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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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    Eugen Hug 354 

    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 ñtried and provenò 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 

 406 

I am greatly appreciative of the work done by each of the Task Group members, consultants, and 407 

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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additional reports. We look forward to your feedback and assistance.  417 
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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 ñlargeò 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 ñpromptò and ñresidualò 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, ɗ, d/ɚ(ɗ)) = ù
ú

ø
é
ê

è
-

)()(
exp

),(
2

0

qql

q

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 ɗ 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(ɗ) is the slant thickness of the shield at an angle ɗ; 547 

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

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

g(ɗ) = cosɗ for forward shielding; 550 

g(ɗ) = sinɗ for lateral shielding; 551 

g(ɗ) = 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 (r) and will be referred to hereafter as ɚ. For thicknesses (ɟd)  556 

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

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

variation of attenuation length (rɚ) 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 (ɗ), ɚ 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 ɚ 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 (rɚ) for monoenergetic neutrons in concrete of density r 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 



PTCOG Publications  Report 1                                 © 2010 PTCOG All rights reserved 

 

  

12 

 

0

50

100

150

200

250

300

350

400

10
1

10
2

10
3

HIMAC,TEPC
HIMAC,Cal.
ISIS,Rem C.
ISIS,Cal.
TIARA,NE213
CYRIC,NE213

A
tt
e
n
u
a
ti
o
n
 L

e
n
g
th

 (
g
 c

m
-2

)

Maximum Source Neutron Energy (MeV)
 607 

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,W), 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 ñdoseò 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

e
= where ed  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

RDwH ,ä=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 ä= , 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, Hô(d, W ),  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, W (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, F, 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 



PTCOG Publications  Report 1                                 © 2010 PTCOG All rights reserved 

 

  

20 

 

 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, ˊ) 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 

(Ŭ) 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
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2

2
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=
 

(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 ɓ = 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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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 ɓ 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
bf

z

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 ñrange straggling.ò 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 



PTCOG Publications  Report 1                                 © 2010 PTCOG All rights reserved 

 

  

29 

 

¶ 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 ñboil off.ò 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, ˊ±, 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 (ˊ0 ) 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 (ˊ±, K±) will decay before they have dissipated all their energy, 994 

releasing one muon (ɛ±) 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 



PTCOG Publications  Report 1                                 © 2010 PTCOG All rights reserved 

 

  

37 

 

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:  ǚn =  0.025 eV at 20° C, typically En Ò 0.5 eV (cadmium resonance) 1098 

Intermediate: 0.5 eV < En Ò 10 keV 1099 

Fast: 10 keV < En Ò 20 MeV 1100 

Relativistic or high-energy: En  > 20 MeV 1101 

where ǚn 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,Ŭ) 1110 

or (n,ɔ). 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,ɔ)
2H reaction. The gamma ray has an energy 1116 

of 2.22 MeV. The capture crosssection is 0.33 ³ 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,Ŭ)
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 (ǚn) 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)Ź 

Average Neutron Energy, ǚn (MeV) 

Emission AnglesŸ 0° to 10° 40° to 50° 80° to 90° 130° to 140° 

100 22.58 12.06 4.96 3.56 

150 40.41 17.26 6.29 3.93 

200 57.73 22.03 7.38 3.98 

250 67.72 22.90 8.09 3.62 

 1190 

1191 
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Table 2.3 shows the neutron yield as a 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) Ź 

Iron Target 

Thickness (mm) 

Average Neutron Energy, ǚn (MeV) 

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

37.5 75.0 73.6 25.9 8.1 3.9 

58.0 75.0 67.7 22.9 8.1 3.6 

75.0 75.0 64.7 21.3 8.1 3.5 

75.0 150.0 70.3 23.5 6.9 3.2 

 1216 

1217 
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Figures 2.3 and 2.4 show the double 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 ³ 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 ³ 10 cm ³ 2 cm 1264 

for 180 MeV/nucleon and 10 cm ³ 10 cm ³ 20 cm for 400 MeV/nucleon carbon ions, respectively. The 1265 

dimension of the copper target was 10 cm ³ 10 cm ³ 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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 1276 

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 

ñdees.ò 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 



PTCOG Publications  Report 1                                 © 2010 PTCOG All rights reserved 

 

  

62 

 

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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Collimators
Energy Slits

 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) ³ 109 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 



PTCOG Publications  Report 1                                 © 2010 PTCOG All rights reserved 

 

  

73 

 

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. Architectôs 3-D rendition of a synchrocyclotron-based single-room facility (Courtesy of The 1526 

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

1528 
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 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 ɛm to 1 ɛm thick) with electron densities ne = 5 × 1022 cmī3 (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 



PTCOG Publications  Report 1                                 © 2010 PTCOG All rights reserved 

 

  

86 

 

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 Ò 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 Ò 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 ñprimary beam.ò The ñsecondary radiationò 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 ñuse factorò 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 



PTCOG Publications  Report 1                                 © 2010 PTCOG All rights reserved 

 

  

92 

 

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 vendorôs 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 L INAC- 

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 (ɗ); 1939 
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4. Angular specific source term H0(Ep,ɗ) 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(ɗ) ) is the 1942 

slant thickness, and ɚ(ɗ) is the attenuation length. ɚ depends on the angle ɗ, because the 1943 

neutron energy distribution changes with the angle ɗ. 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, ɗ) at the reference point can then be estimated as follows: 1955 

 1956 

 ( )
)(

1
0 exp),(),,( 2 ql

qq d

rpp EHdEH -ÖÖ=  (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  = ù
ú

ø
é
ê

è
-ù

ú

ø
é
ê

è

l

a

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 Ŭ  is about 0.8.  1969 

 1970 

This model is effective in the GeV region because the neutron dose attenuation length (ɚ) 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, ɚ, 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, ɚe, 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) 

ɚe (g/cm2) H0 

(Sv-m2/ion) 

ɚe (g/cm2) H0 

(Sv-m2/ion) 

ɚe (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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 2105 

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 dű/dE, where E is the neutron energy and dű/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 ñthere 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 barrierò 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) 

ɚ1 

(g cm-2) 

H2(10) per 

Proton (Sv m2) 

ɚ2 

(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 (ɟ = 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 (ɟ = 4.77 g cm-3)   and Ledite 2473 (ɟ = 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 



RC22 on Ion-Beam Therapy 

25 September 2009 

 

 

122 

 

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 
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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 

2328 



RC22 on Ion-Beam Therapy 

25 September 2009 

 

 

130 

 

 2329 

 40 to 60 degrees

1.0E-10

1.0E-08

1.0E-06

1.0E-04

1.0E-02

1.0E+00

1.0E+02

0 100 200 300 400 500

Shielding Thickness (cm)

T
ra

n
s
m

is
s
io

n

Concrete

30 cm Iron + Concrete

60 cm Iron + Concrete

90 cm Iron + Concrete

120 cm Iron + Concrete

Iron

Proshield Ledite 300 

Ledite 293

Ledite 247

 2330 

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 ñwetò 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 
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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 
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 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,ɔ) 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 

 ()2001 1

0)(2)(
r

r
rHrH ÖÖ= , for the first leg (3.3) 2432 
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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 

r i = 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, physicistôs 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 ñskyshineò 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, ñgroundshineò 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 

 ( )
l

k r

r
rH -Ö= exp)( 2 , (3.5) 2504 

 2505 

where r is the distance  from the source to the observation point  (m), ə is a constant with a value 2506 

between 1.5E-15 Sv·m2 and 3E-15 Sv·m2, and ɚ is the effective absorption length in the air of the 2507 

maximum neutron energy. The values of ɚ 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 

 ( )lk r

rh
rH -Ö=

+
exp)( 2)(

'
 (3.6) 2519 

 2520 

where əô   = 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 Teschôs 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 Ò 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 HIMA C (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 



RC22 on Ion-Beam Therapy 

25 September 2009 

 

 

158 

 

 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 ï 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 ɖ 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 ɖ 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 



RC22 on Ion-Beam Therapy 

25 September 2009 

 

 

166 

 

 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 
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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 nurseôs 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 architectôs 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 AnteriorïPosterior 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 



RC22 on Ion-Beam Therapy 

25 September 2009 

 

 

179 

 

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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dose conversion coefficients from particle fluence to effective dose for AP geometry (AESJ, 2004), and 3006 

f (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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 3102 

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 mSv/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 mSv/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 InSpectorÊ 10006 and identiFINDERÊ.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. ñ4P5_7ò, 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. ñ4C5_7ò 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 Monitor s 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 ALOKA 9) 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, a)24Na, 27Al(n, 2na)22Na, 59Co(n, a)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 ñradioactiveò or ñnot 3273 

radioactiveò 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 ñradioactiveò or ñnot radioactive.ò 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 (Al 2O3: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 mSv and 10 Sv for 3381 

photons and 100 mSv 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 mSv and 40 Sv, and beta-ray doses between 10 mSv 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, a) 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 mSv for 3416 

photons and beta rays and of several hundreds of mSv 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 Ö=  (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 ÖÖ=  (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, )(Ef , at the field has to be determined. However, the 3488 

absolute value of )(Ef  is not necessary here. The energy-corrected calibration factor, NC, is estimated by: 3489 

 

ñ
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 (4.5) 3490 

where E is particle energy, Ef(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 Monitor s 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 Ef(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, a), where a is the 3509 

angle between the normal direction of the phantom surface and the direction of radiation. The ratio, R, of 3510 

HP(10, a) to HP(10, 0º) is close to unity (0.8 < R < 1 for a > 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, a) 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, g) reactions. However, with some nuclides, such as 3556 

6Li, they produce 3H through the (n, a) reaction. Neutrons of energy higher than the excited level of the 3557 

target nucleus provoke (n, nô) 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, a), (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, g) reactions (where x is the incident charged particle), and particle-emitting reactions, such as 3569 

(x, n), (x, p) and (x, a) 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, g)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, a)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, g)60Co activation reaction as a function of energy (Chadwick et 3588 

al., 2006). 3589 

3590 



RC22 on Ion-Beam Therapy 

25 September 2009 

 

 

215 

 

 3591 

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0 5 10 15 20

Al-27(n,p)Mg-27
Al-27(n,a)Na-24
Al-27(n,2n)Al-26

C
ro

s
s
 S

e
c
ti
o
n
 (

b
a

rn
)

Neutron Energy (MeV)
 3592 

Figure 5.2.  Cross sections for the 27Al(n, p)27Mg, 27Al(n, a)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 Fsf=  (5.1) 3604 

where f (cm-2 s-1)  is the radiation fluence rate averaged over the irradiation field, s (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
l-

-=  (5.2) 3611 

where l (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/l), 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
ll --

-=+  (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 
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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
l-

º+  (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 lº+  (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 
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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 
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 5.2.1.4  Total Residual Activit y 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 mA (1 3720 

pmA) beam intensity. Notice that the x-axis unit is second for Fig. 5.8(a), and day for Fig. 5.8(b). 3721 
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Figure 5.8.  Total residual activity induced in Cu target irradiated by 1-pmA 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 
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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-pmA irradiation (Yashima et al., 2004b). 3764 
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 5.2.1.5  Gamma-Ray Dose Estimation from Residual Activit y 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-pmA 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-pmA 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 
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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
thf  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
=thf  (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 g-ray (emission) 

Fertile nuclide, abundance, 

and capture cross section 

56Mn 2.58 hour  b-: 100% 

 847 keV (98.9%) 

 1811 keV (27.2%) 

 2113 keV (14.3%) 

 55Mn, 100%, 13.3b 

60Co 5.27 year  b-: 100% 
 1173 keV (100%) 

 1332 keV (100%) 

 59Co, 100%, 37.2b 

64Cu 12.7 hour 

 EC: 43.6% 

 b+: 17.4% 

 b-: 39.0% 

 511 keV (b+)  63Cu, 69.2%, 4.5b 

65Zn 244.3 day 
 EC: 98.6% 

 b+: 1.4% 

 1116 keV (50.6%) 

 511 keV (b+) 

 64Zn, 48.6%, 0.76b 

69mZn 13.8 hour  IT: 100%  439 keV (94.8%)  68Zn, 18.8%, 0.07b 

122Sb 2.72 day 
 b-: 97.6% 

 EC: 2.4% 

 564 keV (70.7%) 

 693 keV (3.9%) 

 121Sb, 57.4%, 5.9b 

124Sb 60.2 day  b-: 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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