off signal from PaSS 6754 
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excess absolute risk (EAR): Rate of an effect in an exposed population minus the rate of the effect in an 6755 

unexposed population 6756 

excess relative risk (ERR): Rate of an effect in an exposed population divided by the rate of the effect 6757 

in an unexposed population minus 1 6758 

exemption:  The determination by a regulatory body that a radioactive source need not be subject to 6759 

regulatory control on the basis that the exposure due to the source is too small. 6760 

external radiation: Secondary radiation produced in the treatment head 6761 

fluence ():  The quotient of dN by da where dN is the number of particles incident on a sphere of cross-6762 

sectional area da. The unit is m-2 or cm-2.  6763 

generalized intra-nuclear cascade:  Description of nuclear interactions at energies up to a few GeV 6764 

which is based on a cascade of elastic and inelastic collisions between hadrons and nucleons 6765 

inside the nuclei involved in the interaction. Nuclear potentials, Fermi motion, and relativistic 6766 

effects are taken into account. 6767 

general-purpose particle interaction and transport Monte Carlo codes: Monte Carlo codes which 6768 

allow the simulation of hadronic and electromagnetic cascades in matter in a wide energy range. 6769 

They can therefore be used in a large variety of studies and is not restricted to certain 6770 

applications. 6771 

impact parameter:  In a nuclear collision between a target nucleus X and an impinging particle p, the 6772 

distance between the locus of p and the straight line of the same direction that passes the center of 6773 

X. The impact parameter is measured at a position far from X, where any force does not affect the 6774 

locus of p. 6775 

interlock system:  Interruption system of the particle beam 6776 

internal radiation: Secondary radiation produced in the patient 6777 

IOC:  Computer dedicated communication (Input/Output) 6778 
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isobar:  A nucleus having the same mass number but having a different atomic number.  6779 

isobaric yield:  The isobaric yield is the production probability of nuclei having a specific mass number 6780 

after a nuclear collision. 6781 

Local PaSS:  The local patient safety system of an area 6782 

MCS:  Machine Control System 6783 

microscopic model:  Description of nuclear interactions based on models for interactions between the 6784 

constituents of the colliding hadrons and nuclei (e.g., nucleons, quarks, and gluons). 6785 

MPSSC:  Main Patient Safety Switch and Controller 6786 

nuclear fragmentation:  The break-up of a nucleus as a consequence of an inelastic interaction. 6787 

operational quantity: A quantity with which, by means of its measurement, compliance with dose limits 6788 

may be demonstrated. Examples of operational quantities are ambient dose equivalent, directional 6789 

dose equivalent, and personal dose equivalent. 6790 

OPTIS:  A proton therapy beam line dedicated for eye treatments. 6791 

out-of-field dose: Dose outside the area penetrated by the primary beam 6792 

PaSS:  Patient Safety System 6793 

personal dose equivalent (Hp(d)):  The dose equivalent in soft tissue at an appropriate depth, d, below a 6794 

specified point on the body. The personal dose equivalent is measured in Sv.  6795 

PLC:  Programmable Logic Controller 6796 

prompt radiation:  Radiations that are immediately emitted by nuclear reactions of primary accelerated 6797 

particles.  6798 

protection quantity:  Dosimetric quantities specified in the human body by the ICRP. Examples of 6799 

protection quantities are effective dose and equivalent dose.  6800 

PSI:  Paul Scherrer Institute, Switzerland 6801 

PSS:  Personnel Safety System 6802 
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quality factor: Conservatively defined weighting factor to indicate the biological effectiveness as a 6803 

function of linear energy transfer 6804 

radiation weighting factor: Conservatively defined weighting factor to indicate the biological 6805 

effectiveness as a function of particle type and energy for external whole body exposure 6806 

relative biological effectiveness (RBE): Ratio of the doses required by two different types of radiation 6807 

to cause the same level of effect for a specified end point 6808 

relative risk (RR): Rate of disease among groups with a specific risk factor divided by the rate among a 6809 

group without that specific risk factor 6810 

residual radiation:  Primary accelerated particles and their secondary radiations of neutrons and charged 6811 

particles produce radionuclides. Radiations, such as photons and beta rays, which are emitted by 6812 

disintegrations of these induced radionuclides are called residual radiations. 6813 

resonance:  A phenomenon that occurs when the projectile particle energy coincides with the energy 6814 

level of the target nucleus, and a large peak appears in the reaction cross section. 6815 

RF:  Radiofrequency; the accelerating voltage of an accelerator 6816 

RPS:  Run Permit System, also called accelerator/machine interlock system 6817 

RPSM:  Dedicated modules in RPS having multiple I/O channels 6818 

saturation activity:  The maximum radioactivity induced by irradiation. Saturation activity is reached 6819 

when the irradiation time becomes longer than several times the half-life.  6820 

scattered radiation: Radiation caused by scattering of the primary beam 6821 

secondary radiation: Radiation by secondary particles produced when the primary beam interacts with 6822 

beam-line components or within patients 6823 

SIL:  Safety Integrity Level; the robustness of such a measure or a device 6824 
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spallation:  The process in which a heavy nucleus emits a large number of particles as a result of the  6825 

collision. between the  target nucleus and a high-energy heavy projectile nucleus. Any kind of 6826 

nucleus lighter than the disintegrating heavy nucleus can be produced in a spallation reaction. 6827 

stylized phantoms: Computer representation of the human body using simple geometrical shapes 6828 

TCS:  Treatment Control System 6829 

Thick Target Yield (TTY):  Secondary radiation emission from a target, of which the thickness is 6830 

slightly larger than the range of the irradiating charged particles. Examples of TTY quantities are 6831 

the total neutron yield and the neutron energy angular distribution. 6832 

trip:  A signal that switches the beam off. 6833 

tune:  Predefined setting of the beam line 6834 

variance reduction techniques:  One of several procedures used to increase the precision of the 6835 

estimates that can be obtained for a given number of iterations. 6836 

voxelized phantom: Computer representation of the human body using a grid geometry 6837 

watchdog:  Backup timer; electronic counters measuring the duration of dose application 6838 

6839 
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