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Abstract 

Clinical trials using accelerated heavy charged-particle beams for treating cancer 

and other diseases have been performed for nearly four decades. Recently there have 

been. worldwide efforts to construct hospital-based medically-dedicated proton or 

light-ion accelerator facilities. To make such accelerated heavy charged-particle beams 
. \ 

clinically useful, specialized instrument must be developed to modify the physical 

· ch~ractetistics of the particle beams in order to optimize their biological and clinical 

effects. This paper reviews the beam modifying devices and associated dosimetric 

equipment developed specifically for controlling and monitoring the clinical beams. 

I· 
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I. INTRODUCTION 

I.A. Rationale for Using Heavy Charged-Particle Beams to Treat Human Cancer 

Radiations used for treatment. of human cancer and other diseases come from either sources 

external to the patient body or from implanted radioactive sources within the patient body. X rays 

were the frrst external radiation used for such purposes. Until the 1970s many hospitals used 

gamma rays from radioactive isotopes, such as 60Co, or megavoltage x rays from betatrons. 

Modem hospitals now use mainly bremsstrahlung photons produced w~en high-energy electrons 

from an el~ctron linear accelerator (LINAC) interact in a target material. High-energy electrons 

themselves are also directly used for patient treatment; The above are called conventional radiation 

since photons and electrons have been widely used in radiotherapy. 

In recent years, other types of radiations, especially of nuclear and subatomic particles, have 

been clinically evaluated. The types of particle radiation of interest in this review are accelerated 

atomic nuclei, such as hydrogen, helium, carbon, neon, silicon and argon nuclei. The medical 

community calls the radiation of these accelerated nuclei heavy charged-particle radiation. Heavy 

because they are heavier than the particles of conventional radiation, and charged to distinguish them 

from the other neutral particles, such as neutrons, which have also been clinically evaluated. Protons 

(nuclei of hydrogen atoms, mp === 1836 me) represent the lightest of the nuclear particles. Heavier-

nuclei beams are sometimes called by clinicians heavy-ion radiation. When first available for clinical 

use, any nuclear particles heavier than protons were called heavy ions. More recently, the nuclei 

with an atomic number equal to or smaller than that of neon nuclei are called light ions, leaving the 

name heavy ions to heavier ones such as silicon and argon nuclei. Active clinical research is pursued 

worldwide using heavy charged-: particle radiation to take advantage of its dose-localizing effect due 

to the Bragg peak (see Sec. I.A.l. below) and biological advantage over conventional radiation (see 

Sec. I.A.2. below).14 Clinical advantages of negative pions (m1t === 267 me) are also being studied 

as the penetrating pions deposit a large amount of energy at the end of their flight path due to the 

Bragg peak and nuclear "star" formation. 5-7 The negative pions are the lightest member of the heavy 

charged-particle family. Even though the dose distributions of fast neutron beams do' not have the 

dose localizing advantage, 8 clinical trials are also underway using beams of fast neutrons of tens of 

MeV to exploit their radiobiological advantages over photons due to the fastneutron's high LET 

(linear energy transfer) characteristics.9-
13 The use of antiproton beams for treatment of human 

cancer has been proposed14
; however, actual implementation of their clinical use has not yet 

materialized. In this paper, the discussion will be concerned mainly with instrq.mentation for 

treatment of cancer using proton and light-ion beams. 
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I.A.l. Physical advantage of ht;avy charged-particle radiation 

I.A.l. a. Bragg peak and distal dose· falloff 

When energetic heavy charged particles enter an absorbing medium, they are slowed down 

by losing their kinetic energy mainly through ionizing the medium. The energy loss per unit mass 

per unit area of the absorber, or specific ionization (usually expressed in keV/Jl in water) increases 

with decreasing particle velocity, giving rise to a sharp maximum in ionization near the end of the 

range, known as the Bragg peak.15 As sho~ in Fig. 1, when a beam of monoenergetic heavy 

charged particles enters the patient body, the depth-dose distribution is characterized by a 

relatively low dose in the entrance region (plateau) near the skin and a sharply elevated dose at the end 

of the range (Bragg peak). The range can be adjusted, so that the Bragg peak occurs in the target 

volume as shown in the figure. A pristine beam with a narrow Bragg peak makes it possible to 

0 
LLJ 
a:: 
LLJ 
> 
:::i 
LLJ 
0 

DEPTH IN TISSUE 

Fig. 1. Schematically shown is a 

Bragg curve, the relative dose as a 

function of the penetration depth. 

The range of the beam may be adjusted 

to place the Bragg peak inside the 

target volume. The dose beyond the 

target volume is very small, thereby 

any critical structures distal to the 

target, such are the spinal cord, are 

protected. The entrance dose, the 

dose upstream of the target, is also 

low compared with the peak dose. 

(XBL 737-969) 
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Fig. 2. Shown are the physical dose distributions as a function of pene­

trating depth of (a) a pristine beam and (b) a beam whose energy is modu­

lated to widen the stopping region. Such a curve with a spread-out Bragg 

curve has several regions referred to as the plateau, the proximal peak, 

the midpeak, the distal region, the distal dose-falloff edge, and the 

tail. A uniform biological dose distribution within the spread-out peak 

region is obtained by compensating for the variation in the relative bio­

logical effectiveness of the radiation as a function of penetrating 

depth, as depicted in Fig. 4. 

irradiate a very small localized region within the body with an entrance dose lower than that in the 

peak region.1• 
16

• 
17 If the Bragg peak is spread out to cover an extended target by modulating the 

energy of the particles, as shown in Fig. 2, the ratio ofpeak-to-plateau decreases18; however, the 

biologically effective dose in the spread-out peak can still be greater than the entrance dosei9 (see 

Sect. I.A.2). In contrast, commonly used gamma-rays and fast neutrons, in penetrating the patient . 

body, impart nearly exponentially decreasing dose distributions, giving higher doses at the entrance 

region and in the intervening tissues and lower doses in the target volume itself as indicated in Fig. 
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Fig. 3. The dose deposition of several types of radiation as a function 

of penetrating depth in water are compared. The doses are normalized at 

the midpeak of the heavy charged-particle beam. 

3. The radiation dose beyond the target volume only gradually decreases irradiating critical organs 

and healthy tissues there. For the heavy charged-particle beams, the radiation dose abruptly 
( 

decreases beyond the Bragg peak, sparing any critical organs and healthy tissues located downstream 

of the target volume from unwanted radiation. Examples of spread-out Bragg ionization curves of . 

several heavy charged particles are shown in Fig. 4 . 

I.A.l. b. Multiple scattering and lateral dose falloff 

Another physical advantage of heavier charged particles is that they suffer significantly less multiple 

scattering than lighter ones wp.ile_penetrating the absorbing medium·(see I.C.3.a). The result is that 

the heavier charged-particle beams exhibit sharper lateral dose falloffs at the field boundary. This is 

an important property to be exploited in clinical application as many tumors are immediately adjacent 

to critical organs, which must be spared of unwanted radiation as much as possible. 
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Fig. 4. The relative biological dose of spread-out Bragg peaks of helium, 

carbon, and neon ion beams as a function of penetrating depth in water 

_are shown for comparison. The doses are normalized at the isosurvival 

region and the figure shows the different relative entrance, plateau, and 

tail doses for these·beams. 

I.A.l. c. Dose localization 

32 

These superior dose localization capabilities of heavy charged-particle beams suggest the 

possibility of depositing a higher dose into the target volume while reducing the unwanted radiation 

in surrounding critical tissues. The clinical expectation is increased local control with a decrease in 

normal-tissue complications. 

Based on the physical advantage of dose localization, Robert R. Wilson proposed as early as 

1946 the rationale for using accelerated heavy charged-particle beams for radiotherapy of human 

cancer and other diseases. 20 The radiobiological rationales to use protons in radiotherapy have been 

reviewed by Raju recently.21 A year later, when the 184-Inch Synchrocyclotron was completed by 

E. 0. Lawrence and his associates22 at the Radiation Laboratory of the University of California, 

Berkeley, now the Lawrence Berkeley Laboratory (LBL), the first biological investigations with 

high-energy nuclei were begun by Cornelius A. Tobias and John H. Lawrence.1 These 
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investigations were followed by the first human therapeutic exposure to proton, deuteron, and 

helium-ion beams at the Radiation Laboratory in December 1954.23
• 
24 In the early part of 1970s, 

clinical trials using accelerated proton beams to test their dose-localization advantages in treating 

huinan diseases began in the U. S.,25
• 26 Sweden,27• 28 and the Soviet Union.29 Clinical trials 

using accelerated light and heavy ions to treat human cancers started at LBL in November 1977.30• 

31 The p·ast efforts and current plans worldwide in clinical trials using the protons and heavier ions 

for treatment of cancer are summarized in Sec. I.B. 

I.A.2. Biological rationale for clinical use of light and heavy ions 

I.A.2.a. LET and oxygen effect 

In radiotherapy, local control of a tumor means remission of the treated disease and its non­

recurrence at the same site over five years. The failure in local control of tumors tr~ated with 

conventional radiation is often due to its inability to completely eradicate anoxic (deprived of 

dissolved gaseous oxygen) tumor cells which are resistant to conventional radiation. Regrowth of 

the cells in the anoxic core of the tumor results in the failure of,the iocal control. 32 In 1967, Tobias 

• '-or'• 

and Todd gave the scientific justification for utilizing light and heavy ion beams to reduce this r 

radiobiological oxygen effect. 33 Ions with higher atomic charges (Z) produce higher linear energy 

transfer (LET), i.e., the energy loss of the penetrating particle per unit distance in absorbing material, 

often expressed in an energy loss per unit thickness ~f water-equivalent material (keV/Jl). Beams 
. . 

havin~ higher LET exhibit the biological advantages of lower oxygen effect, as indicated in Fig. 5. 

The oxygen enhancement ratio (OER) is defmed as the ratfo of the absorbed dose of a given radiation 

to produce a certain biological endpoint in an anoxic cell·population to that needed t<? achieve the· 

same biological endpoint for an oxic cell population. In the case where the endpoint is cellular 

inactivation, for example, the value of OER tells you how much more radiation is required to 

inactivate anoxic cells (usually found in tumor core~) compared with well oxygenated cells 

(Usuallyfound in healthy tissues surrounding the tumor volumes). Based on this scientific rationale, 

radiobiological investigations were conducted on physical and biological factors of various high-LET 

radiations, such~ light and heavy ions, negative pions, and fast neutrons, crucial for radiotherapy. 
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Fig. 5. The variation of the oxygen enhancement ratio (OER) is shown as 

a function of the linear energy transfer (LET) of the radiation. The 

lower the OER the lower the resistance of oxygen-deprived cells to 

inactivation by radiation. The shaded. area represents the measured OER 

for x rays. The solid curve is a generalized fit to data using various 

ions and energies. 

I.A.2.b. Radiobiological rationale for clinical use of light and heavy ions 

With advances in accelerator design in the early 1970s, it became possible to examine the 

biological effects of high-energy light and heavy ions. Synchrotrons at Berkeley34 and 

Princeton35•36 accelerated ions with atomic numbers between 6 and 18, at energies that permitted the 

initiation of several biological studies. 37
-
39 The higher relative biological effectiveness (RBE) of 

these high-Z ion beams indicated a high likelihood of an enhanced therapeutic potential when 

compared with lower-Zion beams.40
-4

2 The RBE is defined as the ratio of absorbed dose of a 

reference radiation to that of a radiation in question required to produce the same biological endpOint, 

other conditions being equal.43 The RBE of each ion has been studied in some detail with a variety 

of biological endpoints.44-47 Biology experiments performed mainly at LBL show that the RBE of a. 

heavy charged-particle beam is not a simple function of LE-r48
• 
49 as shown in Fig. 6. In general, 

the values of RBE and the degrees of dose localization increases from protons to silicon ions. The 

( 8 ) 

. 



d 
w 
m 
0::: 

3 

2 

o • Humon kidney T -I 
o • Chinese hamster V -79 

· t:. • Rot rhobdomyosorcomo 

¢ Mouse BALB/C 3T3 
I 

'f:c Mouse C3H /IOT2 

• Mouse mommory EMTG 
'V Chinese hamster ovory 

• Rot gliosorcoma 9-L 

Mean LETco 

Mommolion Cells 
in vitro for Charged 

Particle Beoms 

Fig. 6. A graph of the radiobiological effectiveness (RBE) of a radia­

tion field versus its LET. A simple reiationship does not exist between 

the two, even though LET is usuallly used to describe of the differences 

in radiation damage by various light ions. The data is from a number of 

experiments using a number of ions, energies and cell types. The shaded 

area shows the general trend of the data. (XBL 7810-3663) 

radiobiological rationale for using these high-Z particles for radiotherapy,50-53 as understood today, 

can be summarized as follows: (a) The high resistance of hypoxic cells relative to oxic cells is · 

reduced when irradiated with high'-LET radiation. (b) Slowly proliferating cells (in Go or long G1 

phase in cell cycle) show a similar increase in sensitivity, if irradiated with high-LET radiation. (c) 

Overall treatment time with high-LET radiation can be shortened since fewer fractions of larger doses · 

may be used instead of multiple fractions of small doses when the surrounding normal tissue damage 

in a fewer fraction can be kept comparable to that of a standard low-LET fraction. 54 The last point 

should be compared with the fact that there is an advantage in using multiple, small fractions of low­

LET radiation for sparing late damage. 55 
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It is advantageous to treat tumors with high-LET radiation if they have the following 

properties 54· 56: (a) High intracellular repair- whether of sublethal or potentially lethal damage, 5 ~ 

repair is less after high-LET irradiation. (b) Poor cell cycle redistribution- if redistribution of the 

resistant phases of the cell cycle were rapid, conventional low-LET radiotherapy would be as 

effective. (c) Poor reoxygenation during treatment - if reoxygenation was good, conventional 

radiotherapy would be as effective. These three factors all lead to more cell killing in tumors treated 

with high-LET than with low-LET radiation. (d) Rapid proliferation in tumors- it is easier to give 

treatments in shorter overall times with high-LET radiation. Cutting down the number of treatments 

also benefits individual patients as well as the management of the clinic. 

I.A.3. Clinical trial using heavier ions 

The construction of the Bevalac accelerator complex at LBL, in which the SuperHILAC injects 

heavy-ion beams into the Bevatron, expanded the opportunity for medical studies with heavy 

charged-particle beams. 58 Clinical trials for treating human cancer using neon and other ions have 

been in progress at the LBL Bevalac since 1977.3• 
4 Future clinical trials using light and heavy ions 

are planned in Darmstadt, Germany and Chiba, Japan, as discussed in Sec. I.B. below. 

I.A.4. Needs for beam-delivery technologies 

To test their therapeutic potential adequately, the physical and biological advantages of heavy 

charged-particle beams must be fully exploited for clinical application. One must develop 
- ' 

technologies to deliver optimum radiation dose distributions, i.e., delivering a maximum dose to the 

tumor, and at the same time, minimizing the radiation dose delivered to surrounding sensitive, 

normal structures of the body. Many beam modifying instruments and beam delivery methods, 

which have been developed to optimize the physical dose distribution within the patient body, are the 

topics of this review. There are several earlier review papers on dosimetry equipment and methods 

for heavy charged-particle beams,59-64 and for dosimetric procedures.65-69 This review concentrates 

on the discussion of instrumentation developed for the modification, control, and monitoring of the 

clinical beams. 

I.B. General Overview of Worldwide Interests in Heavy Charged-Particle 

Radiotherapy 

In recent years, there has been increased interest m the medical community throughout the world 

to build dedicated medical accelerators employing beams of energetic protons and light and heavy 

ions. In 1991 Sisterson reviewed the clinical use of protons and ion beams from a worldwide . 

perspective.70 A summary of updated situation and future plans in this fast moving field is given 

below. From the large number of new facilities either under construction or in operation around the 
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world one can conclude that interest in radiation therapy with proton beams has increased 

dramatically in the last few years. 

I.B.l. On-going proton and helium-ion trials 

Clinical studies underway using low-LET radiation, namely accelerated protons and helium ions, 

are discussed first. 

•From 1975 to 1987, the 932-MeV helium-ion beam from the 184-Inch Synchrocyclotron at LBL 

was used for treatment of cancer patients, for precision high dose radiotherapy71 of tumors adjacent 

to critical central nervous system structures, 72
• 

73 for treatment of malignant ocul~ tumors, 74-
78 for 

irradiation of intracraniallesions,19
-
81 and more recently for stereotactic radiosurgery,82 such as the 

treatment of arteriovenous malformations (A VM).83 Mter 1987, the LBL helium-ion programs have 

been continued at the Bevatron. 84 More than 2200 patients have been treated using helium ions. 

The proton beam from the 184-Inch Synchrocyclotron. was used for pituitary irradiation of 

patients;24
• 

85
·
90 however, the topics of interest in this article are mainly the treatment of cancer 

patients and the earlier pituitary trials will not be further discussed. 

•Massachusetts General Hospital and Massachusetts Eye and Ear Infirmary have used the ·160-

. MeV protons at the Harvard Cyclotron Laboratory (HCL)91 to treat more than 4000 patients. 55• 92
-97 

•From 1957 to 1968, the 185-MeV protons from the 230-cm synchrocyclotron at the Gustaf 

Werner Institute in Uppsala, Sweden was used to treat a limited number of patients with stereotactic 

radiosurgery of the brain98 and for the treatment of cancer. 99
•
101 They have upgraded a 200-MeV . 

modified three-sector, variable-energy cyclotron (SFSC-200), and began treating A VM patients in 

1991 at the Theodore Svedberg Laboratory.102
• 

10
3 

•In Russia (formerly U.S.S.R.), medical proton trials have been in progre~s at three 

institutes.104 Beginning in 1969, the Institute of Theoretical and Experimental Physics (ITEP) in 

Moscow has used proton beams from the synchrotron for patient treatments, 105
• 

106 and since 1982 

three treatment rooms have been available for clinical trials.107 The proton energy is variable 

between 70 and 200 MeV.108
• 

109 About 2000 oncological, neurosurgical, ophthalmological,110 

and endocrinological patients have been treated.111
•
113 In 1989, the reconstructionof a 680-MeV 

cyclotron was fmished at the Joint Institute of Nuclear Research (JINR) in Dubna,114 and patients 

have been treated using a degraded proton beam.115 At the Central Research Roentgenoradiology 

Institute using the 1000-MeV proton beams from the synchrocyclotron of the Leningrad Institute for 

Nuclear Physics (LINPH) in Gatchina, near Leningrad, intracranial diseases have been treated using 

plateau radiation.11
6-

120 These Russian facilities have treated more than 2500 patients, one-third of 

all the patients treated worldwide.121 

•Very active proton therapy programs are in progress in Japan.122 Between 1979 and 1991 the 

National Institute of Radiological Sciences (NIRS) in Chiba has treated 75 patients using 70-MeV 

( 11 ) 



protons (to be upgraded to 90 Me V).123 In 1983 a clinical study of proton radiotherapy was initiated 

at the Particle Radiation Medical Science Center (PARMS) of the University of Tsukuba, Japan 

using the 250-MeV protons obtained by degrading the 500-MeV protons from the booster 

synchrotron of the High Energy Physics Laboratory (KEK).124 P ARMS employs two treatment 

rooms, one with a vertical beam line and the other with a horizontal beam line, and has treated more 

than 200 patients between 1983 and 1991.125-128 

•The Paul Scherrer Institute (PSI, formerly the Swiss Institute of Nuclear Research, SIN) at 

Villigen, Switzerland, is currently treating eye melanomas with protons at the Ophthalmological 

Therapy Installation (OPTIS) employing 72-MeV protons from one of the injector cyclotrons. 

OPTIS is a collaborative project between PSI and the Ophthalmological Hospital of Lausanne 

University,129
• 

130 and since 1984 used protons to treat patients.131
• 

132 PSI is in mid-construction 

of a large-field proton treatment system.133 

•The treatment of patients started in 1991 at the Centre Antoine-Lacassagne in Nice, France 

which has reinstalled its Medicyc cyclotron134 to produce a 63-MeV proton therapy beam.135 Eight 

major radiotherapy centers in southeastern France have formed a cooperative group to exploit this 

capability.136 This facility is also preparing to start neutron therapy in 1992. 

•The Medical Research Council Cyclotron Unit at the Clatterbridge Hospital, Merseyside, U.K., 

uses 62.5-MeV protons from a fixed energy AVF cyclotron (Scanditronix MC60) to treat ocular 

melanoma patients. Patients have been treated since its opening in 1989.137
• 

138 Boosting the energy 

to 180 MeV using a drift tube LINAC (DTL) technology has been recently proposed.139 The energy 

of the proton beam may be increased to 200 or 250 MeV at a later date by adding more accelerating 

tanks. 

•One especially notable initiative in the U.S. is the commissioning of a 250-MeV proton 

synchrotron at the Lorna Linda University Medical Center in Lorna Linda, California.140-143 The 

accelerator was designed and built by the Fermi National Accelerator 0 Laboratory.144
• 

145 It is the 

first dedicated proton accelerator facility built for a hospital. The proton facility has three rotating­

gantry rooms, two fixed horizontal beam-line rooms, one for small-field treatments (eye and brain) 

and large-field treatments, and the other for research. The first patient was treated in the eye beam in 

October 1990, and the second beam line, the horizontal beam line with a 250-MeV beam was put into 

clinical use in March 1991. The patient treatments began in June 1991 using the beam delivered by 

one of the gantries. 

•Four hospitals and the three oncological centers of the Paris area (Assistance Publique, Institut 

Gustave Roussy, Institut Curie, and Centre Rene Hugenin) have created the Centre de 

Protontherapie d'Orsay (CPO) by converting the 200-MeV proton cyclotron at Orsay exclusively for 

medical use. It provides a 73-MeV eye treatment beam and a 200-MeV large field treatment 

beam.146 The medical programs have started in 1991.147
• 
148 
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•Proton therapy started at Louvain-la-Neuve since 1991 using a 85-MeV proton beam at the 

cyclotron of the University of Louvain.149• 150 

I.B.2. Planned proton facilities 

Discussed below are clinical proton facilities either under construction at various existing 

accelerator laboratories or being planned for dedicated medical use. 

•The National Accelerator Centre, Faure, South Africa, a proton facility with a 200-MeV 

variable-energy sector cyclotron, is developing a horizontal clinical beam line. Personnel from the 

Groote Schuur Hospital of the University of Cape Town plan to treat patients.151 

•The medical community in Japan is aggressively pursuing acquisition of new dedicated proton 

facilities. A new dedicated medical synchrotron with an energy variable in steps of 120, 180 and 

230 MeV. is planned for construction at Tsukuba. The designed beam intensity is 20 nA, which 

corresponds to 1.25 x 1011 protons per second. Two modes of extraction, fast and slow, are 

planned. Two treatment rooms with horizontal and vertical (up and down) beams are planned.152· 
153 The construction of a 250-Me V A VF separate-sector cyclotron is coming to a near completion at 

the Osaka University in Japan. The machine is planned to be used for medical sciences as part an 

interdisc.iplinary research program. 154 However, anticipating the be~m-time demand for this 

machine by the physics community, they are contemplating another new facility. There is also a 

proposal to build a 250-MeV synchrotron for medical use at Kyoto.155 

•Several medical accelerators have been designed in Russia. 119• 156 Specially notable are 

designs of a very compact synchrotron, accelerating protons to 200 MeV with a high magnetic field 

of 5-10 Tesla, the orbit length of 4.7 m, and repetition rate of 10Hz, developed at the Institute of 

Nuclear Physics (INS) in. Novosibirsk, 157 and a negative hydrogen ion (H) synchrotron for proton 

therapy facility, conceived at ITEP, that permits multiple extractions to facilitate the beam sharing 

among six treatment rooms.158· 159 ITEP has received funding for a dedicated medical proton 

synchrotron, and construction is scheduled to start in 1992.158• 160 At the same time, ITEP is 

developing a smaller (less than 500m2) version of 3~room proton therapy facility. 

•There are several initiatives to build hospital-based dedicated proton accelerators in the U.S: 

notable examples are at the Massachusetts General Hospital in Boston,161 and the University of 

California, Davis Cancer Center in Sacramento.162 The University of Texas Southwest Medical 

Center is considering for clinical trials the use of 70-250 MeV proton beams extracted from the 

injection LINAC of the Superconducting SuperCollider (SSC) in Waxahachie, Texas.163• 164 The 

American Proton Development Corporation of Chicago has plans to build several dedicated proton 

medical accelerator facilities.165 

\ 
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•The Princess Margaret Hospital in Toronto, Canada has considered for clinical application a 3-

Tesla isochronous superconducting cyclotron designed by the National Superconducting Cyclotron 

Laboratory of East Lansing, MI.166· 167 One or two gantries are envisioned for the facility. 

•The Indiana University Cyclotron Facility (IUCF) has a plan to use proton beams with energies 

from 185 to 200 MeV for clinical purposes.168 

•The Forschungszentrum (KFA) in Jiilich is building a new accelerator, a synchrotron and 

storage ring (COSY -Jiilich), which is scheduled for operation in early 1993 and will deliver protons 

at energies of 50 to 2500 MeV. A medical application of the proton beam has been planned.169 

•The Laboratori Nazionali di Legnaro (LNL), Padova, Italy has a plan to develop proton beam 

with an energy from 20 to 1000 MeV and use it for radiotherapy.170 

•TRIUMF, Vancouver, Canada, plans to use protons of energies from 72 to 500 MeV for patient 

treatment 171 

•There is a proposal to install a hospital-based proton therapy center in Antwerp, Belgium.172 

•It is noteworthy that new designs of proton medical accelerators are being worked on. Ion 

Beam Application (ffiA) of Belgium and Sumitomo Heavy Industries of Japan have proposed a 

compact, high-field isochronous cyclotron.173-175 Hospital-based proton a~celerators for radiation 

therapy have been proposed using LINACs 176• 177 and synchrotrons.178 

I.B.3. Heavier ion facilities 

Summarized below are existing, under construction, and planned clinical facilities for heavier ion 

beams. 

•Clinical trials for treating human cancer using ion beams have been in progress at the LBL 

.Bevalac since 1977.4• 30 Ions of interest range from 4He to 28Si. 20Ne ions with energies per 

nucleon of 450 and 585 MeV have been most commonly used. More than 450 patients have been 

treated in the clinical trial using neon-ion beams. 

•The National Institute of Radiological Sciences (NIRS) in Chiba, Japan, is building the Heavy 

Ion Medical Accelerator at Chiba (HIMAC).179-181 It will produce ion beams from 4He to 40Ar up 

to a maximum energy per nucleon of 800 MeV.182 The target completion date is 1993. The HIMAC 

will have two treatment rooms, one with both a horizontal and a vertical beam, and the ot.Qer with 

only a vertical beam. There will also be a secondary (radioactive) beam room, a biology 

experimental room, and a physics experimental room, all equipped with horizontal beam lines. All 

beam lines are of the fixed beam type, in contrast to rotating gantries. _Adjacent to the HIMAC, the 

NIRS is planningto build a 200-bed hospital to be completed by 1995. At the Riken Ring Cyclotron 

facility, carbon-ion beams with enerw- per nucleon of 135 MeV have been used for the biophysics 

studies since 1990.183 There is an initiative to construct another heavy ion machine in Kobe to 

accelerate ions as heavy as 12c.184 
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•Preclinical studies to determine clinically important disease sites for heavy-ion beams have been 

started at SIS of GSI, Darmstadt, Germany, in collaboration with the University Clinic of 

Radiology, Heidelberg, and the German Cancer Research Center (DKFZ) .. A medical program is 

planned for the future. 185-188 

•The European Community (EC) has completed the feasibility study of copstructing the European 

Light Ion Medical Accelerator (EULIMA). One of the accelerator types under consideration is a 

tandem cyclotron for accelerating light ions, from 4He to 20Ne, to a maximum energy per nucleon of 

500 MeV.189-191 The choice for the machine design is driven by the availability of an existing 

cyclotron in Nice, France, that may be used as the injector for a bigger sector-focused cyclotron to be 

constructed.· However, the feasibility study included a study of a synchrotron as the accelerator of 

choice.192-195 A synchrotron design considering specific site conditions ofa Heidelberg site has 

been alsoproposed.196 

•At the INFN-Laboratori Nazionali di Legnaro (LNL), Padova, Italy, low energy (in the range 

of l 0 MeV /amu) radiobiology experiments of protons and various ions have been conducted 'since 

1984. Now a superconducting post-accelerator (ALPI) is being built for the existing TANDEM- , 

XTU, and there is a proposal to use the ALPI as an injector for a synchrotron (ADRIA), and use the 

light and heavy ions, such as 12(:, 20Ne, 28Si, and 40Ar of an energy per nucleon from 100 to.lOOO 

MeV for radiotherapy trials. 170 

•As mentioned above, KFA in Jiilich is building the COSY-Jiilich, which has the option to 

. accelerate 4He, 12(:, 16Q, and 20Ne ions.169 . , 

•Biomedical research using heavy charged-particle beams is also under active consideration in 

Russia. A design study has been performed at ITEP197 to accelerate light ions from 12C to 20Ne 

with energy per nucleon up to 500MeV, and bring the light-ion beams to the treatment rooms to be 

constructed for the Ir accelerator discussed above.158• 160 

I.B.4. Negative pion clinical trials 

In discussing accelerated heavy charged-particle beams for radiotherapy, negative pion beams 

·should be included for completeness. Clinical advantages of negative pions are also being studied as 

the penetrating pions deposit a large amount of energy at the end of their flight path due to the Bragg 

peak and nuclear "star" formation.5• 7· 198 The pion beams exhibit physical and biological 

advantages similar to light ions; their dose boundaries are not as distinct as proton or light ion beams 

as the pions have smaller mass and suffer bigger scattering effects irl penetrating patient body. In 

contrast to the fact that protons, light and heavy ions are primary particles, negative pions are 

secondary particles produced by the interactions of the primary beams, usually proton beams, with 

target materials.199 Because of the lighter mass of pions, therapeutically useful pion beams, with a 

maximum range of approximately 30 em in soft tissue, possess relatively low magnetic rigidities. To 
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collect most of the secondary pions produced in large solid angles and focus them into the target 

volumes, rather specialized multichannel pion applicators have been developed at Stanford200
• 

201 

and PSI (formerly SIN).202
• 

203 Clinical trials using negative pions have been conducted at Los 

Alamos,204-
206 TRIUMF in Vancouver,207

• 
208 and PSI.209 

I.B.S. General remarks on future clinical particle accelerator facilities 

Based on the increased interest in building dedicated medical accelerator facilities, the following 

general statements may be made: 

• Although medical accelerators, often synchrotrons, are based on well-established technologies, 

much inventiveness is required to satisfy the clinical requirements, namely reliability, serviceability, 

compactness, and operation economy. 

•The accelerator, although it is the basis of such a facility, represents only one-quarter to one­

third of the total facility construction expense. What physically dominates the facility cost are the 

beam transport systems and the patient treatment facilities. 

•In practice, the extracted beams are heavily modified before clinically used, and their clinical 

efficacy is largely determined by the devices that modify the beams. In addition, controlling the 

clinical beams and providing reliable dosimetry of the treatment are vital for the success of the 

treatment and for patient safety. 

The discussion on medical accelerator designs is beyond the scope of this review. This review 

concentrates on the discussion of instrumentation developed for the modification, control, and 

monitoring of the clinical beams. 

I.B.6. Abbreviation of names of clinical facilities and institutions 

Following abbreviations of the clinical facilities and institutions will· be used throughout this 

article. 

EULIMA 

FNAL 

GSI 

HCL 

IDMAC 

ITEP 

LBL 

LLUMC 

MGH 

NIRS 

European Light Ion Medical Accelerator 

Fermi National Accelerator Laboratory 

Gesellshaft ftir SChwerionenforschung, Darmstadt, Germany 

Harvard Cyclotron Laboratory, Cambridge, MA 

Heavy Ion Medical Accelerator at Chiba, Japan 

Institute of Theoretical and Experimental Physics, Moscow 

Lawrence Berkeley Laboratory, University of California 

Lorna Linda University Medical Center Proton Therapy Facility, Lorna 

Linda, CA 

Massachusetts General Hospital, Boston, MA 

National Institute of Radiological Sciences, Chiba, Japan 
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PARMS Particle Radiation Medical Science Center, University ofTsuk:uba, Japan 

PSI Paul Scherrer Institute, Villigen, Switzerland (formerly SIN) 

TSL GustafWerner Cyclotron, Theodore Svedberg Laboratory, Uppsala, Swed 

I. C. Physical Parameters . of Clinical Beams 

The important physical parameters and effects of the accelerated particle beams that impact 

instrumentation design will be·briefly introduced in this Section along with relevance of accelerator 

parameters to the instrumentation. 

I.C.l. Medical accelerator parameters 

As mentioned previously both synchrotrons and cyclotrons have been used to produce heavy 

charged-particle beams with sufficient energy to reach target volumes within the human body. In 

addition to the existing accelerator facilities, a number of design studies have been undertaken for a 

dedicated medical accelerator.145• 21
0-

216 Recently proton LINACs have been proposed for radiation 

therapy use.176 A general conclusion of these works is that synchrotrons are well suited, for rapid 

energy changes required for conformal 3D tadiotherapy (see Sec. II.C.3), while cyclotrons are , . 

capable of producing beams at higher fluxes (particles per second); thereby, facilitating the 

production of radioactive beams (see Sec. V.A). For either type of accelerators, the particle species, 

the beam energy and its spread, the intensity, the beam size and divergence (emittance), and the time 

structure of the extracted beam have an impact on patient treatments. 

The required range of the beam can be as large as the width of a human body for treatment of 

deep-seated tumors or as small as 1 em for some eye treatments. For treating eye tumors or other 

diseases such as choroidal melanomas, a proton energy of -75 MeV suffices for most 

applications.217 A practical maximum beam range is 32 em in water (a good approximation of body 

tissue in terms of the stopping power), which for protons and helium ions corresponds to an energy 

per nucleon of =215 MeV and for neon ions '=550 MeV. For actual treatments a continuously 

variable range of energies is required which can be achieved by either changing the accelerated 

energy of the beam or by degrading the fixed beam energy after exiting the accelerator, as discussed 

in Sec. II.A and II.B. 

The beam emerging from the accelerator is not truly monoenergetic, but has some energy spread 

·or dispersion. Both the dispersion within a single pulse and that of several consecutive pulses of the 

extracted beam must be considered, since the treatment is always achieved using many accelerator 

pulses. Usually this dispersion is negligible for synchrotron beams, ..!lE/E<lo-4, with the pulse-to-
. ) 

pulse energy variation of <lQ-3; but it can be significant in cyclotron beams, ..!lE/E>lQ-2. This 

energy spread along with the range straggling contributes to the finite width of the Bragg peak and 

the deterioration of the steepness of the distal dose falloff of the spread-out Bragg peak. 
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Table 1 

Particle Fluxes (in particles/second) required to deliver 1 Gy-liter/minute 

in two re I "th · "dth f dB g peaks · ~presentative target vo umes w1 gtven wt o ~rea ra~ 

Particle Target Volume 
Target volume 

Area=50cm2 

Area = 400 cm2 
Width=20cm 

Width = 2.5 em 

lH 1.0 X 1010 3.3 X 109 

4se 3.4 X 109 1.1 X 109 

12C 6;7 X 108 2.2 X 108 

2~e 3.0 X 108 1.0 X 108 

28si 2.0 X 108 7.0 X 107 . 

The beam flux required for a patient treatment depends on the size, shape, and depth of the target 

volume, the prescribed dose, and the desired treatment time. To minimize the effect of the motion of 

the target volume during a treatment, treatment times of less than one minute treatments are desirable, 

while several minutes are often acceptable. As an illustratjon, the beam fluxes for various particle 

beams to deliver 1 Gy into a target volume of I liter in 1 minute are listed in Table 1. Even for a 

given target volume, the intensities vary according to the target geometry, and two examples are 

given in the list 

In order to calculate a required beam flux in the accelerator, /accelerator• the duty factor (the 

fraction of the accelerator cycle time in which beam is actually coming out of the machine) of the 

accelerator ( 11d), the extraction efficiency ( 11x), the beam transport efficiency from the accelerator to 

the treatment room ( 11t ), and the efficiency of generating the clinically useful radiation field ( Tlf) 

must be taken into aCcount The required particle flux in the accelerator is: 

(1) 

where I target is the flux required inside the target volume. 

The emittance of a beam is defined as the product ofthe.area occupied by the beam·in the plane 

perpendicular to the beam direction and the angular divergence of the beam. The emittance of the 

beam is unique to each accelerator and is usually an invariant during its transport without collimation. 
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The typical physical size of the beam from an.accelerator is small(< 1 em diameter) compared to the 

typical size of radiation fields required for patient treatments; hence, there is the need for laterally 

spreading the beam. When the beam is bent in a magnetic field, the energy dispersion of the beam 

leads to an increase in the physical size of the beam spot and an undesirable correlation of the particle 

energy and position. The magnitude of.this effect is a function of the optical properties of the 

particular beam transport system. 

The last important parameter of a particle beam is the time structure of the extracted beam because 

it may alter the biological effect of the radiation and impact the ability of the beam delivery system to 

deliver the desired radiation field. The dose-rate effects are discussed in Sec. I.D.l and II.C.4. 

I.C.2. Beam transport and delivery 

The extracted beam is transported from the accelerator to the treatment room by the beam 

transport system, series of dipole and quadrupole magnets. The arrangement of magnets, vacuum 

chambers, and diagnostic instrumentation is called a beam line. The beam delivery system, located at 

the end of the beam line usually in the treatment room, modifies and monitors the beam to achieye the 

prescribed radiation dose distribution inside the target volume. 

I.C.2.a. Beam transport 

A stable and efficient trapsport of the beam from the accelerator to the treatment room is required 

for reproducible dosimetry and thereby reliable patient treatments.218 The stability of the centroid of 

the beam position must typically be better than 1.0 mm. This requirement places constraints on the · 

stability of the bending and focusing magnets needed to control the beam position and profile. The 

ease of adjusting the beam through the beam line, in what is called tuning a beam line, and the 

reproducibility of the beam-line tune are critical for efficient and reliable clinical operation. The 

analyzing power of the transport system is also important for physically separating particles with 

different momenta and charges for radioactive beam production as discussed in Sec. V.A 

I.C.2.b. Beam delivery systems 

The beam delivery system, which monitors the beam and shapes it in three dimensions to irradiate 

the target volume, consists of devices introduced here and elaborated on in Sections II and ill. In a 

typical treatment room the beam, after passing through a vacuum window at the end of the beam 

transport system, travels through several kinds of devices and several drift spaces (path length the 

beam travels unmodified) before entering the patient. These devices change the beam range (Sec. 
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Beam ... + 

Fig~ 7. A typical beam transport system is schematically showri. Beam 

spreading devices, monitoring devices, range modulation devices and field 

shaping devices are identified. 

TI.A), modulate the range (Sec II.B), spread the beam laterally (Sec II. C), and shape its lateral 

profile (Sec. TI.D). Dose measuring devices (Sec. III.A and III.B) and beam monitoring devices 

(see Sec. ill.D) are required for control of the radiation. 

A general beam-line layout places a set of dose detectors and beam monitoring devices near the 

patient and at a position before the beam spreading device, as shown in Fig. 7. The beam spreading 

devices are usually located as far from the patient as is practical to minimize the effective source size 

and the angular divergence of the beam. The drift space interspersed between the beam modifying 

and monitoring devices in a clinical beam line is typically 3 meters or longer. One meter of a drift 

space in air is equivalent in stopping power to -1.2 mm of water. Fragmentation of the heavier ions 

in this air path is negl!gible; however, multiple scattering can be significant for lighter ions, such as 

protons and helium iqns. · 

The parameters of beam delivery systems in fact lead to competing requirements on the design and 

placement of the beam-line elements. An optimization process involving several parameters with 

clinical tradeoffs is often required. In general, the maximum field size, the field uniformity, the 

treatment time, the beam divergence, the lateral dose falloff (the apparent penumbra) of the field, 

thebackground radiation, and the beam fragmentation are important factors to consider. 

Furthermore, different clinical requirements necessitate different designs, which generally fall into 
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two categories: namely, beam lines for small and large radiation fields. Large radiation fields require 

more complex systems for laterally spreading the beam. The small be~ spot extracted' from the 

accelerator must be modified to cover areas as great as 30 em x 30 em with a dose unifonnity within 

±2%, and the dose rate on the order of 1-2 Gy/minute. The beam lines for small fields are simpler 

because they can often directly utilize the beam from the accelerator with minor modification, 

probably using a simple scatterer. 

I.C.3. Effects of material in the beam path 

Any material in the beam path can potentially modifies the beam because the material scatters the 

beam (multiple scattering), smears its energy (range straggling), and fragments some portion of it 

(nuclear fragmentation). 
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Fig. 8. Shown are the relative increases in beam lateral dose falloffs 

due to multiple scattering in water and copper for proton, helium-ion, 

and neon-ion beams. The lateral dose falloff (~) is expressed in terms 

of the lateral dose falloff (~O) at the entrance of the absorber, and the 

penetration depth in water-equivalent thickness. 
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I.C.3.a. Multiple Scattering 

Multiple scattering of the beam .can be described as the small angle deflection of the beam 

particles due to collisions with the nuclei of the traversed material. These numerous small angle 

deflections lead to a divergence of the beam and to a lateral spreading of the particles away from the 

central trajectory. Elastic Coulomb scattering dominates this process with a small strong-interaction 

scattering correction. The angular distribution of the scattered particles is roughly Gaussian for small 

deflection angles. Multiple scattering of heavy charged particles in water can be described by the 

projected radial distribution of deflection y from the incident beam direction, which is a Gaussian 

with variance, uy given by: 

uy = 0.0294Ro.s96z-0.2o7 A -0.396. (2) . 

where R is the water-equivalent thickness in em, and Z is the charge of the particle with mass, 

A.219 Fig. 8 shows the relative increases in the lateral dose falloff distance from the 90% to the 

10% level due to multiple scattering in water and copper for proton, helium-ion, and neon-ion 

beams. The lateral dose falloff (a) is expressed in terms of the lateral dose falloff (ao) at the 

entrance of the absorber, and the penetration depth in water-equivalent thickness. The width of the 

lateral dose falloff may be cut down by collimating the beam immediately before it enters the patient. 

Table 2 

Measured Widths of the Lateral Dose Falloffs of Helium-Ion Beams 

Collimator to. phantom distance 

Residual Range Omm 100mm 

(mm) width(mm) width(mm) 

60 1.5 1.9 
~ 

90 2.4 2.7 

120 3.4 3.8 

An analysis of the measured lateral dose falloff for helium-ion beams82 is summarized in Table 

2. They show the measured widths of the lateral dose falloff between 90% and 10% dose points 

for a clinically used helium-ion beam of various residual ranges in water. The beam started out at an 

energy per nucleon of 230 MeV (the range of 31.6 em in water), but the energy was degraded before 

clinical use, and the placement of the degrader was optimized to obtain the results in Table 2. For 

protons, the widths will be approximately twice as big as those shown for helium ions. The width is 

seen to increase essentially linearly with the residual range of the beam. The sharpest dose falloffs 
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are obtained when the final collimator is at the surface of the patient and when the shortest r;;mge is 

used. For a small beam, rarely it is necessary for the fmal collimator to be further than 10 em from 

the patient surface. For treating small targets, where the sharpness of the lateral dose falloff is 

essential, the choice of the heavy charged-particle beam becomes important 220 

I.C.3.b. Range Straggling 

Range straggling is the dispersion of the path length of a particle beam due to statistical 

fluctuations in the energy-loss process.221
• 
222 The end result is to produce a smearing of the range 

of the stopping particle beam. For a particle traveling in a direction x, with energy E 'and mean 

range~. the distribution of ranges,- s( x), is Gaus,sian,223• 
224 

(3) 

The variance, Cfx, in centimeters in the path length of a particle in water can be approximated 

with 

(4) 

where R is the water-equivalent thickness of the material the ,beam traverses.219 In the region where 

this formula is valid (2 < R < 40 em), CTx is almost proportional to range, R, and inversely 

proportional to the square root of the particle mass number, A. For example if protons with a range 

of 30 em pass through 25 em of water, the variance in the range becomes 2.6 mm, or the distal dose 

falloff distance from 90% to 10% dose level is 4.4 mm, which may be unacceptable in certain clinical 
J . 

applications. Shown in Table 3 are some typical values of CTx for ions with a range of 20 em in 

water. 

Table 3. Range Straggling in Water 

Ion ax (mm) 

Protons 2.0 

Helium 1.0 

Carbon 0.6 

Neon 0.5 
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The range straggling for heavier charged particles varies approximately inversely to the square­

root of the mass of the particle. When expressed as a percentage of the total range, the rms range 

straggling is 1.0% for protons, 0.5% for helium ions, 0.3% for carbon ions and 0.25% for neon 

ions for most ranges of clinical interest. Minimizing range straggling and multiple scattering can be 

done by removing material from the beam line. For example magnetic deflection can eliminate the 

material needed to spread the_ beam in a scattering system (See Sec. IT. C) or changing the accelerator 

energy can eliminate material degraders used to change the energy of the beam. 

I.C.3.c. Beam Fragmentation 

As a particle beam penetrates through matter the primary particles suffer fragmentation collisions, 

which decrease the number of primaries with the corresponding increase. of lighter fragments. 225 

Beam fragmentation refers to the process whereby the beam particle, called the projectile nucleus, 

. after suffering a nuclear collision with a target nucleus is broken apart into several daughter particles. 

The remnants of the projectile nucleus emerge from the absorbing material with similar momenta as 

that of the original projectile nucleus. The target nuclei nucleus may also fragment, but these 

fragments have relatively lower energy and momentum and do not travel with the beam. The 

probability that a particle will undergo such a nuclear interaction has an exponential dependence on 

the length it travels. A nuclear interaction length,' A.1, is defmed as the length in the material in which 

an interaction will occur with a probability of 1/e. It is related to the nuclear interaction cross section 

by: 

Ar 
A.I =-­

upN 
(5) 

where p is the mass density in g I cm3
, Ar and Ap are the target and projectile atomic masses 

respectively, N is Avogadro's number, and u is the interaction cross section given br26
: 

(6) 

Table 4. Nuclear Interaction Lengths 

Ion A.
1 

(em) 

Protons 60.1 

Helium 38.0 

Carbon 24.4 

Neon 19.5 
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Fig. 9. The contributions of different atomic charges to the total par-

11 

ticle flux and the total dose delivered are shown. The data was measured 

with the BERKLET using neon ions in the proximal peak region of a 12-crn. 
-· 

spread out Bragg peak with a residual range of 28 ern in water. This cor-

responds to the beam traversing 16 ern of water. The data for low Z val­

ues (1-2 and 3-4) are lumped togeter. 
) 

For example for neon ions passing through 19.5 em of water. 37% (=lie) would have 

fragmented; however. the contribution by the fragments to the dose is less than 37% since the 

fragments have lower Zs than the primary p3rticles and the dose depends on the square of the particle 

charge. z2 .. Fig. 9 shows the measured flux and dose contribution as a function of the particle 

charge for a neon-ion beam· after traversing 16 em of water. The Table 4 shows the calculated 

nuclear interaction ~ength for several ion species in water at energies corresponding to clinically 

usable ranges. 

For protons colliding with a water-like target material (e.g. tissue) the dominant interaction 

products are n~utrons knocked out of the target nuclei. These neutrons are not easily stopped and 

· contribute to the dose delivered beyond the stopping region of the primary projectile. Heavier 
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charged particles also produce such a neutron background. Even after accounting for the higher 

RBE of the neutrons produced, they contribute less than 0.5 % of the biological dose delivered to the 

patient by the charged particles.227 Their contribution can exceed this in cases where the range of the 

beam is severely degraded upstream of the patient such as in the case where the beam is spread out 

by double scattering (Sec. II.C.l.b). Whole body exposure can then become an issue. 

For helium-ion projectiles, neutrons and isotopes with A<4 are produced which have longer 

ranges than the primary particles. A single proton knocked out of the helium projectile leads to a 

triton with a range three times that of the original helium projectile. On the other hand, 3He has a 

short range. This long-range dose can be significant depending on the clinical situation. Typically ~ 

tail dose, the dose beyond the Bragg peak, is only a few percent of the peak dose. Carbon and neon 

ions fragment into a larger number of nuclear species. 2 ~ These fragments lead to a significant dose 

beyond the actual stopping range of the primary particles, and contribute significantly to the dose 

within the spread-out Bragg peak. In general, the heavier the nuclear p~ojectile, the larger the dose 

delivered in the region beyond the Bragg peak when normalized to the dose delivered by primary 

ions at the proximal peak of the spread-out Bragg peak (defined below in Sec. I.D. 2.a). For neon­

ion beams, depending on the energy, the physical tail dose immediately downstream of the distal 

peak can be as large as 30 % of the target dose. 

An additional complication is that a fragmented beam has a radiobiological effect different from 

that of the primary beam. The LET distribution. of the fragmented beam becomes quite complex as 

more of the primary beam fragments229• 230; hence, the biological effectiveness, since it is a function 

of the LET of the beam, is a function of the depth of the material penetrated.231 For beams where 

the Bragg peak is spread out over some region (see Sec. I.D below), the composition of the beam 

and its biological effect is also a function of depth and must be accounted by adjusting the depth-dose 

distribution. 

Accurate modeling of the fragmentation process has been hampered by the paucity of data on 

nuclear cross-sections for all the particles and energies required. Measurements have been done on 

several specific cases in support of some theoretical modeling ofthe needed cross-section data.228 

Another approach has been to actually measure the particles found in a beam for a particular clinical 

setting and use a cell survival model to predict the biological effects of the beam.232 Some 

· promising results have emerged, but are not complete enough yet to be applied clinically. The 

response of cells of different tissue to heavy charged particles has also been modeled based on 

photon data and limited animal experiment data with heavy charged particles. Actual clinical results 

have been the primary guide in determining biological effects of these beams and setting tolerance 

dose for normal tissues and estimating complication effects. 
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I.D. Clinical Parameters 

In the Clinical use of heavy charged-particle beams, the objective is to place a biologically 

uniform high-dose region accurately in the target volume while sparing the surrounding healthy 

tissues from unw~ted radiation as much as possible. To assess clinically the prescribed and 

delivered treatment, various dosimetric quantities must be accurately known. These clinically 

pertinent quantities are discussed in this Section. 

I.D.l. Dose and Dose Rate 

The most important quantity· measured in radiotherapy is absorbed 'dose, defined as the energy 

absorbed (not the incident energy) per unit mass of a material. In general, clinical situations 

encountered in radiation therapy using heavy charged-particle beams require an accuracy of the dose 

measurement to an accuracy of less than ±5% of overall uncertainty and reproducibility of ±2% 

precision. 233 Ideally the dose distribution is known at all points in the treatment volume and the 

surrounding tissues. The measurement of such dose distributions is called dosimetry, and the 

measuring instruments are dosimeters. The purpose of maintaining accurate dosimetry is twofold. 

The first is to establish reliable values of clinically effective doses for tumor control and tolerance 

doses for critical tissues. Secondly, maintaining accurate dosimetry traceable to a known standard 

facilitates the exchange of clinical information between institutions for intercomparison of the clinical 

data. 

·Protocols for heavy charged-particle beam dosimetry have been established by the American 

Association of Physicists in Medicine for protons and heavier ions, 234 and by the European Clinical 

Heavy Particle Dosimetry Group (ECHD) for proton beams.235 They describe the methods of 

calculating the dose based on measurements using various dosimeters. Discussions of these 

methods ~ outside of the scope of this review, and the readers may refer to existing review articles . 

·on the heavy charged-particle dosimetry.68 

The effect of the absorbed dose as a function of its delivery time, or dose-rate effect,236• 237 has 

been of some concern in the development of dynamic beam delivery systems described in Sec. II. C. 

These systems deliver all or a substantial fraction of the required dose to a segment of the target in a 

relatively short time. The effective dose rate for some systems can be on the order of 106 Gy/min. 

For a dose-rate effect to be observed the temporal and spatial separation between particles must be 

small enough that there is an interplay between the damages in cell nuclei done by the energy loss of 

multiple particles. It is generally agreed that the dose-rate effect is not important for most of the 

beam delivery systems considered. Further discussions are presented in Sec. II.C.4. 
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I.D.2. Dose distributions 

Ideally the three-dimensional dose distribution should be known in evaluating both the prescribed 

and delivered treatment In practice, however, only subsets of the complete three-dimensional dose 

distribution may be known. The first subset of data, called a depth-dose curve, is the dose deposited 

as ~ function of the depth of penetration at some lateral position in the beam, usually along the central 

ray. The second subset is called the transverse dose distribution and measure the uniformity of the 

radiation transverse to the beam direction at a certain depth of penetration. 

I.D.2.a. Depth-dose curves 

Depth-dose curves for particle beams of unmodulated range are described in terms of several 

regions as depicted in Fig. 2. The relatively constant entrance do.se region is called the plateau of the 

Bragg curve, while the region of high energy deposition is called the peak. This peak is where the 

·primary particles are coming to a stop and their LET is highest. The energy deposition after the 

peak, i.e., the dose deposited beyond the distal edge of the peak, is called the tail. The ratio of the 

peak to plateau doses for pristine (not modulated in range) beams in the energy range used clinically 

is about 4: 1 for protons and 6: 1 for neon ions. For proton beams the FWHM of this peak in water 

or soft tissue is typically 1.5 - 2.0 em. The FWHM is only =5 mm for neon-ion beams. 

In order to irradiate the extended width of the target volume to the highest dose, the sharp Bragg 

peak is swept across it by modulating the range of the beam. The resulting energy deposition curve 

is called a spread-out Bragg peak (hereafter called SOBP). The physical methods for modulating the 

range are discussed in Sec. II.B. The depth-dose distribution for modulated particle beams is also 

divided into several regions as shown in Fig. 2. The entrance region, as with the beams of. 

unmodulated range, is called the plateau. It is followed by the proximal peak where the dose is at a 

maximum. This peak is the beginning of the region of stopping particles or high LET portion of the 

Bragg curve, which continues through the midpeak region and ends at the distal peak. This entire 

high LET region (SOBP) covers the depth of the target. The distal·edge of the SOBP, again as in the 

Bragg peak, is where the dose sharply falls off due to the stopping of the remaining primary 

particles. Beyond the distal edge lies the tail dose region. Dose at this depth is from secondary 

particles created from nuclear interactions of the primary particles with the material. This does not 

imply that the dose arising from the fragments is confined only to the tail region. Fragmentation 

starts as the primary particles enter the material, therefore, the fragment dose builds up starting at the 

entrance. (See the discussion under Sec. II.B.) 

The sharpness of the. distal falloff, or distal edge, is one of the most clinically important attributes 

of heavy charged-particle therapy. The chance of local control without complication depends 

decisively on how closely this edge can be placed between the distal surface of the target volume and 

the critical tissues beyond. The sharpness of this edge varies from 1 mm for the particle beams used 
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Fig. 10. A transverse dose profile of a helium-ion treatment field 

measured by a segmented ionization chamber. The gap in the middle 

results from the patient collimator which is shaped to spare irradiation 

of the spinal cord of the patient. 

for ocular treatments to as much as 15 mm in beams with wi~er SOBP widths for deeper parts of the 

body. In general, as discussed in Sec. I.C.3.b above, the heavier charged particles have sharper 

distal edges. The accuracy of the placement of this edge in the body depends on the knowledge of 

the particle energy and the stopping power of the tissue the beam must penetrate. Uncertainties in 

determining the stopping power along the beam trajectory come primarily from the uncertainties (1 -

5%) in converting CT numbers to electron densities or stopping power values.238-243 Several other 
) 

clinically important parameters are the proximal-peak dose, the proximal-peak to plateau dose ratio, 

and the tail to proximal-peak dose. ·Normal tissue sparing upstream and downstream of the target for 

a given target dose are governed by these parameters. 

I.D.2.b. Transverse Dose Profiles 

A transverse profile of a 3-dimensional dose distribution is primarily a means of verifying that 

the transverse spreading of the beam is correct and that the radiation field uniformity satisfies clinical 
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distribution. 

requirements. If the radiation field has cylindrical symmetry, the transverse dose distribution can be 

measured along a line perpendicular to the central ray. Multisegmented ionization chambers (Sec. 

II.A.2.c), diode arrays (Sec. III.E.l.a), and multiwire proportional counters (Sec. III.D.3) can be 

used to measure these !-dimensional· profiles of the beam as shown in Fig. 10. 

For arbitrary distributions it is prudent to monitor the entire radiation field cross-section 

immediately upstream of the patient. Two-dimensional, multi-segmented ionization chambers can 

measure such 2-dimensiorial dose distributions as discussed in Sec. II.B.3. Multiplane, multiwire 

chambers can also be used by sampling several one-dimensional projections of the dose proflle at 

different orientations and reconstructing the 2-dimensional dose distribution from them as discussed 

in Sec. III.D.2.c. For irregularly-shaped treatment volumes, measuring the 3-dimensional dose 

distribution is ideal. Characterizing the radiation field"in three dimensions can be done by sampling 

the dose in a water phantom by moving small detector around the 3-dimensional radiation field. 
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35 

Such a method, however, assumes that the radiation field remains constant and requires a long data-
, 

collection time; furthermore, it is not usable for on-line monitorin~ purposes during a treatment 

The uniformity of the radiation across the treatment volume and the falloff of the dose at the 

edges of the treatment field are of particular clinical interest. The sharpness of the lateral dose falloff, 

often called the apparent penumbra, is of clinical importance because it determines the radiation 

exposure of the normal tissues adjacent to the target for a given dose within the target volume. Fig. 

11 shows an example of the profile and lateral dose falloff of a large helium-ion treatment field. The 

lateral dose falloff, defined as the distance in which the dose falls from 90% to 10% of the central 

dose value, is shown in Fig. 12 as a function of depth in water for a neon-ion beam. The frrst factor 

determining the lateral dose falloff is the apparent finite source size of the radiation. The range-

, 
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shifting or range-modulating devices found in a treatment delivery system act as fmite-size source, 

since particles traversing them are scattered, thus diffusing the beam and increasing its divergence. 

The increase in the lateral dose falloff also comes from the angular confusion in the rays leaving 

these devices because they act as multiple incoherent sources. The "source"-to-isocenter distance~ 

SAD, should be increased as large as possible so that the radiation source may be regarded as a 

point-like source. Multiple scattering of the penetrating particles in a medium (e.g., tissue) also 

enlarge the lateral dose falloff with increasing depth. Finally, scattering off the edges of collimators 

causes an additional spreading of the lateral dose falloff.244 The relative contributions of these in 

broadening the lateral dose falloffs depend on the beam beam-Clelivery system Setup. Some can be 

reduced by changing the geometry, while others are inherent in the beam delivery system or caused 

within the patient and therefore can not be reduced. 

I.D.3. RBE and LET 

As mentioned above, the RBE of a heavy charged-particle beam is not a simple function of LET. 

The track structure of the energy deposition plays an important role.245 Consequently, LET 

information alone can not serve as a simple predictor of the RBE of the radiation. Knowledge of the 

beam composition, i.e. the particle fluence as a function of charge and velocity is required.228 Using 

current experimental methods, accurate determination of these quantities at a point in the treatment 

volume takes considerable effort. For this reason, averaged-LET distributions in the treatment 

volume as a function of depth and lateral position still remain useful in estimating clinical effects. A 

standard measure has been the weighted average of the LET of the particles with the dose they 

deliver, called the dose-averaged LET, LD: 

LD = jLD(L)dLj jLl/J(L)dL (7) 

where D(L) is the dose contributed by particles of a given LET, L, and l/J(L) is the fluence of 

particles with the given L. The dose is related to fluence and LET as: 

D(L) = 1. 6 x 10-
7 

l/J L 

p 
(8) 

where p is the material density in g/cm3, Lis measured in keV/Jlm and l/J in particles/cm2. 

I.D.3.a. RBE · and LET Distributions 

The main function of a beam delivery system is to create a radiation field which produces 

uniform cell killing or a uniform biological response. Changes in the primary particle beam from 

fragmentation lead to changes in the biological effectiveness of the radiation. Fig. 13 shows a 

measurement of RBE as a function of depth. Measurements at various lateral positions across the 
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Fig. 13. a) RBE measured at various depths in water of a range-modulated 

beam. In this plot, RBE is the cell survival fraction as a functi0n of 

depth for a given dose to the proximal peak of the SOBP. The solid line 

is to guide the eye. b) The associated dose distribution is also shown. 

target allow evaluation of uniformity of cell .killing in the target volume.246 Measurements of the 

dose-averaged LET247 (see lli.E.4.b), while not a direct measure, are easier to make and serve as 

indicators of RBE. In particular, measurements as a function of depth and lateral position can be 

used to monitor changes in the radiation quality. 

The iso-effectiveness, i.e., the uniformity of cell killing across the target volume, of the radiation 

can be measured in two ways. Cell survival curves which describe the effective killing of a cell as a 
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Fig.l4. Cell survival curves are shown for three positions in a 12-cm 

SOBP of a neon-ion beam with an energy per nucleon of 585 MeV. A given 

cell survival occurs at lower radiation dosages in the distal region than 

in the proximal peak; hence the need for the slope in the SOBP in Fig. 2, 

function of the dose it absorbs can be measured point by point An example of cell survival curves 

are shown in Fig. 14 for t!tree positions in a 12-cm SOBP of a neon-ion beam of an energy per 

nucleon of 585 MeV. Such a graph can be used to check the uniformity of killing as a function of 

depth. A second, faster but less accurate, method is to simultaneously irradiate a set of cells either 

deposited on glass cover slips37 or suspended inside flat-walled flasks,248
•
249 which are stacked in 

the beam direction to form what is called a "submarine" as shown in Fig. 15. Exposing the 

submarine to a clinical radiation field and then measuring the cell survival in each flask yields in one 

irradiation a complete cell survival measurement as a function of depth. 

The tail region of the depth-dose curve is a complex mix of particles; its RBE is important in 

predicting the response of tissue beyond the Bragg peak where critical structures might be found. 

Tail doses are typically one tenth of the dose in the proximal peak, and biological measurements in 

the tail region are difficult due to the large dose need at the proximal peak in order to measure 
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Fig. 15. A submarine, consisting of a stack of chambers containing cells 

plated on one side of each chamber which is filled with growth medium, is 

used to measure cell survival as a function of depth after irradiation. A 

circularly collimated heavy charged-particle beam entered from the left and 

stopped in the middle of the stack. The cells were incubated subsequent to 

the irradiation and surviving colonies were made visible by stainingi 

sparse populations in the circles represent cell killing. (CBB 812-1850) 

reliably cell responses in the tail. Measurements of dose-averaged LET in this region are simpler to 

make, but not very straightforward in predicting the biological effects. 

II. BEAM PREPARATION FOR CLINICAL USE 

The transverse dimension of a particle beam stopping at the patient position is primarily 

determined by the incident beam spot size, the divergence of the beam, the length of drift spaces, and 

the multiple scattering of the beam in intervening materials. The longitudinal extent of the distal edge 

of a stopping beam is primarily determined by the initial energy spread of the incident beam particles 

and the range straggling in the material. Penetration of energetic heavy charged particles in matter 
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has been analyzed considering Coulomb, nuclear, and other stochastic processes.25° For example, 

for a pencil beam of monoenergetic carbon ions of a range of 20 em in water, the variance of the 

longitudinal spread due to the straggling is ax:::::: 0.06 g/cm2, and that of the mean deflection due to 

multiple scattering is cry:::::: 0.11 g/cm2. Therefore, unless the beam is modified, the concentrated 

energy of the Bragg peak would be deposited in a small volume given by these variances. To cover 

an extended target volume with the Bragg-peak dose, the range of the beam must be modulated to 

spread out the Bragg peak, and the beam profile must be transversely broadened to cover the cross­

sectional area of the target volume. This section discusses the instrumentation developed for such 

beam modifications. 

II.A. Variable Range Shifters 

A heavy charged-particle beam extracted from an accelerator and transported to the patient 

treatment area usually has a small diameter (rms radius -1 em) and a small spread in energy. The 

beams from synchrotrons have the typical value AE/ E:::::: 10-4 for a given extraction pulse; and 

M/ E:::::: 10-3 when averaged over many pulses. If a monoenergetic beam is introduced into an 

absorbing medium, such as soft tissue, it will stop in a narrow region at the end of its range, R, 

which is given by the integral over the stopping power, S, of the medium251-253: ·~ 

R = (E dE (9) 
Jo S 

The stopping power, S (or ~ ), of the particle, measured in MeV/cm is given bi54-
257: 

S =0.307
22 

Zr L(b) (10) 
b2 A 

where z is the projectile-particle charge number and f3 is its velocity divided by the speed of light. 

Z is the nuclear charge, A the atomic weight, p the density, and L, the stopping number per unit 

mass of the medium. For certain energy regions there are various approximations for the value of L. 

It is noted that the range of completely ionized particles traveling with the same velocity scales with 

a/ z2
, where a is the mass of the projectile. This explains the longer ranges of secondary particles 

created in a nuclear fragmentation since they have practically the same velocity as the primary particle 

before it fragmented. The range, energy and energy loss for different heavy charged particles in 

various absorbing media are tabulated elsewhere: 253, 258-260 

As already pointed out in Sec. I.C.3.b above, range straggling is a result of statistical 

fluctuations in the energy loss processes.221· 222 For a particle of initial energy E and mean rangeR, 

proceeding in the direction of x, the range distribution, s, is shown to be Gaussian,223· 224 as in Eq. 

(3). Eq. (3) has corrections at high and low kinetic energies, but its accuracy suffices for the heavy 

charged-particle beams of clinical interest The value of the variance in the range distribution, ax, for 
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water is given by Eq. (4).219 As the density and the atomic composition of soft tissues are similar to 

those of water, the formula in Eq. (4) may be used for estimating the straggling inside soft tissues. 

Heavy charged particles can be accelerated to an energy where their range is sufficient to 

penetrate the tissues and stop at the desired depth in the patient body. In other words, the residual 

range of the incident particles can be adjusted to be equal to the skin-to-target distance. Because the 

target volumes of clinical interests are usually thicker than the width of the Bragg peaks, the energy 

of the incident beam has to be modulated so that the Bragg-peak dose is deposited throughout the 

target volume from its proximal edge to the distal edge. This "stacking" of the Bragg peaks at 

different depth may be accomplished by changing the energy of the extracted particle beams from an 

accelerator. This requires energy changes every 1-10 seconds and over a ten-fold change in particle 

flux. This energy modulation is more easily accomplished with synchrotrons than with cyclotrons. 

Not only is it necessary to change the extraction energy from the accelerator, but also the entire beam 

transport system must also be changed in such a way that the tune and the positioning accuracy of the 

beam in the target volume remain constant Although some accelerators easily allow accelerating and 

extracting particles at various energies, successively switching all parameters of the accelerator and 

the beam transport system for several different energies during a given treatment has not yet been 

achieved. At LLUMC such an ability was envisioned 145 and has been demonstrated on an 

experimental basis.261 The current clinical practice is to extract a particle beam at one energy and to 

adjust its range by having it traverse a medium of variable thickness, called an energy degrader, and 

a shaped medium for range modulation as discussed in Sec. II.B. This process degrades the beam 

quality due to fragmentation (Sec. I.C.3.c) and the physical dose distribution due to its detrimental 

effect on the penumbra, but it is easier accomplished than changing the beam energy by changing the 

parameters of the accelerator and the beam transport system. 

II.A.l. Variable water column 

Variable thickness energy degraders may be made using various materials, such as water, oil, 

plastic plates, or metal plates. A "variable-thickness water column" is a device used to modify the 

range of the beam by placing a variable thickness of water in the beam path. When the range of the 

incident beam is known, adjusting the range of the beam to an individual patient's prescription can be 

done simply and efficiently with such a device. This adjusted range is often called the residual range 

of the beam to distinguish it from the full range of the beam extracted from the accelerator. Water is 

often chosen as the medium for degrading the beam energy because of the similarity of its physical 

characteristics to soft-tissue characteristics of the multiple scattering, range straggling, and for 
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Fig. 16. A water 

column as shown in 

this picture is a 

standard device used 

for changing the range 

of the clinical beams 

and for measuring 

their radiation field 

characteristics. 

(CBB 925-3234) 

heavier ions, the fragmentation of the beam particles. However, other considerations may dictate the 

use of a different absorbing medium. 

A typical water column is depicted in Fig. 16. The water occupies the volume between the 

closed end of a cylinder and a movable piston. The motor-driven piston is sealed against the cylinder 

wall with 0-rings, and, when operated, moves water in and out of a reservoir. This seal limits the 

rate at which the piston can be driven and hence the speed at which the water thickness can be 

changed. A rate of approximately 1 em/sec serves most radiotherapy needs. The mechanical linkage 

driving the piston is connected to an encoder for water-thickness control and monitoring. A relative 

accuracy of 0.1 mm in water thickness is achievable with magnetic resolvers or optical encoders. 

Since the two cylinder ends remain in the beam path, they introduce an additional range shift. Thin 

windows are therefore preferable, but must be sufficiently stiff, e.g., 5-mm thick Lucite, that their 

surfaces remain parallel to one another under the pressure of the water. 
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Variable water columns have been developed at many laboratories to operate in both horizontal 

and vertical (down) beam configurations.28
• 
262

-
264 The variable thickness is typically 30 to 40 em 

which satisfies most clinical needs. Clinical requirements are that the absolute accuracy of the 

thickness of the column of water is ==0.5 mm over the entire range. For transmitting a beam with a 

Gaussian-like beam-spot profile, the cross-sectional area of the water column must be approximately 

three times the 0' of the beam spot to include 95% of the beam particles, plus an additional beam 

width to allow for beam motion while beam line tuning. Piston diameters of 10 to 30 em are typical, 

where the larger diameters are for transmitting transversely spread-out beams (see Sec. ll.C). 

As a variation of the water column, range shifters using oil as a moderating medium have also 

been developed. For a vertical pion beam, a tank unit of the range shifter with a moving window 

powered by a piston was developed at Los Alamos. 265• 
266 Another device, an "atmospheric shuttle 

bath" was developed at NIRS for their vertical-beam geometry.267 It was filled with 1.05 g/cm3 

density oil, which can vary the proton range in soft tissue within 1 mm accuracy. In an early design, 

in which the oil was simply pumped in and out, problems arose due to air bubbles in the oil. A 

piston-type range modulator is now used to eliminate this problem. As discussed in section ll.A.5.a 

below, the variable water column is also used for dosimetric purposes. A Bragg curve can be 

generated by varying the water column in steps and measuring the beam before and after the water 

column at each step.268 

II.A.2. Binary filter 

A device called a "binary filter" adjusts the range of the beam by means of a set of metal or plastic 

plates. The thicknesses of the series of plates double with each successive plate. The name "binary 

filter" derives from this power-of-two relationship among the plate thicknesses. Based on a set of 

ten plates, with the thinnest plate of 0.5 mm in water-equivalent thickness, any thickness from 0 to 

511.5 mm can be achieved in steps of 0.5 mm. Because each plate is independently moved in or out 

of the beam, the time to setup the desired range change is independent of the incremental change in 

the thickness. This feature permits range modulation with minimum loss of time (Sec. ll.B). Fig. 

17 shows the binary filter developed at LBL, in which twelve metal plates are driven by air pistons 

that can move the plates in and out of the beam path within 0.5 second.269 

Several physical and biological factors must be considered when choosing the material used for 

plates in the binary filter. For protons and helium ions low-Z materials for the plates, such as Lucite 

or Plexiglas (CsHs02), reduce multiple scattering for a given stopping power. For heavier ions 

high-Z materials, such as copper, reduce the fragmentation with little increase in multiple scattering. 

The use of copper plates also reduces the physical thickness compared to water or plastics since 
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Fig . 17. An example of a binary filter, which changes the range of the 

beam by means of solid metal plates placed in the path of the beam. 

(CBB 8211-10042) 

copper provides the comparable stopping power as water of -6 times the thickness. The reduction of 

the physical thickness of the degrader assembly can be important when the beam-line space is 

limited. Copper is a preferred metal because it is ductile and can easily be rolled to the desired 

thickness with close tolerance on density and surface uniformity. In some applications, such as in 

lateral spreading methods discussed in Sec IT.C, it is important that the beam profile remain constant 

for any residual range. To achieve this a combination of materials may be used to produce equivalent 

multiple scattering for different energy degradation (see Sec. IT.C.l.c).270 

II.A.3. Double-wedge variable absorber 

Alternatively, the thickness of absorbing material can be varied by using an absorber formed in a 

wedge shape. For a finite beam-spot size, not all particles would traverse the same thickness of the 

wedge, and therefore the range shifting would not be uniform. This problem can be corrected by 

using two wedges placed in opposing directions and moved in such a way that the particles in the 
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Fig. 18. Schematics of a double wedge system which is used to shift the 

range of the beam. 

BEAM 

Fig. 19. Schematic drawing of a circular wedge used to reduce the size of 

the double wedge system. The thickness of the absorber is a function of 

angular displacement. The beam penetrates off-axis of the device. 
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fmite beam spot traverse a constant thickness16
• 

271 as shown in Fig. 18. The overlapping area of 

the two wedges, which presents a constant thickness surface to the entire beam, must be larger than 

the beam spot Consequently there is a minimum absorber thickness, greater than zero, attainable in 

such a system. Drawbacks are that for a small wedge angle the wedge becomes too large, and for a 

large wedge angle the minimum thickness attainable for a fmite beam-spot size becomes large. 

As a variation, the wedge may be circularly shaped; each radius has a constant thickness, and its 

magnitude varies linearly with the angular displacement. In the example depicted in Fig. 19, the 

beam goes through the circular wedge at an off-axis spot, and the range change is made uniform by 

a small compensating wedge placed in the beam path. 272 The thickness of the absorbing material is 

varied by rotating the circular wedge on its axis, and its thickness is monitored by measuring its 

angular displacement. Again the minimum attainable thickness is fmite as in case of the linear wedge 

system. The beam traverses parallel to the diameter of the circle in the axial wedge (Fig. 20), in 

which the thickness of the wedges varies as function of the angular displacement.174
. In this setup, 

the off-axis beam traverses different thickness from that traversed by the central ray along the 

diameter of the circle. The finite size of the circle and multiple scattering effects degrade the 

sharpness of the distal dose falloff of the transmitted beam. 

Fig. 20 . An example of another type of circular wedge is drawn . The beam 

penetrates both sides the device to produce a uniform range change across 

the radiation field. 
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Fig. 21. Schematic representation of the compensator that conforms the 

distal surface of the radiation field with the distal surface of the tar-

get. The total water equivalent thickness of the compensator, inter-

vening tissue, and tumor is constant across the tumor. 

II.A.4. Compensator (Bolus) 

While many beam-line devices are generic in their use, a few are specific to a particular treatment 

prescription. A patient-specific device for modifying the beam range according to the patient 

anatomy is a compensator or bolus. Its function is to adjust the range of the beam across the target to 

conform the distal edge of the Bragg peak to the distal geometry of the target volume.273 Fig. 21 

shows schematically the function of a compensator in two dimensions, and Fig. 22 shows a 

photograph of an actual compensator made from Lucite. The details in the bolus structure are 

computed by considering the effects of tissue inhomogeneities due to bones and air cavities.274 

Compensators may be constructed out of Lucite sheets cut to a pattern specified by the treatment 

plan, and then assembled together. This process is inherently labor intensive. An alternative method 

is to mill the 3-dimensional surface out of a hard wax material as shown in Fig. 23. The entire 
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Fig. 22 . An example of a Lucite compensator made to conform the distal 

surface of the Bragg-peak dose to that of the target of an individual 

patient . (CBB 875-3746) 

process, from obtaining the compensator contours based on the treatment plan to cutting the material 

on a numerically-controlled milling machine, can be automated. 275
• 
276 

II.A.S. Range verification 

Verification of the actual residual range placed inside the patient body is the primary safety issue. 

An off-line measurement can be done before a patient is treated with the assumption that the range • 

remains constant during the treatment. Radioactive beam imaging (Sec. V.A.l) is an example of 

range verification methods. The beam range can also be monitored on-line, i.e., during a patient 

treatment 
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Fig. 23. Picture of compensators cut out of a hard wax block. (CBB 875-3748) 

II.A.S.a. Off-line beam-range measurements 

A measurement of the range of a beam can be made using a water column or binary filter along 

with two dose detectors, such as transmission ionization chambers. One detector placed upstream of 

the degrader measures the incoming beam. The second detector placed immediately downstream of 

the degrader measures the ionization of the exiting beam. The ratio of the two measurements as a 

function of the degrader thickness yields the relative ionization of the exiting beam. A Bragg 

ionization curve is measured if the beam is monoenergetic. The beam range can be deduced from the 

absorber thickness where the Bragg peak occurs. For a modulated beam, the range, usually in 

water, may be defined for clinical purposes as the depth of the distal line of 90% of the isoeffect 

contour. Alternatively, it may be defmed operationally as the water depth of the position in the distal 

dose falloff where the relative ionization is 50% of that of the peak, i.e., the peak position plus a 

portion of the width of the distal falloff due to the range straggling. If there are other absorbing 

material, including the air space, between the water column and the patient, their range-modifying 

characteristics must be included in the computation of the residual range in the patient 
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Fig. 24. The Bragg curve telescope measures a Bragg curve at several 

points using a series of ionization chambers, which are interspersed by 

pieces of material of known water-equivalent thickness. (CBB 874-5230) 

An alternative method for obtaining the range is to measure a depth-dose distribution in a water 

phantom. Here a small detector, either an ionization chamber or a diode, is moved in a volume of 

water and its readings are normalized to the incoming beam. It is important that the size of the 

detector be small compared with the field so that the change in dose as a function of depth is not 

dominated by the effect of the beam divergence. 

A plastic scintillator can also be used as a range detector. In a device developed at LLUMC, the 

beam is stopped in a scintillator block and the output of light as a function of depth is viewed by a 

CCD camera.143 The light output is related to the energy loss of the beam, but is not exactly 

proportional to dose. Therefore, a calibration procedure is required to map the light output into a 

dose distribution. Its main advantage is that the entire range measurement can be done at once; 

however, the drawback is that such a device can be large, since the scintillation in the block must be 

optically imaged 
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Another device, developed at LBL (Fig. 24) is a series of ionization chambers sandwiched 

between degraders of predetermined thicknesses, which can be used to verify the range and the 

shape of the Bragg ionization curve using only a few beam spills from the accelerator. This method 

is as fast as that of the scintillators camera, but can take measurements only at predetermined depths. 

Thick absorbers are placed in the region where the dose changes gradually, and thin absorbers where 

the dose change rapidly. The overall length of the device, a sum of the thicknesses of absorbers and 

ionization chambers, is significant The effects of beam divergence and beam size must be taken into 

account in the design. This device is further described in Sec. m.A.2.d. 

Similarly, a stack offtlms with intervening materials of known thicknesses can also measure the 

Bragg ionization curve, but this method is extremely time consuming and requires knowing the dose 

response of the film. Nevertheless, a relative measurement can be useful even without such 

calibrations . 

Fig. 25. A simple system for measuring the range of the beam consists of 

a complex wedge in front of a piece of film . The sharp distal falloff in 

dose at the end of the Bragg curve is imaged on the film for range veri­

fication of the beam. (CBB 7910-14624) 
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Film behind a wedge absorber with a complex wedge angle, as shown in Fig. 25, can also serve 

to locate the distal edge of the beam.277 The range measured in the wedge material is converted into 

the water-equivalent range by applying the ratio of the integrated stopping powers of the wedge and 

water. 

II.A.S.b. On-line measurement of the beam range 

Since patient treatment must not be perturbed by a range measurement, an on-line range 

verification is difficult. The periphery of the beam, i.e., the area outside the collimated radiation 

field, may be used for a range measurement, provided the range is uniform across the entire field. A 

device located on the outside and upstream of the patient collimator aperture can make such 

measurements. A series of detectors, such as diodes, downstream of a metal wedge can be used to 

verify the range. Each detector in effect measures the energy loss of the beam at a different depth. 

The number of detectors determines the number of data points and the wedge shape determines the 

spatial resolution of the measurement. A variation of this is a rotating wedge with a detector behind 

it The response of the detector and the position of the wedge can be correlated to give a depth-dose 

measurement. Both these methods require a normalization detector upstream of the wedge. 

A recent idea to measure range278 is to use the acoustic pulse generated by particles traversing a 

medium.279 By using a pulsed particle beam and knowing the speed of sound, the location of the 

sound pulse can be determined by measuring the propagation time. The intensity of the acoustic 

pulse is shown to be proportional to absorbed dose, and therefore the detected acoustic pulse has the 

same shape as the depth-dose distribution. 280 This method has been experimentally tested; 

however, is has not yet been clinically implemented. 

II.A.6. Effects of range shifting on the lateral and distal dose falloff 

In order to take full advantage of the dose localization properties of the heavy charged-particle 

beams, great care must be taken to minimize the width of the lateral dose falloff. The apparent 

source size of the radiation field causes a penumbra, which contributes to broadening of the width of 

the lateral dose falloff. In order to minimize the apparent source size, the diameter of the beam has to 

be small where the beam traverses material.281 This can be accomplished by placing any scattering 

and range-shifting material upstream of where the beam begins to spread transversely. However, 

any amount of material in the beam introduces an additional beam divergence due to multiple 

scattering. Positioning the material far upstream of isocenter may lead to an intolerable increase in 

beam spot size at the target, which, if collimated, results in a reduction in the dose rate. On the other 

hand, placing the scattering material close to the target volume reduces the scattering effect on the 

low-velocity particles and preserves the modulated Bragg peak shape. For this reason the patient 

compensator is usually placed against the patient body. The unavoidable multiple scattering inside 
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the patient body and other material in the beam path, especially those near the patient such as the 

compensator, also contributes to the broadening of the width. 

The amount of material used for scattering or energy degradation also affects neutron 

production282 and projectile fragmentation,230 which in tum affects the peak-to-plateau ratio of the 

SOBP. The placement of this material also affects the peak-to-plateau ratio. The ratio is enhanced 

when the material is placed far upstream of the target as a large portion of the neutrons and fragments 

diverge out of the main beam. The sharpness of the Bragg peak and the width of the distal falloff is 

largely determined by the amount of range straggling introduced by the material in the beam path. 

The width of the distal falloff of the SOBP also depends on the details of the range modulation, as 

discussed in Sec. IT. B. All of these effects must be considered in optimizing the design of a beam­

delivery system. 

II.B. Range Modulation 

Neither monoenergetic photon nor electron beams exhibit sharp distal dose falloff in an 

absorbing material. The doses deposited by high-energy photon beams decrease approximately 

exponentially as a function of the depth of penetration. In absorbing material, monoenergetic 

electrons do not have a well-defined range because of their small mass results in large multiple 

scattering. On the other hand, monoenergetic heavy charged-particle beams have well defined 

ranges. 

As shown in Fig. 2, the Bragg peaks of heavy charged-particle beams are quite narrow. Its 

width in the target volume is primarily due to the energy spread in the beam and the straggling of the 

incident particles in the absorbing material, including the part of patient body itself, located along the 

beam path up to the stopping region. The resulting Bragg peak is still narrower than the target 

thicknesses usually encountered in the clinic, typically from 0.5 em to 16 em, and the beam range 

must be modulated in order to cover the extent of the target thickness with the Bragg-peak doses. 

Modulation of the residual range in order to spread out the width of the Bragg-peak dose region, 

as schematically shown in Fig. 26, can be accomplished in two ways. In the first method, called 

dynamic modulation, the residual range of the beam is changed in a stepwise fashion during the 

treatment and the resulting Bragg peaks are sequentially stacked throughout the depth of the target 

volume. The second method employs a passive system that modulates the residual range by means 

of a bar ridge filters. Use of range-modulating propellers or rotating spiral ridge filters falls in 

between these two methods. 

For clinical use a biologically uniform dose distribution within the entire target volume is 

required. A biologically un,iform dose distribution may or may not result from a uniform physical 

dose distribution. In the example shown in Fig. 26, the implicit assumption is that the cell killing 

capability per unit dose remains the same for the radiation over the entire width of the SOBP. Such 
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Fig. 26. Bragg curves of different range beams are stacked to create an 

appropriate spread-out Bragg curve. 

14 

cell killing capability is characterized by the RBE of the radiation, which is defmed as a ratio of the 

radiation dose required to arrive at specific biological endpoints over that of the reference radiation 

that achieve those same endpoints. The value of RBE for the accelerated proton beams remains close 

to 1.0 from the plateau region to the peak region, i.e., 1.0 -1.1, although some data show RBE 

values of 1.7 and higher.283
-
292 Therefore the proton beam whose Bragg peak is spread out 

according to Fig. 26 will exhibit a biologically uniform dose throughout the width of the SOBP. 

As can be observed in Fig. 26, the distal part of the SOBP is almost entirely made up by the 

Bragg peak; whereas, as one moves toward the proximal peak of the SOBP, the contribution of the 

plateau dose increases and that of the Bragg peak diminishes. If the RBE values are different in the 

plateau and peak regions of the Bragg ionization curve, the physical dose distribution must be 

adjusted to achieve a biologically uniform dose across the SOBP. In fact, the value of RBE for 

heavier-ion beams is a function of the penetration depth, and rises very rapidly to a maximum at the 

Bragg peak. Since the objective is to achieve a biologically uniform dose throughout the width of the 
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Fig. 27 . Shown is a phy sical dose distribution of the SOBP that prov ides 

a constant biological effect across the entire width of the SOBP for a 

helium-ion beam . If the varying RBE as a function of depth is multiplied 

by the physical dose, the resulting biological dose becomes constant 

across the width of the SOBP . A comparison between data (dots) and calcu­

lation (solid line) show good agreement. (XBL 902-6270) 

SOBP, the physical dose distribution is made to slope down as one moves from the proximal to the 

distal part of the SOBP, as shown in Fig. 27. 

There are other complications in the design of an appropriate physical dose distribution for 

obtaining a biologically uniform dose throughout the width of the SOBP. Since the scattering 

increases with the beam penetration, the peak-to-plateau ratio for small beams decreases as the 

residual range increases. This effect must be taken into consideration even for proton beams. For 

the heavier-ion beams, the primary nuclei may fragment in the absorbing material and turn into 

lighter nuclei, which have longer ranges and lower RBE, and create a "tail" dose beyond the distal 

fall-off of the SOBP (see Sec. 1.0.3.) The fragment dose is not confined to only the tail region. The 
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projectile particles fragment throughout the medium, and therefore the fragment dose is also 

embedded throughout the beam path upstream of the distal edge of the dose distribution, as shown in 

Fig. 28.229 

In all methods of modulating the range to spread the Bragg peak over the target volume, the 

fraction of the total number of particles used to irradiate a particular depth of the target volume must 

be determined as a function of particle range. In practice, a set of fractions at discrete range steps, 

called "beam weights," is determined. These beam weights .are determined by: (1) measuring the 

unmodulated Bragg peaks at different residual ranges in the appropriate beam-line geometry, (2) 

calculating or measuring the LET of the beam as a function of depth, and (3) using a cell survival 

model along with the dose distributions and LET values. These can then be used, as discussed 

below, to create a spread-out Bragg peak that gives the desired (usually uniform) cell survival 

distribution over the target volume.293 

In the absence of fragmentation with only the primary beam particles contributing significantly to 

the cell killing, the beam weights can be found by the following procedure. The dose at di in a 

SOBP is the sum of the doses of the individual Bragg ionization curves at di, 

m 

D(d;) = L WjDj(d;) (11) 
j=i 

where D/d) is the dose at depth, di, for a Bragg ionization curve with residual range Ri for 

j = 1, ... , m. R, is the maximum range of the spread out Bragg ionization curve and Wi are the j-th 

beam weights. If Q/di) is the calculated LET of the j- th Bragg ionization curve at depth di then 

the dose-averaged LET, Q at depth di is: 
m 

L WjD/d)Q/d) 

Q(~)=~j=~'--------­
D(d;) 

(12) 

indicated by the numbers. The curve labeled z corresponds to a cumulative 

dose distribution for fragments from the lowest charge detected to the 

given z. The data are from (a) Ne-ions with an energy per nucleon of 670 

MeV penetrating 0.32 em of lead, and (b) Si-ions with an energy per nu­

cleon of 670 MeV penetrating 0.28 em of lead. The lead is placed far up­

stream in the beam to enlarge the radiation field and account for the 

beam fragmentation. The Bragg curves are measured with ionization cham­

bers and the fragment data are based on BERKLET measurements. (XBL 837-

10785) (The authors thank Dr. J. Llacer for the permission to use the 

unpublished data.) 
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The cell survival S can then be calculated using a cell survival model such as the alpha-beta 

model29
4-

297 with a(Q) and f3(Q) parameters determined from fits 19· 298· 299 to experimental cell 

survival data:249, 300, 301 

S(d;) = e-aD(d, l-f3<DCd, ll2' (13) 

where a and f3 are functions of Q( di). The beam weights are determined by minimizing the 

function 

(14) 
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where i = a, ... ,b stands for the intervals in the region of isosurvival and S0 is the desired cell 

survival in this region. 

The validity of a set of computed beam weights, Wj, may be checked using a real beam and 

measuring the resulting dose distribution along the central ray. Fig. 27 shows a set of Bragg 

ionization curves with the appropriate beam weights applied and their sum. Fig. 29 shows the 

calculated and measured fractional survivals as a function of depth for 3% survival after one 

irradiation in the region of the spread out Bragg ionization curve. A different biological endpoint, 

such as a different survival fraction or a fractionation scheme, gives a different set of beam weights, 

and therefore, a different slope in the SOBP dose.298 

For low-LET radiation, such as a proton or helium-ion beam, the beam quality is less 

complicated than with heavier ion beams. Nuclear fragmentation plays a smaller role for helium ions 

and the variation in LETs is smaller than for heavier ions. A calculation of LET values for helium 

ions along with a simple model of beam quality and the alpha-beta model of cell killing provides 

satisfactory results as verified with measured cell survival data. 19
• 

298 For heavier ions, beam 

fragmentation must be taken into account since a and {3 depend not only on the dose-averaged LET 

but also on the charge and mass of the incoming particles. Model calculations or measured data of 

beam fragmentation are needed as input 

II.B.l. Dynamic range modulation 

In a dynamic method a desired SOBP is obtained by accumulating the Bragg peaks with different 

residual ranges as shown in Fig. 26. Each Bragg ionization curve range is adjusted by means of 

either an a change in absorber thickness or an accelerator energy change. Because the width of the 

Bragg peak is only a few mm wide and the target thickness may be as large as 16 em, many steps 

must be used to create a smooth SOBP. To simplify this process, a special filter may be used to 

spread out the Bragg peak to a width between 5 mm and 10 mm. A smaller and more manageable 

number of these "minipeaks" of different ranges are then ·used to create the desired SOBP. 

Dynamically modulated beams for the helium-ion beams are used at LBL for the treatment of 

ocular melanomas and for stereotactic radiosurgery of intracranial disorders. 299
• 

302 Widths from 1 

em to 4 em are generated using 5-mm wide minipeaks. In this method, at the distal end of the 

SOBP, a Bragg peak, not a minipeak, is stacked to sharpen its distal dose falloff. The range 

modulation is accomplished by using a variable thickness water column described in Sec ILA.l. A 

discrete step range shifter using plexiglass plates was constructed at the Batho Biomedical Facility of 

TRIUMF in Vancouver to spread out the negative pion beams whose Bragg peak is approximately 

0.7 cm.303 

The dynamic range modulation would become very advantageous if it were accomplished by 

accelerating and extracting particle beams at different energies. Absorbers in the beam path, and 
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Fig . 30. Shown is a 

picture of a propeller 

used with He ions at 

the LBL Bevatron . It 

is used to extend the 

Bragg peak over the 

target volume. 

(CBB 901-261) 

therefore multiple scattering and straggling in the absorber which reduce the sharpnesses of both the 

lateral and distal dose falloffs, could largely be avoided. However, it involves not only accelerating 

and extracting particle beams at different energies, but also transporting beams of different energies 

while maintaining the correct beam optics. To prevent an incorrect irradiation of the patient, the 

dynamic range modulation requires more stringent safeguards than in the passive method. However, 

this method can be readily adapted to deliver 3-dimensional conformal treatments when coupled with 

a variable collimator as discussed in Sec. II.C.3.c. 

II.B.2. Range-modulating propellers 

The function of range modulation may also be accomplished by designing a "propeller," or fan­

shaped stepped absorber, which is made to rotate rapidly in the beam so that the appropriate 

thickness of the propeller "blades" intercept the beam. The propeller used at LBL with helium-ion 

beams is shown in Fig. 30. The beam passes through the propeller off axis in such a way that it 
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traverses the blades and avoids the propeller drive mechanism. The blades are made of Lucite, or 

Plexiglass, which are "water-like" in their absorbing and scattering characteristics for the helium 

ions, and of various thicknesses, whose angular widths are made according to the appropriate beam 

weights, Wj, as determined in Eqs. (11)- (14). If the beam intensity and beam profile are held 

constant over the beam-spill time and the blade intercepts the beam at a constant angular velocity, the 

desired spreading of the Bragg peak is obtained when integrated over the time of an integer period of 

the propeller structure. 

For balancing of the rapidly rotating blades, the propeller is usually made of two or four blades. 

In the examples shown in the figure, each blade, in passing through a beam, modulates the beam 

range twice across the width of the SOBP, namely from the distal part of the SOBP to the proximal 

part, then back to the distal part. Therefore each revolution of the four-blade propeller modulates the 

beam range across the SOBP eight times. Propellers used at cyclotrons can rotate at a moderate 

angular speed, slower than a few hundred rpms since the beam current, with the rapid cyclotron 

pulsing structure, may be regarded as constant for range modulation purposes. Since the propellers 

are bulky, even at these low rotational speeds, the patient and clinical staff must be protected from 

the rotating blades and from their possible break-up projectiles. 

The stepped rotating absorber was first proposed by R. R. Wilson. 20• 304 This type of propeller 

has been used at the HCL with proton beams, 18
• 305 for helium ions at LBL,299 and recently at 

LLUMC for proton beams. 143 A small propeller for beams less than 2 em in diameter was 

produced,306 and used for ocular treatments. In an application outside of radiotherapy, a range­

modulating propeller was developed to deposit primary particles in a predetermined fashion in order 

to produce a constant yield of radioisotopes with depth.307 A propeller to produce a depth dose for 

constant cell killing was also described by Katz and Sharma. 308 

Using a propeller to modulate the range of the beam from a synchrotron requires several 

refinements. First, the extracted beam from the accelerator must be of long duration and maintained 

at a constant level, i.e., flat-top extraction. Next, since it is not practical to have each spill intercept 

an exact integer number of blades, the propeller is made to rotate rapidly, and the blade structure is 

repeated in the construction (an 8-fold repetition in the example shown in Fig. 30) to increase the 

number of interceptions of the beam by the blades. The effect of the uneven starts and stops of the 

beam spill must statistically be reduced to an acceptable variation in the dose distribution. If f is the 

rotation frequency, 't is the spill time and the propeller has n-fold repetition of structure, then: 

1 
e=-

nfr 
(15) 
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where e is the fractional dose variation. A propeller used with the wobbled helium-ion beams at the 

LBL Bevatron rotates at 900 rpm and has 8-fold repetition of structures per revolution; therefore, 

e == 0.4%. The propellers are placed in a sealed cylindrical body, so that the blades and the air in the 

body rotate together, to reduce the noise. Actual construction of the propellers is done by making a 

set of layers cut to the desired shape and then glued together. A water equivalent thickness of 4 mm 

of water is a practical Lucite thickness. Again Lucite is chosen because it is a low-Z material thereby 

reducing multiple scattering and the associated increase in beam divergence. At LLUMC the 

propellers are machined out of plastic blocks. 309 The useful radial size of the blades must be 

approximately three times the beam diameter. 

Because of the required high speed of rotation, a system for quickly accelerating and braking the 

propeller rotation is necessary. The propeller must be balanced to avoid unnecessary vibration and 

wear on the drive mechanism. If the propeller fails to rotate, the resulting depth-dose distribution 

will be incorrect. A means of verifying that the propeller is spinning at a correct speed is important 

for successful clinical use. For each target thickness, an appropriate propeller is needed; verification 

must be performed that the correct propeller is being used. 

II.B.3. Ridge filters 

The above-mentioned plastic propellers have been used for proton or helium-ion beams. The 

main objections to them are their bulky size and the high rotational speeds. To overcome these 

shortcomings, several types of "ridge filters" have been made - stationary ridge filters, linearly 

oscillating bar ridge filters, and rotating spiral ridge filters. 

II.B.3.a. Bar ridge filters 

An example of a bar ridge filter machined out of brass is shown in Fig. 31. The cross-sectional 

shape is calculated according to the beam weights given by Eqs. (11)-(14) above, so that when the 

ridges are uniformly illuminated by a particle beam, the transmitted beam exhibits a relative 

abundance of penetrating particles of appropriate residual ranges. If they are mixed appropriately, an 

acceptable SOBP results throughout the target volume. The mixing is accomplished by the multiple 

scattering of the particles including in the ridge filter itself. 

Another practical way of designing the ridge filter is developing an analytical form of the ridge 

shape. An example is a hi-exponential form.310 Let F(t) represent the fraction of the width of the 

ridge at which the thickness is t, and F'(t) the fraction of the beam traversing the filter where the 

thickness is t, which is normalized by 
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Fig . 31. A brass bar ridge filter for modulating the range of the 

Bragg curve is shown. This device is primarily used with the heavier 

ions where multiple scattering in the brass is less than for protons. 

Multiple scattering accounts for the lateral spreading of the different 

range particles over the target volume. (CBB 901-257) 

J
0
TF'(t) dt = 1 (16) 

where Tis the maximum filter thickness. For F'(t), a hi-exponential form is assumed, viz., 

(17) 

The ridge shape is given by: 

F(t) =-A(~ e-cT +!e-dT) (18) 

For a neon-ion beam of an energy per nucleon of 585 MeV, the parameters used at LBL for the 

filter design were: B = 4, c = 0.4 (em water equivalent)-1, and d = 0.008 (em water equivalent)-1. A 

set of bar ridge filters of hi-exponential form for SOBP width of from 4 em to 15 em at a step size of 
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1 em has been fabricated for wobbled neon-ion beams at LBL, as illustrated in Fig. 32. The physical 

and biological characteristics of the wobbled beams modified by the bar ridge filters have been 

experimentally measured and the biologically uniform dose across the SOBP verified.311 

Because the particles traversing the thickest part of the ridge arrive at the proximal part of the 

SOBP and those traversing the thinnest part (zero metal thickness) reach the distal part, the height of 

the ridges, in water-equivalent thickness, represents the width of the resulting SOBP. The half-base 

distance of the ridges, usually =5 mm wide, is made comparable to but smaller than the transverse 

scattered distance suffered by the heavy charged particles at the target volume. This ensures that the 

particles of different ranges mix thoroughly so that particles arriving in the treatment volume produce 

the proper SOBP everywhere without imaging the ridges. If the ridge bases were too large so that 

the mixing by scattering is not complete, the ridges may be linearly oscillated in orthogonal direction 

to the lines of the ridges and the beam axis to ensure the mixing. 

( 6 0) 



When expressed in terms of water-equivalent thicknesses, the cross-sectional shape of the ridges 

is similar to that of the plastic propeller. For example, if plastics are used to make a ridge filter for a 

SOBP of a 14-cm width, the cross-section of the ridges will have a base of 1 em and a height of 14 

em. Such ridges are too sharp to machine out of plastics, but by using a high density material the 

heights of the ridges are made manageable. For heavier ions, such as neon or silicon nuclei, the 

ridge filters are typically made from a metal. Because heavier ions suffer less multiple scattering than 

do protons and helium ions, high-Z materials can be used and, in fact, are preferred. For the same 

absorbing power, the higher-Z material fragments the beam less than the lower-Z material. 

Furthermore, the metal filters can be machined easily and are more compact Metal bar ridge filters 

have been used with the proton beams at the Theodore Svedberg Laboratory in Uppsala (Tungsten­

alloy),28• 312 at ITEP,313 and at PARMS (aluminum).267 

II.B.3.b. Spiral ridge filters 

Another method to move the ridges across the beam is rotating a spiral ridge. Many types of 

spiral ridge filters have been developed.314 An example developed at LBL and used for the double­

scattered beams is shown in Fig. 33. Many such filters for double-scattered beams of carbon, neon, 

silicon and argon ions have been used with water equivalent widths from 4 to 12 cm.315 

The spiral ridges are cut on a brass plate using a specially shaped tool bit. One difficulty of 

machining this type of spiral ridges is encountered near the central axis, where the radius of the spiral 

becomes very small and the machining necessarily produces an imperfection, a dead spot. This 

problem was circumvented for the double scattering system by placing the central post of the 

occluding-ring assembly at the axis, which covers the imperfection. For biology experiment which 

do not require very large beam spots, the spiral ridge filter is simply positioned off-axis so that the 

beam spot does not go through the imperfect center. 

II.C. Transverse (Lateral) Spreading of Particle Beams 

The accelerated heavy charged-particle beams extracted from the accelerators are usually 

transported in well-focused fashion toward the treatment areas. The size of the beam spot is 

determined by the emittance of the beam, E, which is a product of its size, x, and divergence, x', 

namely, E = x x'. If the drift distance from the final focusing quadrupole magnets to the isocenter is 

Land the spot diameter, D, then E = (1t D/2) (D/2L). The emittance of a modem synchrotron for 

.. medical use is typically E = 101t 1()-6 m-radians. This results in a spot size of 40-mm diameter for a 

drift distance of 5 meters. 

Many patient treatments require large uniform radiation fields, often as large as 30 em x 30 em, 

and occasionally even larger. This does not imply that such large areas are routinely irradiated in the 

clinic; the large-area capacity allows accommodation of target areas of various irregular shapes, 
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Fig. 33 . A spiral ridge 

filter with its drive 

motor, as shown, is 

used in a similar fash-

ion to the bar ridge 

filter and propeller as 

discussed in the text. 

(XBB 8412-9512) 

sizes, and orientations. To obtain such large fields, the beam must be laterally spread out, in the 

direction perpendicular to its central ray, since the beam transported into the treatment area has a 

relatively small spot size. The aim is to produce a large field that covers the target area with a 

uniform dose with a variation of less than ±2.5%. The tolerable dose variation depends on the 

particular clinical application for which the beam is used. Other important considerations are: 

optimization of such beam characteristics as the sharpness of the lateral dose falloff, the sharp falloff 

of the distal-peak dose, the beam utilization efficiency, dose rate, neutron production: beam 

fragmentation in case of heavier ions, the ease of beam tuning, repeatability and stability of the 

delivered dose distributions, and patient safety. 
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Many different methods for lateral spreading of the beam have been investigated. In the 

following discussions, these methods are divided into static (or passive) and dynamic (or active) 

beam delivery systems. A passive system, such as the scattering system, spreads the beam into a 

uniform dose across the entire treatment volume at all times. On the other hand, a dynamic system, 

such as the raster-scanning beam delivery system, moves a beam spot in a predetermined way across 

the treatment area and delivers the dose to only a part of the treatment volume at a time. A desired 

dose distribution results with such a system only after completing an entire treatment. 

II.C.l. Passive beam delivery systems 

Several passive methods have been developed at various laboratories. Discussed below are 

scattering systems and multipole magnet systems. 

II.C.l.a. Single-foil scattering method 

The simplest beam delivery method uses a single scattering foil or plate. When a particle beam 

traverses a medium, each particle is deflected by many small-angle elastic scatterings mainly due to 

elastic Coulomb scattering from the nuclei within the medium, and its intensity profile is broadened 

to a 2-dimensional Gaussian-like distribution for small scattering angles, s316: 

(19) 

where the standard deviation, S0 , is defined as the half-width of the Gaussian distribution where the 

magnitude is 1/..Je = 0.61 of the maximum. An approximate value of S0 for thin scatterers is 

parameterized as317
• 
318 

s0 = 
14

·
1

· Zinc fi{1 +.! log(~J} radians, 
p~ Y4. 9 LR 

(20) 

where Zinc is the charge number of the incident particle, pis its momentum in MeV/c, ~ = v/c, Lis 

the thickness of the scatterer, and LR is the radiation length characteristic of the scattering material in 

g/cm2
• The radiation lengths of particles in various materials are tabulated in standard reference 

publications.319 For beams of heavier ions, as mentioned in Sec. I.C., a higher-Z material is 

preferred for the scatterer, since it introduces more scattering and produces fewer nuclear fragments 

compared to a low-Z absorber of the same absorbing power. It has recently been shown that Moliere 

theory has an average error of no more that 1% and a maximum error no more that ±5% for protons, 
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Fig. 34. A pencil beam passing through a thin scatterer results in a 

Gaussian-like dose distribution. A dose accuracy of ±2.5% is obtained if 

the beam outside of r ~ 0.32 o is collimated out as shown in the hatched 

areas in the figure. 

and also that, contrary to widely held views, Moliere theory is valid for mixtures, compounds and 

thick targets (up to thickness of =97% of the mean proton range).320 

A narrow pencil beam scattered by a thin scatterer produces an approximately 2-dimensional 

Gaussian dose distribution at isocenter. 321 Here a scatterer is called thin when the kinetic energy of 

the particle does not change significantly by traversing it The dose distribution as a function of the 

radial distance, r, from the central axis is 

D( ) 
__ 1 -(r2/r2

) 
r - _

2 
e , 

1tr 
(21) 

where r is the rms radius of multiple scattering~ and is related to 80 above as 

r = T( 82
) 1/

2 
= Teo I ..fi, (22) 

where T is the drift-space distance from the scatterer to the isocenter. If the dose profile D is 

assumed to be strictly a Gaussian with a standard deviation 0', and the clinical requirements limit a 

dose variation to ±2.5%, only those particles near the central ray within the radius where the dose is 

::::::95% of the peak dose can be used. These particles provide a dose distribution of 97.5 ± 2.5% as 
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shown in Fig. 34. This implies that those particles outside the radius of 0.32cr are discarded, and the 

beam utilization is not quite 5%. Conversely, for example, if a radiation field with a 3-cm radius and 

the dose accuracy of ±2% is desired, the beam must be spread out to a Gaussian with cr > 10.5 em. 

An excessively thick scatterer is required to produce such a wide beam; hence only small 

radiation fields can be generated in this way. Small beams with radii <2 em prepared in this way are 

used in clinical applications in treating small targets, such as tumors in the eye or some small-size 

intracranial disorders, e.g., arteriovenous malformations (A VMs).299 

II.C.l.b. Double-scattering beam delivery method 

As described above, the single-foil scattering method can provide the dose distributions of 

acceptable variations only in relatively narrow fields. If one tries to widen the circle of utilization by 

using a larger portion of the scattered beam, an excess dose would result around the central ray. To 

obtain a broader uniform dose distribution at the isocenter, some of these excess particles near the 

central ray must be removed. One of the methods developed for this purpose is the double-scattering 

method. Such scattering systems were developed for proton beams at HCL, 322· 323 and at LBL to 

spread helium-ion beams at the 184-Inch Synchrocyclotron.324 A similar beam spreading system 

has also been used for electron beams. 325 

The example shown in Fig. 35 uses an occluding post of sufficient thickness to stop the beam 

particles which is placed in such a way that it blocks the central portion of the Gaussian distribution. 

Past the occluder, the transmitted beam intensity distribution is shaped as an annulus with a null in 

the middle. Its profile in a plane through the central ray exhibits two peaks as shown in the figure. 

The second scatterer, of an appropriate thickness and placed strategically, diffuses the particles in 

these two peaks filling the dose void in the middle, and produces at the isocenter a larger flat-dose 

area. The dose distribution as a function of the radial distance from the central axis at the isocenter 

is322 

where R
1 

and R2 are the rms radius due to multiple scattering in the first and second scatterer, 

respectively, as shown in Fig. 35, p=r~, and I
0
(t) is a Bessel function, 

Io(t) = .!_ rTt et·cosed8. 
7t Jo 
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Second 
Scatterer 

Collimator 

1 
lsocenter 

Fig. 35. Schematics of a double-scattering method using a central post 

occluder . The beam profiles downstream of the first scatterer, passed the 

occluding post, and at the isocenter are shown. The relationship between 

the size of the flat field at the isocenter {A), and the two scatterers 

is discussed in the text. In the lower figure, projected field at the 

isocenter is shown: the projected radius of the occluder is A, the beam 

enters at the center axis, the first scatterer scatters it by r 1 if there 

were no second scatterer, the second scatterer scatters it by r 2 , and the 

net displacement is r. 

For an occluding post, whose projected radius is A at the isocenter, the integration of Eq. (23) is for 

p > NR
2
. In one such system developed at HCL for the 180-MeV proton beam, the choice of two 

scatterers with R
1 

= 1.7A and~= 1.3A produced a fl~t proton field of a radius out to 1.5xA with a 

±2.5% dose deviation. 322 
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Fig. 36. Shown is the uniform field created using an annular ring plus a 

post occluder assembly. 

For a broader beam, a simple annulus occluder can be used. The beam through the central 

opening and that outside the occluder will be transmitted. The dose profile in a plane through the 

central ray exhibits three peaks. When scattered by the second scatterer, the broadened three peaks 

fill the annular dose void and produce a large flat-dose area at the isocenter. For example, such a 

double-scattering system designed at HCL for 250 MeV proton beams, with a distance of 3 m from 

the first scatterer to the isocenter, produced ±2.5% flatness in a circular treatment area of =25 em 

useful radius with =23 em water-equivalent residual range. 323 P ARMS at Tsukuba has also used a 

single annulus system to spread their 250-MeV vertical proton beam. 267 

A flat dose of even larger area can be obtained by using a set of annuli and/or post occluder 

system as shown in Fig. 36. Such a system was used at LBL to broaden a neon-ion beam of an 

energy per nucleon of 670 MeV to a flat field of a diameter of 20 em. Successively larger-area dose 

fields could be obtained by increasing the number of annular rings of increasing radii. A practical 

limit is reached when the beam utilization efficiency drops too low to perform a treatment in a 

reasonable time, i.e., several minutes. 

In making large·flat fields, a large portion of beam particles is stopped in the occluder as well as 

scattered into the collimators. Suppose the beam intensity profile at the isocenter in the absence of 

the occluder is cl>(r), where r is the radial distance from the central axis; cl>(r) is typically a Gaussian 

as shown in Fig. 37(a). Making a flat field of radius R, using the occluders is approximately 
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Fig. 37 (a) Two-dimensional 

Gaussian intensity distribution at 

the isocenter as a function of r, 

the radial distance from the 

central axis . The fractional 

radiation used in a flat dose field 

is proportional to the cylindrical 

v olume, if the total radiation is 

assumed to be proportional to the 

total integrated volume of F(r) . 

(b) Beam utilization efficiency as 

a function of the radius of the 

flat field in units of a. 

equivalent to modifying the intensity distribution <l>(r) = F(R) for r ~ R, and <l>(r) = 0 for r > R 

where the beam is discarded through collimation. The beam utilization efficiency is then simply the 

ratio of the cylindrical volume and the total integral volume of <l>(r) in the figure. If <l>(r) is a 

Gaussian with a standard deviation cr, the beam utilization efficiency E for obtaining a flat field of a 

radius R is approximately 

(25) 

The beam utilization efficiency E(R) is shown in Fig. 37(b). In making clinical beams, R is usually 

larger than cr and the beam utilization efficiency is at best 37%. For an individual patient treatment, 

the flat field is further collimated and the resulting efficiency is even lower. This result agrees 

substantially with the calculation of Koehler, Schneider, and Sisterson.322 
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Fig. 38. The importance 

of matching the radii and 

half-widths of annular beams 

in obtaining a flat dose 

distribution is illustrated. 

(a) Two annular shaped 

beams, with radii, r 1 , r 2 , 

and half-widths, o1 , o2 , add 

up to a uniform dose distri­

bution of a radius approxi­

mately equal to r 2 . (b) If 

cr1 and a2 are increased 

without changing radii, the 

resulting dose distribution 

exhibits a central bulge. 

(c) If a 1 and a2 are de-

creased without changing 

radii, the resulting dose 

distribution exhibits a cen-

tral depression . 

Given the particle species, the beam energy, the beam spot size, and beam divergence, a suitable 

double-scattering system can be designed by specifying thicknesses and throws (drift distances to the 

isocenter) of the two scatterers, and the physical dimensions of the occluder assembly and its 

location. To ensure the proper workings of a double-scattering system, the beam profile broadened 

by the first scatterer must have a correct cr at the occluder, and its central ray must be very precisely 

aligned with the axis of the occluder assembly. The dose uniformity produced by this method 

critically depends on the cylindrical symmetry. The axis of the beam and that of the double­

scattering system must be accurately aligned. In the LBL system described above, a misalignment of 
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the beam by 1 mm at the occluder assembly produced ±7% tilt in the dose distribution at the 

isocenter. 

Shown in Fig. 38(a) is how the doses transmitted through the occluder assembly and broadened 

by the first scatterer as shown in Fig. 36 add up to a flat dose distribution at the isocenter. The 

transported radiation fields are two annuli, one with a radius r
1 

and a half-width of cr
1
, and the other 

with r
2 

and cr
2

. All quantities rl' r
2

, cr
1
, cr

2
, as well as the beam fractions of the two annular fields 

are adjusted so that they add up to a flat field inside the radius ::::::r
2

. Such a situation is violated if the 

incident beam energy is modulated by additional material in the beam path, or by mistuning the 

quadrupole magnets that focus the beam. What would happen if the widths of the transmitted 

annular doses were broadened, while their radii remained the same? The resulting dose distribution 

will not be uniform but will have too much dose near the central ray as shown in Fig. 38(b). To 

remedy the situation, either the radii of the occluding rings must be enlarged or the widths of the 

transmitted annular doses reduced. Conversely, making the values of the widths smaller without 

changing the radii would make the resulting dose distribution too high near the edge and too low near 

the central axis as depicted in Fig. 38(c). 

The radii and widths must scale together to maintain the field flatness. This implies that, after 

developing an appropriate double-scattering system, the beam tuning must be done carefully to 

ensure not only the cylindrical symmetry but also the correct size of the beam spot at the occluder 

assembly. In the LBL system discussed above, by tuning the beam carefully, i.e., centering the 

beam to the occluder axis with an accuracy of better than 1 mm, it was possible to achieve a dose 

uniformity of ±2% at the isocenter. 

Scattering characteristics of a given scatterer depend on the incident particle species (charge, Z, 

and atomic mass, M) and the beam energy. Therefore a double-scattering system developed for a 

certain beam must be modified if any of these beam parameters are changed. Providing a different 

occluder system for each particle species and energy used is costly, and changing the systems each 

time the beam is changed is not practical in clinical operations. One way to resolve this problem is to 

vary the locations of the occluder assembly and the second scatterer. When the energy of the beam is 

modulated by an absorber, and consequently the values of the beam widths are made larger, the 

occluder assembly may be moved upstream nearer to the first scatterer so that the projected radii at 

the isocenter are proportionally increased. This process compensates the parameters in such a way 

that the resulting dose distribution again exhibits an acceptable deviation from the average. 323 

Another method is to devise an absorber system which will provide varying absorbing power while 

maintaining constant scattering characteristics. Such a system has been constructed with two 
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different materials of very different atomic numbers, for example, plastic and lead (see Sec. II.C.l.c 

below).326, 327 

Another practical point to note is that the double scattering method requires thick scattering foils, 

which produces secondary particles for beam particles with Z>l, which lowers the peak-to-plateau 

ratio and raises the dose beyond the Bragg peak. These fragments also lower the RBE and raise the 

OER values, thereby lowering the biological advantage. 328 As discussed above, the beam utilization 

efficiency is low, typically 20%. The low efficiency implies that a large portion of radiation is 

absorbed in the occluder, as well as in collimators and scatterers, resulting in increased background 

radiation in the treatment room. This becomes a serious problem when a double-scattering system 

must be placed near the patient, such as in the case of mounting it on a rotating gantry. Shielding 

needed to block unwanted radiation may become unacceptably heavy. 

II.C.l.c. Bi-material scattering 

The different scattering characteristics of heavy charged particles for different atomic-mass 

scatterers may be exploited in the preparation of therapy beams. A high atomic-mass material 

scatters more with little range loss; whereas, a comparable low atomic-mass material scatters little 

while modulating the range more. A pencil beam is laterally spread out to a Gaussian-like beam spot 

and is made to impinge upon the second scatterer. In order to flatten the field, the rays near the 
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Fig. 39. Shown is a 

schematic represen-

tation of the cross-

section of a bi-

material filter for 

beam spreading. 

(Courtesy of Dr. B. 

Gottschalk, HCL.) 



Fig. 40. Picture of a 

compensated modulator, 

which provides approxi­

mately constant scat­

tering at all thick­

nesses of the filter. 

(Courtesy of Miles 

Wagner, HCL. ) 

(CBB 925-3798) 

central ray must be scattered out more than the rays further away from it. This differential scattering 

must be achieved while keeping the range modulation of the beam constant at all radial distances of 

the second scatterer. An elegant solution is a hi-material (e.g., beryllium and lead, or copper and 

plastic) scatterers, as illustrated in Fig. 39, which havesuccessfully been produced and used at 

HCL,270
• 

327 and adapated at LLUMC. The particles suffer the same energy loss throughout the 

scatterer, but their scattering characteristics are a function of radial distance from the axis of the 

scatterer. 

Another application of a hi-material filter is to modulate the range of the particle beam while 

keeping its scattering characteristics constant at all residual ranges. A compensated modulator, as 

illustrated in Fig. 40, has been fabricated to achieve this goal for modulating the range of a 156-MeV 

proton beams at HCL.329 Because this type of modulator can be placed further upstream from the 

patient than a simple propeller the lateral dose falloff can be significantly improved. 
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II.C.l.d. Multipole magnet beam delivery method 

The intensity distribution of a typical beam extracted from an accelerator is in many cases 

adequately approximated by a Gaussian distribution. The Gaussian beam profile may be 

transformed into a larger uniform field by transporting the beam through multipole magnets. A 

system of controlled third-order aberrations produced by a pair of octupole magnets placed at certain 

locations along the beam line was shown to produce uniform dose distributions over a larger area by 

spreading the central excess and folding in the diffuse edges of the beam.330
-
333 More recently, 

experimental measurements were obtained for spreading 200 MeV Ir beams using a pair of 

octupoles and three quadrupole magnets.334 This method utilizes more than 97% (theoretically 

99.7%) of the beam, and provides a±7.5% field uniformity. The drawback is that the required drift 

space is quite large, =100m; with small prospects for reduction. 

II.C.l.e. Lithium lens 

A novel method of using lithium lens with an axial magnetic field to spread the charged particle 

beams has been developed at Novosibirsk. 335 The beams spread out by this device is still too small 

to be useful in the clinic. 

II.C.2. Dynamic Beam Delivery Systems 

A dynamic beam delivery system produces a desired radiation field when a controlled extraction 

of the beam from an accelerator is coupled with strictly prescribed patterns of the motion of the beam 

spot. For example, two dipole magnets, placed in tandem so that their magnetic fields and the 

incident beam form three orthogonal directions, can move a beam spot in a predetermined way to 

produce a desired dose distribution. It is also possible to devise a magnet with compound coils, a 

rotating set of permanent magnets, or electrostatic deflectors to accomplish similar functions. 

Discussed belqw are many different schemes devised for clinical use. These dynamic systems have 

a distinct advantage over the scattering systems in minimizing the material in the beam path, 

maintaining the beam range, reducing fragmentation of the beam particles, and decreasing the 

background radiation for the patients. 

II.C.2.a. Rotating dipole 

The simplest form of the dynamic beam delivery systems uses one rotating dipole. A beam incident 

along the central axis of a dipole is deflected in a certain angle, and if the dipole is rotated around the 

central axis of the incident beam, the exiting beam will wobble around the initial direction and 

produce an annular-shaped_dose distribution at the isocenter. The resulting dose field is similar to 

that produced by the double scattering method using a post occluder as shown in Fig. 35. A system 
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studied at HCL322 uses a 160-MeV proton beam, focused down to a 4-mm spot at the entrance of the 

magnet, and a dipole magnet with a 0.16-T magnetic field, rotated at 100 rpm. The emerging beam 

is scattered by a 0.75-mm lead foil to produce arms scattering angle of about 18 milliradians. It 

results in a uniform dose distribution within ±5% over a 15-cm diameter field. Actually, this method 

was considered by Koehler et al. 322 before the double-scattering method. 

II.C.2.b. Lissajous pattern maker 

If two dipole magnets are placed in tandem with their magnetic field directions orthogonal to one 

another and to the beam direction, and energized sinusoidally with two different frequencies, which 

are related to each other in a ratio of integers, a beam going through the system will draw a rectilinear 

Lissajous pattern at the isocenter. If the beam spill level is held constant, a limited regions at the 

middle part of the Lissajous pattern would exhibit a dose distribution of an acceptable uniformity 

since the rectilinear speed of the beam spot is approximately constant there. A system fabricated at 

Uppsala for 185-MeV proton beams produced a 2 em x 2 em field.27• 
28

• 336 In this system, the 

beam-spot structures were smeared out by a thin scatterer. _Two-dimensional beam spreading using a 

toroidal magnet was also considered.100 · 

Wobbler Magnets 

Horizontally Deflecting 

Vertically Deflecting 

Range Degrader 

Ridge Filters 

y 

Fig. 41. A wobbler beam delivery system is depicted schematically. 
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II.C.2.c. Wobbler systems using two electromagnetic dipoles 

A wobbler system consists of two dipole magnets placed in tandem with their magnetic field di­

rections orthogonal to one another and to the beam direction. The magnets are energized sinusoidally 

with the same frequency but with a 90 degree phase shift between them. If the amplitudes of the 
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Fig. 42. A large-area flat dose is ·produced by appropriately summing _ 

several Gaussian-like profiles of different wobble radii with appropriate 

flux fractions. The doses at various wobble radii and their sum are 

shown for four different sizes of the flat fields. (XBL 868-2852) 
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magnetic fields are properly controlled, a beam entering the system along its axis emerges from it 

with the beam direction wobbling around the original beam direction, and "paints" an annular-shaped 

dose distribution as shown in Fig. 41. The diameter of the dose annulus is changed by adjusting the 

amplitudes of the currents in the wobbler magnets. A large area of uniform dose is obtained by 

painting the treatment area in several concentric annuli with different diameters, each with a certain 

predetermined particle-number fraction, as schematically depicted in Fig. 42. The wobbler magnet 

power supplies, which provide sinusoidal currents, are easy to construct and reliable.337 The 

pertinent parameters to obtain flat fields are constant spill intensity, precise wobble radii and correct 

particle-number fractions at various radii. 

A wobbler system was developed at the NIRS in Chiba for their 70 MeV proton beams,338 and 

a similar system has been used at the Riken Ring Cyclotron facility in Tokyo for carbon-ion beams 

of an energy per nucleon of 135 Mev.·183 A bigger wobbler system was developed at the Bevatron 

at LBL to spread the neon-ion beams of an energy per nucleon up to 580 MeV for clinical use.337• 

339-342 Wobbler systems are selected as the beam-delivery system of choice at HIMAC, under 

construction at the NIRS.179 Two sizes ar~ contemplated: a larger version for spreading the 

horizontal heavy-ion beams of an energy per nucleon of 800 MeV, and the other for the vertical 

b~s at an energy per nucleon of 600 MeV. 
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Fig. 43. The figure shows the relationship between the lengths of wobbler 

magnets (L), magnet-to-isocenter distance taken from the midpoint of two 

wobbler magnets (s), deflection angle (9)., the radius of the flat radia­

tion field at -the isocenter (r), and distance of the beam exiting the 

wobbler system (b) . 
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As an example, the wobbler parameters are calculated below for a 250 MeV proton beam, whose 

particle rigidity, Bp = 2.43 Tesla-meter, where pis the radius of curvature of the proton beam. The 

maximum magnetic field is decided by the value of p. Referring Fig. 43, one can show that 

BL=Bp9, (26) 

and (27) 

where b is the deflection distance of the beam when it leaves the downstream magnet, s is a wobbler­

to-isocenter distance,L is the length of each wobbler magnet, and r is the radius of a desired flat 

radiation field at isocenter. For example, if s = 3 m, L=0.5 m, and r = 0.2 m, Eqs. (26) and (27) 

give b=0.046 and p = 9.38 m; For the exiting beam spots to clear the pole tips, the magnet pole face 

must be separated from the central plane by a distance of a sum of b and the radius of the beam spot, . 
which is about 6 em. The amplitude of the magnetic.field in the wobbler magnets is 0.26 Tesla. 'One 

can lower the value of B by increasing the magnet lengths,·which also increases the aperture, and 

results in an increase in stored energy in the magnets. Or B can be lowered by increasing the magnet 

to isocenter distance, which is usually limited by practical reasons. 

If the beam extraction level and the circular speed of the wobbled beam spot were kept constant, 

an annular dose distribution produced by the wobbler would have no dependence on the azimuthal 

angle, provided that the beam on and off points are exactly overlapped to obtain the same number of 

wobbles at all azimuthal angles for a given beam pulse. If the overlap is uneven, for an average of n 

wobbles per beam pulse, there will be a region painted over either n+ 1 or n-1 times, which would 

end up with a fractional dose deviation of ±l/2n from an average. The effect of this dose deviation 

may be reduced to an acceptable level in two ways. First, increasing the number of wobbles per 

beam spill, n, decreases the dose deviation per spill. Next, by making the phases of the wobbling 

and the beam extraction proceed asynchronously, and by painting a given annulus over many beam 

pulses, the effect may be statistically diluted on the overall dose distribution since the regions of the 

uneven overlap will happen randomly in azimuthal angles. If the number of beam pulses used for a 

given wobble radius is M, then the overall fractional dose nonuniformity expected is -112n{M. . If. 

one assumes the treatment time of 2 minutes and wobbling at 5 different radii, wobbling at each 

radius lasts on the average about 20 seconds. Suppose that the accelerator beam extraction operates 

at 1 Hz, then M=20 on the average. If the dose deviation due to this cause is to be limited to less 

than 1%, 112nm < 0.01, or n > 100/2·,/20 = 11.2 Hz. If the spill length is 0.5 second, i.e., the 

duty factor is 2, then the required wobbler frequency is twice of the above n, or 22.4 Hz. For 
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example, the LBL wobbler discussed above operates with -60 Hz at the Bevatron, which provides 

1-second long spills-every 4 seconds. If the wobbling for a given radius lasts for 5 pulses, the 

fractional dose deviation is 112n~ = 1/12fr/5 = 0.38%. 

A large area of flat dose is produced by summing several wobbles of different radii. If, for 

example, five radii are used, the largest wobble covers about 100 times the area of the smallest 

wobble. To complete all the different wobble~ on comparable numbers of beam spills, a control of 

the spilled beam intensity over a dynamic range of -100 is necessary, which may increase treatment 

time. 

There are tradeoffs for the wobbler beam delivery system compared to the double-scattering 

system. First, no scatterers are needed in the beam path and the same available beam range can be 

achieved at a lower accelerator energy than that required for scattered beams. No beam is lost in 

scatterers and occluders. As the size of the flat field is r~adily varied according to the port size, less 

beam is lost in collimation, and therefore, the beam utilization is higher than that for a scattered . 
system. Beam alignment is not as critical as in the case of the scattering system; however, the high 

stability of the beam entering the wobbler magnets throughout a treatment time is critical to provide 

concentric annular dose distributions. Since the effective source size, i.e., the beam spot size is 

small, the wobbler produces sharper lateral dose falloffs than those attainable with the scattering 

system. The neutron production in absorbers and collimators is curtailed, and, therefore, the 

shielding requirement is lower . than that for the double-scattering method. This becomes an 

important consideration when one tries to place a beam delivery system on a rotating gantry. As a 

dynamic mode of beam delivery, the wobbler system requires active monitoring of the wobbler 

magnetic fields. Furthermore, the time structures in the extracted beams, which are translated into a 

spatial variation in the dose distribution, must be reduced to a tolerable level. 343 

II.C.2.d. Wobbler systems using two rotating permanent dipoles 

A wobbler system using two rotating permanent magnet dipoles has been proposed344 as 

schematically shown in Fig. 44. In this proposed system, the rotating dipole magnets produce the 

circular sweep while the radius of a wobble is controlled by a change in the phase angle See;. A 

null deflection is obtained at 180-degree out of phase of the two magnets. The magnets are mounted 

on bearings, and rotated by electromagnetic drives using 3-phase coils (stators) acting on an external 

dipole field. The magnets require uniform dipole fields in a large bore area: a 16-segment permanent 

magnet dipole has been designed using rare-earth permanent magnets as shown in the figure. 

Compared with the electromagnet systems, a permanent magnet system would be relatively light and 

compact, and have a low electrical power requirement The mechanical control and monitoring of the 

rotating magnets, as well as preventing mechanical failures for ensuring patient safety may require 
) 

bigger effort than those required with the electromagnet system. 
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..... 
Beam 

(b) 

II.C.2.e. Specifications for scanning 

:Target 
Fig. 44. Schematics of 

{a) a wobl;>ler system 

using two rotating 

dipoles and {b) a 

16-segment permanent 

magnet dipole designed 

for the purpose. 

A ·large field of a specified dose distribution may be produced by scanning a beam across a 

treatment area. In principle, scan speed and beam intensity can be varied as a function of the spot 

location in the treatment volume to generate the desired dose distribution. A schematic diagram of 

scanning is shown in Fig. 45. In general, a scanner consists of one or two dipole_magnets, one for 

the fast scan in the x-direction and the other for the slow scan in they-direction. (Here the x andy 

represent arbitrary orthogonal directions.) Range modulation moves the stopping region of the beam 

spot, the Bragg peak of the beam, in the z-direction. 

Spatial characteristics of scanning have been analyzed by Leemann et al. in terms of its scanning 

speed and ~ower requirement345• 346 In a homogeneous medium, if a scanning pattern is described 

by a distribution function of relative spot weights S(x, y, z), and the contribution to the dose at (x, y, 
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z) from a beam spot with its centroid at (x', y', z') by a function g(x-x', y-y', z-z'), the dose D(x, 

y, z) is then expressed as a Fredholm integral equation of the first kind: 

Scan Magnets 

~~w 
y 

II 
::;:a.. .................................... ,! ....... . 

Beam . 

.. .. : 

Ty 
~--------------Tx~.-------------4~~1 

lsocenter 

Fig. 45. A geometry of beam scanning for evaluating the requirements in 
I 

scan speeds, stored energy in the magnets, and magnet peak power. The 

length of each raster-scanning magnet is L, the magnets are placed at 

distances Tx and Ty from the isocenter, and the scanned field is a 

rect~ngle with sides a and b. 

D(x,y,z) = r_: r_: r_:s<x ,y' ,z )g(x -x' ,y -y' ,z -z )dx' dy' dz. (28) 

If the desired dose distribution D is specified and the function g is known, the exact solution for the 

scanning pattern S(x', y' z') is obtained by deconvolution of Eq. (28).347 If one assumes-a 

,hom9geneous medium~ with negligible secondary components resulting from nuclear interactions, 

and the three coordinates of the g function are independent thus g may be written as following 

g(x -x' ,y -y' ,z -z') = gx(x -x' )gy(Y -y' )gz(Z -z ), (29) 

a simple solution of Eq. (28) is obtained in terms of Fourier transforms: 

(30) 
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where'D, s, andgiare the Fourier transforms ofD, S, and gi' respectively. The (spatial) frequency 

range of 'D, and therefore attainable resolution, is obviously limited by the finite beam spot size and 

the Bragg peak width of the beam spot. The sharpness of field edges, or the smallest size of 

· inhomogeneities which can be compensated for, is determined by this resolution. Conversely, a 
discrete scanning pattern, resulting in a function S(x, y, z) which is a collection of o-function-like 

spots, yields smooth dose distributions if the step size is kept under one half of the spot size. This is 

the case for the spot scanning method adopted by PSI as described in Sec. II.C.2.g below. The 

LBL raster scanner described below scans continuously in the x direction in order to obtain a dose 

uniformity along the raster lines in the x-direction, and they-scan is specified in such a way that the 

adjacent scan lines overlap at least one-half of the spot size. Lower limits for beam spot sizes are 
-

given by multiple scattering (see Sec. I. C.) and are of the order of 2 - 3 mm for carbon or neon ions 

and 5 - 7 mm for protons for ranges in tissue between 20 em to 30 em. The spot sizes used in actual 

beam scanning are generally bigger. 

Given a desired dose distribution D(x, y, z), obtaining a practical solution of a scanning pattern 

function S(x, y, z) in Eq. (28) necessitates the use of techniques, mathematical inversion methods, 

developed for inverse treatment planning,348
-353which are generally developed for photon 

treatments. Important attributes in the inverse treatment planning are to find a fast and deterministic 

procedure which determines the optimal density function (relative spot weights) for narrow pencil 

beams, with the known Bragg-peak depth-dose profile and a Gaussian transverse dose cross­

section, which generate a three-dimensional dose distribution as close as practically possible to a 

specified D(x, y, z) .. The requirement of practicability implies an optimization, which is done under 

some general conditions, such as that the beams come from specified directions and that no 

underdosing in the target volume is permitted. The general requirements for the solution are: (i) 

optimization of the dose uniformity inside the target volume and the sharp dose falloffs at the 

boundaries of the target for normal tissue sparing, (ii) optimization of the number of portS, their 

directions and shapes, shapes of the port at each rarige, and (iii) the solution amenable to precise 

. control of the beam delivery system and consideration of its compliance and limitation. The beam 

delivery based on the inverse therapy planning using the raster scanner and light-ion beams will be 

attempted in the near future. 354, 355 

The scan sweep velocity requirements are analyzed as follows. A treatment volume V is 

subdivided into cubical voxels with their sides Lc corresponding to the characteristic dimensions. If 

the beam-spot dimensions are Lx, LY, and Lz, the treatrn.ent time 't~ and the accelerator duty cycle 11. 

then the scanning speed in x-direction, v x' and the corresponding time to scan across the spot, Atx, 

are: 
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and 

v 
v -
X- Tl't L/ 

(31) 

(32) 
I 

In a fixed horizontal beam line as shown in Fig. 45, both magnets may be placed in the last drift 

space, which can be fairly long. However, in a vertical beam line or on a rotating gantry, the final 

drift space would: be severely limited and may not provide enough space to mount both magnets. In 

such a case, placing one of the scan magnets upstream of the final bending magnet may be 

considered; in other words, the drift space from the center of the fast-scan magnet to the isocenter, 

Tx' may be much longer than that for the slow-scan magnet, TY, in the figure. Referring to the 

figure, the flat-dose field at the isocenter is a rectangle of axb, and if bipolar operation of the magnet 

is assumed, i.e., -emax. S 8(t) S +8max' the corresponding field in the magnet is given by: 

where 

and 

jBmax dL = Bmax L = Smax Bp 

·b 
8max =2T 

' y 

b Bp 
Bmax.=2LT 

y 

The stored energy, U, in the scan magnet is given by: 

(33) 

(34) 

(35) 

(36) 

where E is the beam emittance, and s the spot size. 345
• 

346 The factor f accounts for that the actual 

magnet field volume is somewhat larger than the beam aperture. For f = 1.5, E = w-5 m-rad, s = 3 

mm, b = 30 em, L= 1m, and Bp = 6.5 T-m (carbon-ion beam Of 30-cm range in water), the stored 

energy becomes: 
T 

U = 25f Joules 
X 

and with a rise time of 1.5 msec from B = 0 to Bmax' the required peak power is: 

T 
P=35f kW . 

X 

(37) 

(38) 

If the magnets are placed together in the last drift space, i.e., T Y IT x = 1, the stored energy U = 25 J 

and the peak power P = 35 kW. 
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In the following two Sections, two scanning methods for producing large fields of uniform dose 

distribution are discussed. Scanning beam delivery systems are classified according to the ways in 

which the beam spot is moved: namely, raster scanning, spot scanning, and pixel scanning, which 

are discussed in Sec. II.C.2.f, g, and h, respectively. Raster scanning employs a smooth motion· of 

the beam spot while keeping a constant beam extraction. The last two scanning methods involve a 

more discrete spot motion; the spot is moved to the next position when the prescribed dose is 

deposited at a given position. In spot scanning, the spots overlap at least a half-width of the spot; 

whereas, in the pixel scanning, each pixel is individually irradiated and the adjacent spots overlaps 

only at their edges. This choice of termi!lology is not always followed in the literature. Making 

large fields of arbitrary dose distributions is discussed in Sec. II.C.2.h and II.C.3 

II.C.2.f. Raster scanning 

A raster-scanning beam delivery system has been developed at LBL to broaden light-ion beams 

into large flat radiation fields. 356• 357 It is designed to scan an entire port area during one Bevatron 
' 

spill which is approximately 1 second long and repeated every 4 seconds. The magnets are designed 

to deflect a beam with a magnetic rigidity of 8.0 T -m up to ±20 em in the horizontal and vertical 

directions at the isocenter, which is -6 m from the raster magnets. The fast-scan magnet is placed 

upstream of the slow-scan magnet. The apertures of the magnets are designed to permit the transport 

of the beam without interference during the largest deflections of the beam. In the first magnet the 

beam is deflected parallel to its pole faces, and the gap of the fast-scan magnet has to be barely wide 

enough to pass through the beam spot. The beams deflected by the first magnet continue to diverge 

through the second magnet, and therefore the gap of the second magnet has to be wide. The gaps of 

the fast and the slow magnets are 5. 7 em and 15.2 em, respectively. Laminated iron cores of the 

magnets minimize the induced eddy currents during their operation.358 

The slow scan sweeps the vertical extent of the field, up to 40 em at the isocenter, in slightly 

shorter than the Bevatron spill time. The fast scan is fa.St enough to paint the raster lines close 

enough with a 2-cm FWHM beam spot, whose profile is approximately Gaussian, to ensure a dose 

distribution without peaks and valleys between the adjacent scan lines. An analysis showed that the . 
accuracy of this edge matching depends on an accurate control of the magnetic fields and the gradual 

slope of the edges of the beam spots. 359 Beam spots with sharp edges are hard to align to produce a 

uniform dose distribution; at least -4 mm edge fall-:off width is required, and typically ±5xlo-4 

accuracy in the control of the magnetic field is needed. 

The fast x-scan speed is set at a constant 2400 em/sec in the scan plane at the isocenter, which is · 

equivalent to a frequency of 30Hz over a ±20 em field.· The fast-scan speed is maintained constant 

for all sizes of fields; therefore, the scan frequency is higher for smaller fields. To allow the beam 
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to dwell at a certain vertical position before the y-scan starts, the slow-scan power supply runs with a 

d.c. current offset In order to achieve a dose uniformity of ±2.5% and minimize the introduction of · 

non-uniformity by the magnet power supplies, the regulation of the magnet currents (which 

determine the rates of change in the magnetic field) is controlled to approximately ±0.25%.360 The 

required dose uniformity sets the specifications of the circuit control parameters: a closed loop d.c. 

feedback gain for both systems of at least 60 db and a unity gain bandwidth of 10 kHz for the fast­

scan system and 1kHz for the slow-scan system.361 

For an alternative method of constructing a power supply of the raster scanner, a recent evolution 

in high power servo controller technology may present an attractive cost and size alternative to 

commercially-available linear actuator systems. 362 These controllers are essentially high frequency 

(82 kHz) pulse-width-modulation amplifiers which operate at efficiencies of 95% and have 

controlled bandwidths of 15-20kHz. This design has been adapted to drive inductive loads in both 

polarities. The fast scanning magnet designed for spot scanning at PSI, discussed in the next section, 

uses this type of controller .. The raster scanner magnets fabricated at LLUMC will also employ these 

controllers. 

An integrated system for delivering clinical beams using the LBL raster scanner is schematically 

shown in Fig. 46. The incident beam before the raster scan magnets is measured by an ionization 

chamber and a secondary emission monitor. The radiation dose over the entire radiation field is 

Raster Scan Magnets 

Detectors 
~st ~Slow 

Beam 

Power Supplies 

Electronics 

\ 

Segmented 
Detector 

Scanned A 
adiation 

Field 

Fig. 46. A general schematic of the LBL raster scanning beam delivery 

system is shown. The individual components are magnets, power supplies, 

detectors, electronics, computer interface, and a-computer system. 
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measured near the isocenter by a multi-segmented ionization chamber (See III.B.3).363 Using 

CAMAC hardware, a VAX 780 computer controls the scanned beam, and records and d,isplays the 

measured results. The control system establishes the size of the field to be irradiated, its 

displacement from the central ray, the scan initiation point, the scan speeds, and the beam level to be 

extracted on a pulse-by-pulse basis. Rectangular radiation fields of any desired aspect ratio with 

scan dimensions ranging from 5 em to 40 em can be produced. 364 Very uniform dose distributions, 

measured with films showing a uniformity of ±3%, were obtained over a useful area of up to 30 em 

x 30 em with neon and Jtelium-ion beams. An important point to note is that the dose uniformity 

obtainable through the raster scanner is very insensitive to the beam tuning. This is because the 

entire field is scanned once during one beam spill, and therefore a small beam misalignment simply 

displaces the entire scanned field by the amount of the misalignment, which is insignificant. This is 

in contrast to a scattering or wobbling method in which a large dose nonuniformity could result. 

A raster scanner producing clinically acceptable flat fields places strict requirements on the 

accelerator performance. (1) The temporal structure in the beam spills, the beam flux as a function of 

time, translates into spatial structures in the scanned radiation field. Coarse structure in the beam 

spill on the order of 1 Hz can lead to a gradual do~ variation of the radiation field, whereas a high­

frequency structure leads to localized hot/cold spots in the radiation field. Therefore, a uniform beam 

spill is required. (2) For a requested dose to be uniformly delivered over the entire scanned field, the 

beam spill should not be interrupted in the middle of a pulse. (3) The beam intensity must also be 

controlled so that each pulse delivers a specified fraction of the total dose. In order to reach the 

. prescribed dose within the specified accuracy without overshooting it, an ability to step down in 

beam intensity is required. This implies a need to control the number of particles extracted on a 
I 

pulse-to-pulse basis to an accuracy of -50% over a wide dynamic range. (4) The extraction optics 

must not change while the beam is extracted at different flux levels. (5) The duty factor of the 

accelerator can become an issue if the number of scans increases to produce an acceptable clinical 

field. 

The raster scanning system has several advantages over the scattering system as well as the 

wobbler system. The raster scanning system uses no absorbing material in. the beam path. 

Rectangular fields of various aspect ratios produced by a raster scanner conform better with many 

irregularly-shaped ports than circular fields produced by a wobbler. Going beyond the simple 

rectangular scans, by varying the extents of each fast scan, irregularly shaped fields may be 

produced, and provide better conformations of the radiation fields to irregular target volumes. (See 

II.C.3 below.) 
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Fig. 47. Schematics of various raster-scanning techniques. For each 

method, the scan pattern is shown in the left diagram, and the magnetic 

field wave forms are shown in the right two diagrams. Shown are (a) 

Parallel rasters, (b) zigzag rasters, (c) sinusoidal scan, and (d) fast 

line scan plus the target motion. 

A large flat-dose field may be produced by moving the beam spot in rasters with a constant 

sweep speed while holding the beam extraction level constant This can be achieved in two ways: in 
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parallel rasters as shown in Fig. 47(a) or in zigzag rasters as in (b) of the figure. The latter can be 

considered as two sets of parallel rasters, one set moving in the +x direction and the other in the -x 

direction. These methods require a fast-scan in x-direction and a slow scan in y-direction. If the 

scans are accomplished with two magnets, their magnetic fields are varied as shown in the figure. 

The LBL raster scanner described above falls into this category. Sinusoidal variation of the fast-sean 

field can be considered as in'(c) of the figure. Only a small central part of the scanned field would 

exhibit an approximately flat dose area; a large portion of the beam outside of the area will be 

discarded. A scheme may be devised to enlarge the useful flat-dose area by modulating the beam­

spill intensity according to the scan speed. Clamping the beam off while it is outside the constant 

scan-speed area could also increase the beam utilization efficiency. A two-dimensional scan can be 

accomplished with only a fast-scan magnet performing line scans while moving· the target in an 

· orthogonal direction as shown in (d) of the figure. 

The raster scanner proposed at Uppsala28 consists of two narrow-gap magnets: an upstream 

slow-scan magnet is fixed and a downstream magnet pivots around the virtual scanning center of the 

first, so that its median plane coincides with the direction of the proton beam as it leaves the first 

scanning magnet. Through this arrangement, the gap size of the downstream magnet can be 

reduced. Because the.downstream magnet has to move mechanically, it is chosen to be the fast-scan 

magnet, so that it has to move only slowly with the slow scan. This pivoting raster scanner is 

planned to be on a rotating gantry, and would be able to deliver a large field up to 30 em x 30 em 

with an 1-m effective distance from the magnets to the isocenter. 

ACCTEK Associates has produced a raster scanner for proton therapy. 365 The horizontal-sweep 

magnet is the fast scanner and is powered at 240 Hz sinusoidally; where as, the slow magnet scans 

vertically at 4Hz in linear ramps in both polarities, as shown in Fig. 47(c). To reduce the cost of the 

fast-magnet power supply, an AC power supply is used and the magnet is resonated. At a scanner­

to-isocenter distance of 1.5 m, the system scans a 200-MeV proton beam into a rectangular field of 

18 em horizontal and 13 em vertical dimensions in 0.12 second. An aberration in the system causes 

flaring. near the edges of the scanned rectangular field. Modulating the accelerator intensity is 

contemplated to achieve the dose uniformity in the scanned field. 

Another fast-cycling raster scanning system is developed for medical application in 

Novosibirsk.335 It is reported that the fast scan is operated at 1kHz. 

•t It is interesting to note that applications other that radiotherapy requires spreading high energy 

heavy charged-particle beams into a large uniform field. One example is in the production of nuclear 

fuel, to minimize peak-power density and radiation daniage to fuel cells, 450 MW of 1500 MeV 

proton beam is first defocused into thin vertical ellipse, then rastered horizontally across the target at 

-1 kHz.366 
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Fig. 48. Schematic of spot scanning developed at PSI. 

II.C.2.g. Spot scanning 

... 

A large field of flat dose can also be obtained by moving a beam spot across the field in discrete 

steps; after positioning a beam spot at a given location in the field, a predetermined amount of 

radiation is deposited. The spot is then move to the next position, and the process is repeated. This 

approach adopted at PSI to perform spot scanning of high-energy protons133, 354• 367, 368 is 

schematically shown in Fig. 48. To achieve an acceptable dose uniformity across a scan line, the 

step size is kept under one-half of the spot size as discussed in Sec. II.C.2.e. The spot size at the 

isocenter is about 1 - 2 em FWHM in all three directions, and the grid size chosen is 5 mm. An 1-

liter (10 em x 10 em x 10 em) treatment volume would be filled with 20 x 20 x 20 spots, or about 
/ 

1 o4 spots. If an entire treatment were to be completed in 2 minutes, irradiation at a given spot must 

be accomplished within 12 msec on an average. The beam at a given spot must be switched on and 

off with a reaction time of 120 J.!Sec if the dose were to be controlled at a 1% level. The fast beam 

switching is accomplished with a fast kicker magnet The proton beam spot is moved in ±x direction 

by a sweep magnet, and the movement of the spot in the y-direction is accomplished by moving the 

target. The spot position in the x- andy-direction as well as the delivered dose are monitored by a 

position-sensitive ionization chamber. The fast kicker magnet is placed upstream of the sweep 

magnet, and when it is de-energized the proton ~earn is let through a narrow slit and the gap of the 

( 8 8) . 



sweep magnet When the predetermined amount of protons are delivered, the fast kicker magnet is 

energized to deflect the beam away from the slit and into a slit plate, which acts as a beam stop, with 

a response time of 50 J.Lsec. While the beam is blocked, the beam spot is moved to the next x 

position, and the irradiation is allowed to resume. by de-energizing the fast kicker magnet. Upon 

completion of a line scan, the target (the patient) is moved in they-direction for the subsequent line 

scan. Upon finishing the irradiation of a plane, the penetration depth (in the z-direction) of the 

proton beam is shifted by the range shifter and the entire process is repeated. An actual treatment 

will take longer than 2 minutes as the movement of the target between the line scans must be tolerated 

by the human patients. The maximum speed proposed for the patient movement is 2 em/sec with an 

acceleration not greater than 0:05g. Typically 20 steps of y-motion, each on the order of 1 second, 

are required for an irradiation in each z step; these add up to additional 20 seconds in the treatment 

time. 

II.C.2.h. Pixel scanning 

A large uniform field can be made by subdividing the treatment area into a large number of pixels 

and delivering a predetermined dose to each pixel. To achieve efficient pixel scanning, very fast 

magnets and fast monitoring systems are required. Considerations of multiple scattering of protons 

in the treatment volume and the edge matching of neighboring pixels make the smallest acceptable 

size of the pixel bigger than 1 em by 1 em. 

The first two-dimensional pixel scanning system for proton radiotherapy was developed at NIRS 

to spread the 70 MeV proton beams.369-371 The system was called "spot scanning,'~ but under our 

classification scheme (see Sec. II.C.2.e.), here it will be called a "pixel scanning" system. It 

employs two dipole magnets which deflect the beam either horizontally or vertically, four sets of 

beam defining slits, a quick beam shutter, and three monitoring chambers. The power supplies of 

the dipole magnets are digitally controlled by a computer, which direct the 1-cm square beam spot to 

arty desired position in the treatment field. A highly collimated proton beam is prepared through four 

slits to produce a 1-cm square beam spot at the isocenter and the grid size used for the spot 

movement is the same as the spot size. Using the maximum field of the scanning magnet of 0.1- . 

Tesla, they achieved a flat dose within 18-cm square fields with dose deviation of ±2.5%. A 

parallel-plate transmission ionization chamber is used to monitor the delivered dose at each spot 

location. The spot speed at the isocenter is -1 cm/msec. It is possible to irradiate a field of any 

irregular shape with an arbitrary dose distribution, and to correct any fl~ctuation in the beam 

extraction intensity. The beam-spot position stability is achieved through severe collimation paying a 

great penalty in the beam utilization efficiency. The dose rate within the 1-cm square beam spot is -1 

Gy/s, and the system takes about 3 minutes to scan a 10-cm square field, i.e., ·100 pixels. The 

system is also used to deliver a large radiation field of a complex dose distribution by varying the , 
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dose at each spot. It is also used in a 3-dimensional dose delivery as described in Sec. II.C.3.c) 

below. 

II.C.3. Conformal Therapy Delivery Using Variable Modulation 

II.C.3.a. Fixed vs. variable modulation 

Heavy charged-particle beams with Bragg peaks and their favorable peak-to-plateau ratios372 

have been successfully used to treat tumors at a' number of different sites in the body with less 

morbidity than with conventional radiation. In the systems described so far, passive rang~ 

modulation was used to create fixed-width spread-out Bragg peaks (SOBPs) as depicted in Fig. 

49(a). The width of the Bragg peak is determined by the thickest part of the target volume along the 

direction of the beam, and the Bragg peak is spread· out to the same width for all rays in the beam 

(fixed modulation). The treatment volume, the region so irradiated with the fixed SOBP, is a 

cylinder, whose length is equal to the width of the SOBP. The distal envelop of the treatment 

volume is usually shaped by a compensator to conform it with the distal surface of the target. 

Generally, the longitudinal thickness of the target volume is not uniform and this method delivers a 

Bragg-peak dose to tissues upstream of the target, where some critical normal tissues, such as the 

skin as depicted in the figure, receive the same high dose as the target. In spite of this limitation, 

successes in treatments using charged-particle beams are the result of reductions of the high-dose 

volume and·the dose to structures in the remaining irradiated volume when compared to external 

photon therapy.3, 55, 71, 72,373 

In realizing the full clinical advantage of heavy charged-particle beams, one of the important 

future developments in dose localization is to develop a beam delivery system that allows modulation 

of the spread Bragg peak over the target volume (variable modulation). The shape of the high~dose 

volume; in other words the tr~atment volume, can be made to conform more closely to that of the -

target volume, as shown in Fig. 49(b ). Such a system will not only improve the therapeutic efficacy 

of the delivered, 374 but also increase the versatility of the beam spreading system for varied clinical 

situations. 

II.C.3.b. Clinical advantages of variable modulation 

Many investigators have studied the gains that could be anticipated from the implementation of a 

variable modulation beam delivery system.375· 376 The parameters considered are the type of 

charged-particle beams and the size and depth of the target region. The gains depend very much on 

the circumstances of each case, but one may expect reductions in the "integral dose" in the range of 

8% to 18%, and even larger gains if one restricted the integral dose calculation to regions outside the 

target volume. Here, the integral dose means the dose integrated over a volume in question; it is a 
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(b) Variable Modulation 

_.. 
Beam 

~ Target volume 

IZ:lTreatment volume 

Fig. 49. (a) The fixed-modulation method using a compensator produces a 

cylindrical treatment volume whose length is equal to the thickest part. 

of the target volume. Normal tissues upstream of the target volume are 

irradiated unnecessarily. (b) The unwanted radiation may be trimmed by 

the use of the variable modulation method. The treatment volume is made 

to conform more closely to the target volume than in (a). 
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(c) Axial stacking with minimal compensator 
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Fig. 49. (c) Axial stacking with a variable-speed raster scanning 

technique. (d) Schematic illustration of a 3-dimensional conformal 

therapy delivery. 

non-physical quantity used as a descriptive clinical parameter and has a dimension of dose-volume. 

Improvements to the dose distributions offer improved tolerance to treatment and may allow an 

increase in the effective tumor dose with a resulting increase in the probability of tumor control. 

Lyman and Petti have performed treatment planning comparisons of the fixed versus variable Bragg­

peak modulations in targets involving the prostate. 377 Based on the analysis of dose-volume 
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histograms (DVH is a plot of the dose, expressed in units of the target dose, versus the integrated 

volume that receives a dose greater than a given dose.378
• 

379
), the total integral dose by variable 

modulation was 14.5% and the reduction of the integral dose outside the target volume was 16.8%. 

In this example the target volume is smali relative to the irradiated volume as indicated by the modest 

increase in tlie integral dose reduction seen with the exclusion of the target volume. The reduction 

for the total integral dose is within the range predicted based on simplified assumptions. 376 A 
similar analysis was reported for proton beams in pelvic and head tumors.380 

Daftari et al. studied the fixed versus variable modulation beam delivery techniques for tumors in 

the gastrointestinal tract using protons and neon ions.381 Their study revealed that with variable 

modulation, the localization of the dose to the target volume can be improved significantly. The dose 

to the critical structures can be reduced as observed in Fig. 50. This figure shows the dose-volume 

histogram for liver for a patient with tumor in the biliary tract and was treated with five fields. Their 

study indicates the reduction of average integral dose for variable as opposed to fixed modulation of 

17% with neon ion beams and 18% reduction with proton beams. If the tumor volume is excluded, 

the reduction in the integral dose to normal tissues ranged from 15% to 32% for neon ions and 

between 18% to 34% for proton beams. Their study also suggests that variable modulation will 

permit the use of simpler two and three-field charged-particle treatment plans as opposed to more 

complicated multi-field plans. 

II.C.3.c. Conformal therapy delivery in three dimensions 

Several methods are proposed to reduce the dose in the surrounding healthy tissues. Fig. 49(b) 

schematically depicts one of these methods. The treatment volume may be divided into many layers, 

as shown in the figure, and scanned layer by layer by changing the residual range of the beam. In 

order to reduce the number of layers, the Bragg peak is spread out to a 'minipeak' of approximately ' 

1-cm width, and these minipeaks are axially stacked by changing the range. The accuracy of 

obtaining correct SOBP using the range stacking depends on the slope of the minipeak. Analogous 

to the edge-matching problem in beam scanning, the gradual rise and fall of the mini peak facilitates 

correct stacking when the pulse-to-pulse energy variation of the beam is taken into consideration. 

The distal dose falloff of the SOBP is decided by the most distal minipeak. A pristine Bragg peak 

with the steepest possible distal dose fall-off should be used at the deepest penetration. 359 

The contours of the proximal and distal surfaces of the target volume are usually smaller than the 

widest lateral extent and, as the axial stacking proceeds, the aperture of the variable collimator is 

reduced in such a way that healthy tissues adjacent to the target volume, especially those upstream of 

it, are protected from the unwanted Bragg-peak radiation. It is especially important to spare the skin 

and critical organs from unnecessary radiation. For example, the skin surface in Fig. 49(a) would 
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Fig. 51. A three-dimensional irradiation system using a scattering system 

for lateral spreading of proton beams as developed at NIRS. 

receive the full Bragg-peak dose ina fixed modulation method; whereas, it will receive only the 

plateau dose, lower in magnitude and LET, in a variable modulation method as indicated in Fig. 

49(b). 

A three-dimensional irradiation system using scatterers for lateral spreading was proposed at 

NIRS.382 As shown in Fig. 51, the treatment volume is layered according to the shape of the distal 

surface of the target, and the dose is built up using a variable range modulator and a fixed bolus. As 

the range is shortened, the irradiation field is changed using a variable aperture, such as a multileaf 

collimator. 

A prototype three-dimensional pixel scanning methods for proton beams developed at NIR.S383
• 

384 is· depicted in Fig. 52. The two-dimensional pixel scanning technique, developed at the same 

laboratory and described earlier in Sec. II.C.2.h above, is used. The scanning in three dimensions is 

accomplished by stacking the ranges of two-dimensionally scanned fields using a Lucite degrader of · 

variable thickness from 0 to 48 mm in steps of 1 mm. A spot size of 6 mm x 6 mm is used. This 

method demonstrates the reduction of the integral normal-tissue dose, i.e., the unwanted radiation in 

the surrounding tissues. 
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Fig. 52. Three-dimensional irradiation system using pixel scanning tech­

nique for lateral spreading of proton beams as developed at NIRS. 

For the proton and helium-ion beams which produce no or few fragments, and therefore have no 

'tail' dose (the dose due to the fragments beyond the distal edge of the Bragg peak), the method in 

Fig. 49(b) produces satisfactory dose distributions. However, the necessarily thick compensator 

ends up broadening the lateral dose falloff through multiple scattering of the projectile particles. For 

heavier ions, multiple scattering is less; however, the tail dose is significant. Blocking the proximal 

part of the spread Bragg peak with the variable collimator deprives the occluded area of the tail 

doses. The beam delivery method schematically illustrated in Fig. 49(d) overcomes these 

shortcomings. First, the most distal part of the target, slice M in the figure, is shaped by the aperture 

of a variable collimator and scanned with a uniform scan speed to produce a uniform dose 

distribution. While the slice M is 'painted,' a part of the slice N and all other parts upstream of slice 

M traversed by the beam receive the plateau dose, whereas the periphery of the area receives no 

dose. Thus, to deliver a uniform dose to the slice N, a smaller dose should be delivered to the area 

upstream ofM than to its periphery. One way of achieving this, for example, is to vary.the speed of 

the raster scanning - faster in the areas upstream of M, and slower outside of it - while keeping 

the level of extracted beam constant. When combined with the already deposited plateau dose, the 

resultant dose in N becomes uniform. This process is repeated for all subsequent slices to produce a 

uniform dose distribution in the target volume while imparting minimal radiation outside of it This 

result could also be achieved by keeping the raster speed constant while varying the extraction level 

of the beam with time. This method, however, is technically much more difficult to apply. 
/ 
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One way of delivering conformal therapy with variable-modulation SOBPs is to employ a raster 

scanner with controllable scan speed and a variable collimator.· Requirements for accuracy and · 

stability of the scan magnets are stringent.359 To ensure patient safety, the spatial distribution of the 

delivered dose must be monitored in real-time using a large-area high-resolution dose detector. The 

system requires an automated control along with a means of very fast and fail-safe irradiation 

termination. Fast on-line monitoring is required of various system parameters, such as scanning 

magnet currents, extraction levels of the particle beams, aperture of the multileaf collimator, width of 

the spread-out Bragg peaks and the residual range of the beam. Constancy of the beam extraction 

level is required over a large dynamic range in the extracted beam intensity. 

II.C.4. Dose rate effects 

II.C.4.a. High dose rate effect in beam scanning 

Compared to a passive beam delivery system which irradiates the entire treatment area at the same 

time, a dynamic beam delivery system covers only a part of the treatment area at any given time. If · 

the treatment time remains the same, the dose to a given area is delivered in a shorter time; the dose 

rate forthe dynamic mode is higher. In general, the dose rate will be increased by the ratio of beam 

spot area to the entire treatment area that is subdivided in the irradiation. For example, if a treatment 

volume of 20 em x 20 em x 10 em is irradiated to 2.5 Gy in 2 minutes using the double-scattering 

method, the average dose rate is Rscatt = 2.5 Gy x (duty factor) /2 minutes= 0.1 Gy/sec if a duty 

factor were 5. In a scanning method, if the treatment volume is subdivided into 1 em x 1 em x 1 em 

cubes, i.e., into 4,000 equal voxels, Rscanning = 400 Gy/sec if a duty factor of 5 is again assumed. 

If there are time structures in the extracted beam, the instantaneous dose rate can be sometimes even 

higher. Therefore clinical effects of the elevated dose rates in dynamic modes of beam delivery must 

be given careful consideration. 

The potential effect of very high dose rates on survival of mammalian cells has been studied 

independently by some investigators, and interesting results have been found and reported. Berry 

and Hall385 reported an apparent lower effectiveness of radiation e~posure when x rays were 

delivered at extremely high dose-rates. Using a single very short duration (7 nsec) pulse and varying 

the dose received by the cells within this brief pulse, they found that the corresponding log-survival 

curve at first showed a slope similar to that obtained under normal irradiation conditions but then 

broke away at some particular dose level to give a line of lower slope, the value of Do being similar 

_to that usually obtained under anoxic conditions. The breaks in the survival curves appear at 

different dose levels (doses greater than 0.5- 3.0 Gy) for different pulse lengths. A further analysis 

of their experimental data indicates that at all dose levels, mammalian c~lls may show greater survival 
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when irradiated with higher dose-rates (3xl010 to 1.2x1011 Gy/min)386. Using dry eggs of 

Artemia, Iwasaki et al. 387 observed similar effects for high-energy electrons at ultra-high dose rates 

ranging from 6x106 to 1.2xlo& Gy/min. No comparable high dose.,rate study with heavier ions can 

be found in the literature. 

A high dose-rate effect was also found in animal systems. Homsey arid Alpe~ 88 detennined that 

·there is increased radiosensitivity of intestinal epithelium as the dose rate is increased from 1 to 60 

Gy/min. This tissue has a large capacity for repair of sublethal damage, some of which takes place 

in as short·a time as 10 minutes so that there is a marked sparing effect during irradiation at low 

dose-rates. illtra high dose rate (5xl03- 1Q9 Gy/min) studies by Field and Bewley using 7 MeV 

electrons389 and by Inada et al. using 8 MeV electrons390 on rat and mouse skin indicate a decrease 

effectiveness; The effects observed in the skin studies have been attributed to oxygen depletion (see 

below) since experiments done with the skin under hypoxic conditions did not show any dose-rate 

effects. 

The dose-rate region where the decreased effectiveness is observed is unclear. Field and Bewley 

observed a decrease in effectiveness at 5xl03 Gy/min, and Inada et al. have seen a decrease above 

106 Gy/min a5 has been shown for cells in vitro385 and Artemia eggs387. These differences ~ay 

reflect species differences in radiosensitivity and in tissue oxygenation. Normal tissue cells that are 

at low oxygen tension may potentially become anoxic at high doses delivered at high dose rates. 

At high dose rates, dissolved gaseous oxygen in cells may be depleted and the cells rendered 

more radioresistant.391 If an oxygen depletion state is reached due to thehigh-dose rate of scanning, 

it will work against the efficacy of a scanning system. The following analysis suggests that no 

oxygen depletion is caused by the high dose rate of the, scanning method.392 For a radiation 

chemical yield, denoted by G and defined as substances produced or destroyed, n, per mean energy 

E for oxygen-mediated lesions: 

n Io-3 

Gd=E= lOOeV, (39) 

Typical tissue contains 0.3 J.LM of dissolved oxygen, which means the number of 0 2 molecules per 

gram of tissue is 

N 0 c 
N = M = 5.6 x 1015• (40) 

where N0 is the Avogadro's number, cis the 0 2 concentration, and M=32 is the molecular weight of 

0 2. If we irradiate the tissue with an oxygen concentration at a fraction, f, of the normal 

concentration, oxygen molecules will be depleted when a dose D is administered: 

( 9 8) 

/ 



or 

GdD~fN, 

~=9xHfGy 

(41) 

(42) 

Eq. (42) may be called the oxygen depletion condition by a high dose-rate radiation. Weiss et al.35 

observed a change in the dose-rate of the cell survival at a dose of 200 Gy ~t 0.9% 0 2 concentration, 

which implies that an experimental value of D/f = 200 I 0.009 = 2.2 x 1 o4 Gy. This experimental 

result compares well with Eq. (40); they agree with each other within a factor of 4. In a typical 

treatment, the delivered dose per fraction is 2.5 Gy and the value of f is close to 1 for oxygenated 

tissue, or D/f = 250, which is too small to deplete the available dissolved oxygen in tissue. In well 
-

oxygenated tissue, the oxygen depletion condition \\ill not be reached by a scanner-delivered therapy 

dose, even if the entire dose were delivered instantaneously. With a therapy dose of 2.5 Gy, the 

oxygen depletion becomes important if the oxygen concentration drops below f = 3 x w-5. There is 

an ongoing attempt to measure the high dose-rate effect in cells and tissue.246 

II.C.4.b. Dose rate effects in heavy charged-particle therapy 

The important parameters of a therapeutic particle beam is the time structure of the extracted beam 

because it can alter the biological effect of the radiation and impact the ability of the beam delivery 

systems in delivering desired radiation fields. The biological effects of multiple ionizing-particle 

tracks placed closely ~ogether, in time and space~ can interact with one another. Such effects are 

called the dose-rate effects, which if large enough place constraints on the acceptable radiation dose 

rate. 

An estimate of 1011 Gy/min·has been made of where an effect might be seen.393 For various 

dose rates, Fig. 53 shows the probability for a given track to accompany a second track within a 

·distance rand timet. The lines in the figure represent the probability of 37% (=1/e) of fmding the 

second track within r and t. Also shown is an estimate of where the dynamic and passive beam 

delivery systems discussed above are found in the plot.392 To date, all heavy charged-particle 

accelerators and beam delivery systems have operated at flux density or fluence rate (number of 
I 

particles per cm2 per second) where such effects are not important 

We do not anticipate observing high dose-rate effects with high LET heavy charged-particle 

irradiation because: 1) the reduced repair for sublethal damage, 2) reduced differences in 

radiosensitivity due to cell cycle phase, 3) reduced protection due to hypoxia and 4) the doses per 

fraction used during radiotherapy with heavy charged-particles will be far below the doses at which 

dose-rate effects have been seen in tissues. Fig. 53 also illustrates graphically the dose-rate regions 

where effects have been observed and the high dose-rate region where the raster scanner will be · 

operated. The dose rates delivered by the raster scanner will fall within a region where effects have 
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been observed in mammalian tissues and cells, and because of this we need to test for dose-rate 

effects with heavy charged-particles and to assess the relationship with increasing LET. However, it 

is noted that, based on physical and radiochemical arguments, the dose-rate effect may be appreciable 

at the dose rate > 1011 Gy/min, which is at least two to three decades above the expected dose rates 

encountered in any scanning methods. 

II.D. Collimators 

·shaping the radiation field to conform to the irregular target volume, while conceptually simple, 

is one of the more difficult tasks in preparing the beam for a patient treatment. The various methods 

that have been investigated vary in their complexity and the degree to which they conform the 

radiation to the target volume. The simplest and earliest method uses a block of material with a fixed 
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aperture which conforms to the projected area of the target volume as seen from the beam direction. 

A more refined method involves shaping a mechanically variable aperture to achieve the desired 

shape at various depths of the target volume. Another method, yet to be implemented clinically, 

requires no physical collimation of the beam, but relies on precise control of the position and profile 

of very small beam spots. 

II.D.l. Collimator Construction 

The thickness of the collimator must be sufficient to stop the beam in the case of protons; but 

significantly thicker than the range of the primary beam in the case of heavier ions because fragments 

produced in nuclear interactions of the beam with the collimator material can travel further than the 

range of the primary particles. The tail dose for a heavier-ion beam is significant (see Sec I.C.3.c). 

The LET of the fragments delivering this dose, however, is less than that of the radiation in the 

SOBP. The lower LET here implies a lower RBE, and therefore a decrease in the actual damage 

done by the particles penetrating the collimator. The collimator thickness is usually chosen to reduce 

the dose delivered by the penetrating secondaries to -1% of the SOBP dose of the uncollimated 

beam. For example, neon ions with an energy per nucleon of 585 MeV stop in - 30 em of water, 

but the collimators used have a water equivalent thickness > 90 em. 

Collimators can be made from any number of materials. The less dense the material the thicker 

the collimator will be in the beam direction; however, the weight will be approximately the same 

(±20%) regardless of the material since the stopping power of a material is approximately 

proportional to its physical density (±20% ). One of the major concerns in the choice of collimator 

materials is the induced radioactivity from the beam stopping in the collimator. Generally the 

residual activity created from exposure to a single treatment must be low enough for clinical 

personnel to work in the vicinity immediately following the exposure. Gamma rays coming from the 

induced activities are the most important component of the radiation because of their long range. An 

absorbed dose of 1 Gy in a Cerrobend collimator results in an induced activity of 50 mSv at the 

surfaces with an initial half-life of about 5 minutes. Heavier materials such as tungsten have higher 

induced activity levels with longer half-lives and emit photons with higher energies compared with 

lighter materials such as aluminum. 

11.0.2 Fixed aperture collimators 

Fixed aperture collimators have an opening designed by clinical personnel based on the projected 

target shape. See Fig 54. While this method cannot avoid delivering unwanted radiation to some 

normal tissue surrounding the target volume, the simplicity of these collimators makes them widely 

used. One method of making such fixed-shape collimators involves casting a low melting-point 

alloy in a Styrofoam mold. An example is Cerrobend, which is composed of 50% Bi, 26.7% Pb, 
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Fig. 54. Collimators made of heavy metal as shown in this picture are 

used to shape the beam's profile to match the cross section of the 

patient's tumor from a beam's eye view . (CBB 925-3278) 

13.3% Sn and 10.0% Cd with a melting point of 70°C. Such alloys are easy to use and may be 

reused after induced radioactivity has decayed to an acceptable level. Another method of making 

collimators is machining an aperture out of a metal such as brass. By automating the design and 

milling processes, this type of collimators may be fabricated routinely. 

The major disadvantage of the fixed-aperture collimator is that a unique collimator must be cast 

for each patient port, which is a labor-intensive process. A clear need exists for a collimator with a 

variable aperture, but their mechanical complication has daunted their construction until recently. 

II.D.3 Variable aperture collimators 

A variable aperture collimator is a device whose aperture can be changed mechanically to a 

desired profile. The first example to be discussed is a slit collimator consisting of a slit with 

moveable end blocks. Such a collimator can be used with line-scanning beam delivery systems. 
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Fig. 55. A multileaf collimator are used with dynamic conformal 

radiotherapy to allow dynamic shaping of the radiation field to the tumor 

volume. ( CBB 919-7 469) 

During a line scan, the slit is aligned with the scanning beam, and the radiation field is collimated to a 

rectangular shape of a specified length by the slit and the end blocks which are moved to the desired 

positions At the completion of a given line scan, the patient is moved to a position where the next 

line-scanned beam is aligned with the doses already delivered in preceding line scans. Repetition of 

this process produces an irregularly shaped radiation field in two dimensions. If the end blocks are 

made to rotate around pivots in such a way that their collimating edges align with the curved 

boundaries of the irregular port, the resulting irregular port shape conforms more closely to the target 

shape. This type of dynamic collimator has three controls: one for the patient motion and two for the 

linear motions of the end blocks. The pivoted version would require two additional controls for the 

angular displacements of the end blocks. The system can be adapted to two-dimensional scanning, 

in which the patient remains stationary and the line scans are moved across the patient. 

An example of a variable aperture collimator is the multileaf collimator which defines irregular 

shapes by means of many movable absorber bars, called leaves or fingers. A multileaf collimator, 

whose leaves are manually moved, has been developed and used at NIRS.394 Shown in Fig. 55 is 
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Fig. 56. (a) The finger design with one step in a multileaf collimator is 

not satisfactory in blocking the heavy charged particles . (b) The fingers 

with two steps, used at NIRS, stops radiation from reaching the patient. 

(b) Corrugated fingers can also be used to stop radiation from reaching 

the patient while reducing the width of the finger. 

an example of an automated multileaf collimator developed at LBL, and whose leaves are moved by 

actuators under computer control.395 The leaves are stacked together to form what is called a jaw, 

and two jaws are placed in opposing positions. There are twenty-three 9 mm-thick leaves at each 

side of the aperture. The maximum opening between two opposite leaves is 22 em; each leaf has a 

20-cm stroke. The leaves are driven by DC motors, not stepping motors, and a feedback loop is 

required for positioning the leaves and keeping them in place. Commercial units which combine 

motor, gearbox, and magnetic encoder in one very small housing of about 1.6 em in diameter and 5 

em in length are used. The motors drive the leaves directly via a ball screw. A sliding potentiometer 

attached to a leaf is used for measuring its absolute position. The generated signal is compared to a 

reference and the difference used to drive the motor. The leaf position is monitored by a magnetic 

encoder attached directly to the motor. Thus the position monitoring is independent of its control. 

The multileaf collimator is mounted in such a way that it can be rotated 90 degrees around the central 

ray of the beam, allowing collimation of almost any field shapes encountered in radiotherapy 

applications. The leaves were made of steel as the best compromise for satisfying the following 
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parameters: high density, high rigidity, 'ease of fabrication, durability, lpw induced radioactivity, and 

reasonable cost 

Even though the fingers are machined to a high degree of precision, particles leaking through the 

spaces between the bars can be a problem. Several methods have been investigated to circumvent 

this leaking radiation problem. In the simplest method, the planes between the fmgers are slightly 

(-2 degrees) tilted so that they are not parallel to the beam direction. Since a significant fraction of 

primary particles which scatter into the tilted plane readily go through the cracks, this method is 

unacceptable. To provide a more tortuous path for particles to make it through, the bars must. be 

shaped in such a way that the "cracks" have multiple bends. As shown in Fig. 56(a), the finger 

design with one step requires that the span (the thickness along the beam direction) of each side of' 

the step to be wide enough to stop the beam particles. Therefore the leaf width is at least twice the 

range of the particles. Another design developed at NIRS employs two steps in each finger as 

shown in Fig. 56(b )~ 396 Each finger width has two short and one long spans. The sum of one 

long span and the short span must be wide enough to stop the particles; therefore, the width of the 

fingers of this design is narrower than the one-step design. The other method, as illustrated in Fig. 

56( c), employs corrugated surfaces to provide multiple bends in the cracks. This geometry has been 

adopted in the LBL multileaf collimator. The width of the collimator depends on the machining 

tolerance of the corrugated surfaces and their mating with the adjacent surfaces, but is less than the 

widths required in the above two methods. 

A multileaf collimator, when used with range modulation, can perform three-dimensional 

conformal irradiations as discussed in section ll.C. The use of dynamic multileaf collimation for 

shap~~g of arbitrary dose distribution for photon beams has also been considered, 397 which 

eliminates the use of wedges for beam shaping. 

II.D.4. Dynamic Beam Shaping 

Shaping of the treatment port by magnetic control of the beam, without resorting to the use of a 

collimator, has not been clinically implemented. Pixel scanning with pencil beams without 

collimation has been done on an experimental basis with proton beams. 367 
• 

369 This method 

requires the precise control of the beam profile, position and intensity. The lateral dose falloff of the 
' ( 

collimated beam is defined by the profile of the beam spot; to achieve a comparable. lateral dose 

falloff to that of a fixed collimator a beam spot size of a...0.5 em must be used. (The beam spot 

collimator should not to be confused with the port collimator.) Because no physical means of 

stopping the beam at critical positions is used in this method, proper control of the beam must be 

guaranteed and an independent means of verifying the beams position and the dose being delivered 

must be provided. 

( 1 0 5) 



lll. RADIATION DETECTORS 

Many of the radiation detectors described in this section have been used in the dosimetry of 

photon, neutron, and electron radiation. Others have been developed for single particle detection in 

nuclear physics measurements. How these detectors are used clinically with heavy charged-particle 

beams will be the subject of this section. 68 Since any detector or detector system has limitations and 

only measures a subset of the quantities characterizing a particle beam or radiation field, a broad 

variety of d~tection methods are needed for measuring all the quantities of interest. These uses 

include following applications: dose detectors whose signals are proportional to absorbed dose, 
' 

radiation detectors that can be used to measure dose after being calibrated for a particular type of 

radiation, detectors for absolute calibration measurem~nts, and specialized detectors which measure 

properties of individual particles, such as lineal energy transfer, scattering angle or scattering cross 

section. 

Dosimetry systems for radiotherapy and radiosurgery have three main functions: ·1) measurement 

of the dose being delivered to the patient in real time in order to terminate the irradiation at the 

prescribed dose, 2) measurement of the lateral distribution. of the radiation delivered in order to 

insure that the patient prescription is satisfied, and 3) measurement of radiation field parameters for 

controlling the beam delivery system. 

III.A. Dose Detectors 

The purpose of the dosimetry system is to measure precisely the delivered dose to the patient. 

The detectors used in such systems must measure a quantity proportional to the dose imparted to the 

patient, must not significantly perturb the radiation field, and must measure the dose independent of 

the LET distribution in the beam. This is especially important for light-ion beams which contains 

particles with a wide range of LET values due to fragmentation of the projectile particles. In 

addition, large radiation detectors with fine spatial resolution are important for comparing the 

. prescribed and delivered radiation distributions over the entire treatment area. A required dose 

accuracy for clinical purposes of±2.5%, measured over a large dynamic range (-106), adds to the 

difficulty of monitoring the radiation. 

III.A.l. Ionization chambers 

Ionization chambers are the primary dose measuring devices. 398 The ionization of the gas 

contained in the detector is proportional to the energy loss which in tum is approximately 

proportional to the dose absorbed by the detector. 399 This dose can then be related to the absorbed 

dose in another medium, such as human tissue, by the ratio of the stopping power of the gas to that 
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of the medium. The ionization, Q (measured in Coulombs), produced by the beam passing through 

such a chamber is proportional to the absorbed dose, D (measured in Grey), by what is known as the 

Bragg-Grey equation400: 

Q=DpV 
w 

(43) 

where p is the mass density (kglm3), Vis the volume (m3), and W is the ionization energy (eV) per 

ion pair. The amount of ionization per unit of deposited energy varies for different types of 

radiation. However, for heavy charged-particles (proton and light-ion beams) at clinically relevant 

energies there is only a weak dependency of theW-value on particle type and velocity.43• 401• 402 

This is particularly important when using light-ion beams because the beams generally contain a 

mixture of particles at various energies produced by the beam modifying devices.403• 404 A value of 

34.3 eV for protons in air and 33.7 eV for heavier ions in air are standard W values.234 Values ofW 

for other gases are recommended by the International Commission on Radiation Units and 

Measurements405 and more recent measure~ents have been made for protons in nitrogen gas.402• 

406 

III.A.2.. Types of ionization chambers 

III.A.2.a. Transmission ionization chambers 

A transmission ionization chamber consists of two parallel planes with an electric field applied 

between them.60· 62· 363• 
407410 

Particles traversing the chamber ionize the gas in the volume 

bounded by the planes. The thickness of the planes and gas are such that they have little effect on 

scattering or fragmenting the beam. Recombination of these ionization charges at the highest 

expected dose rates must be taken into account in choosing the type of gas, the gas pressure, the 

plane-separation, and the high voltage at which the chamber is to be operated. Multiplication of the 

produced charge is undesirable because uncertainties in· gas pressure and high voltage in such a 

proportional mode of operation can lead to unacceptable measurement errors in the doSe. The 

accuracy to which the dose must be measured and the speed at which the radiation must be controlled 

or terminated dictate the response time of the detector. The drift velocity of the ions and their drift 

length in_ the gas govern the detector response _time . 

. The elements of a transmission ionization chamber are the support body, gas windows, signal 

and high-"voltage planes, and the electrical and gas connections as shown in Fig. 57. The body 

supports the internal elements of the chamber and positions them relative to some reference· 

coordinate system. Thin Kapton foils or nonconducting plates are ideal for use as beam entrance and 
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Fig. 57. A cross section of a transmission ionization chamber is depicted in 

this figure.· Various elements of such a detector are labeled. (XBL 892-598) 

exit windows and for creating a gas enclosure. Additional foils (or plates) define a pair of parallel 

·planes and create a known ionization volume. One foil is usually connected to a high voltage source 

and the other, a collecting foil, is connected to appropriate electronics for measuring the ionization 

charge. Collection of charge on the signal leads is avoided by shielding them from stray electric 

fields with a ground plane and positioning them outside the primary radiation field. An additional 

trace to each element can be used to check an element's continuity. Simulation of a beam's ionization 

can be accomplished by injecting a known amount of charge onto an element via'this trace. In 

addition a test of each channel for its proper working can also be made with a calibrated current 

source connected to this extra trace. 

Recombination effects as well as the chamber's sensitivity increase with increased foil 

separation, sometimes requiring a careful compromise in chamber designs. Uniformity in the 

separation of the foils is important since inaccuracies can result if the charge collection is distorted by 

skewed electric field lines or the ionization volume varies erratically from element to element in the 

case of segmented foils.411 Parallel electric field lines at the boundaries of the collecting region are 

achieved by an extension of the ground and HV planes beyond the collecting area.411 Calibration of 

these chambers is usually against a thimble ionization chamber in a phantom. 363• 
412

• 
413 

In contrast to the transmission chambers described above, a longitudinal ionization chamber has 

been constructed at TSL. This parallel-plate ionization chamber is used to measure a narrow proton 

beam which is introduced between the plates and parallel to them.64 In this design, the plates do not 

have to be thin as the particles do not penetrate them, and the electrodes consist of thin layers of 

silver on plexiglass plates. The chamber measures the total number of particle. 
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III.A.2.b. Thimble ionization chambers 

Thimble ionization chambers are spherical or cylindrical chambers made from conductive plastic 

with a center stem for charge collection.408
• 
410 The plastic walls are typically a few mm thick and 

the volumes vary from 0.1 to greater than 1.0 cm3. Such dete.ctors serve as practical calibration 

devices and are routinely calibrated against an NIST(National Institute of Standards and 

Technology)-calibrated standard. However, care must be taken in their use to insure an equilibration 

of the radiation entering and leaving the chamber.414 Smaller chambers afford better spatial 

resolution, but are less sensitive. These chambers are primarily used with air or a tissue-equivalent 

gas as the ionization medium. Their calibration m~st be corrected for the gas temperature and 

pressure. 

III.A.2.c. Segmented ionization chambers 

In the multi-segmented type each segment measures the collected charge independent of the other 

segments. Such chambers have a variety of uses such as measuring the beam profile and position65• 
324• 415 or measuring the spatial dose distribution.363 The layouts of such ionization chambers 

depend on the required spatial resolution or segment size, the total area to be covered, and other 

properties. 

As heavy charged.:.particle accelerators can have temporal variations in their spilled-beam 

characteristics, and a dynamic beam delivery system deposits the dose in space as a function of time, 

real-time information on the location of the dose deposition is required. 395• 407 Segmentation of the 

collecting planes of the ionization chambers provides a means of obtaining spatial dose information. 

For example, a plane surface with a set of concentric rings can be used to measure beam profiles 

with cylindrical symmetry by measuring the intensity distribution along aradius.415 The azimuthal 

distribution can be measured by dividing the annular rings. 

Segmented ionization chambers have also been constructed to measure the beam proftles that lack 

cylindrical symmetry. The example in Fig. 58 shows the hexagonal layout used at LBL. The size of 

the hexagonal electrodes is approximately 5 em across. In highly segmented chambers the large 

number of elements makes calibrating each individual element cumbersome. Reliance on the accuracy 

of an element's construction is then desirable. The volume of each element must be within 1% of a 

nominal value in order to maintain the clinically required measurement accuracy. Detectors that cover 

30 em by 30 em with 2.5-cm363 and 0.5-cm395 spatial resolutions have been built at LBL for 

monitoring dynamic beam delivery systems. 

The size of a segment can vary form 0.1 to 100 cm2, and the practical limit on the reduction of 

the size of the collecting elements is governed by three factors: (1) the element must be large enough 

so that the charge collected is accurately measurable in its typical application, (2) each electrode 

requires a lead to bring the charge out for measurement and the achievable packing density of such 
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leads on the foil surface places a limit on the number of elements per unit area:, and (3) the number of 

elements increases with the square of the inverse of the linear dimension of the element, and with it 

the cost of the associated electronics. 

One solution to the problem of signal extraction utilizes thin traces located on the opposite side of 

the foil or .plate from the collection elements. Holes drilled through the foil or plate allow a 

connection between the element and a trace. This method avoids collection of charge on these traces 

by placing them away from any electric field. More space is available this way for laying out the 

traces and for collecting elements. For a highly-segmented ionization chamber, where more space is 

needed to lay the traces, a multilayer construction has been used. 395 
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III.A.2.d. Other types of ionization chambers 

Another use of ionization chambers is to interleave a set of them with absorbers of known 

thickness. A series of measurements can then be made at the same time at different water equivalent 

depths. An ionization chamber telescope produced at LBL to measure a depth-dose distribution is 

illustrated in Fig. 24. Eleven ionization chambers are stacked, and absorbers of pre-determined 

thicknesses are placed between them. With this setup a series of measurements at different depths 

can be made simultaneously. The placement of appropriate absorber thicknesses al~ow the 

measurement of the absorbed doses at entrance, plateau, proximal peak, mid peak, distal peak, and 

tail regions using om~ accelerator pulse. Sets of thin absorbers are used around the proximal and 

distal peak regions to assess their locations accurately. The use of such a device reduces the time 

spent measuring the depth-doSe curves in the daily verification of the therapy beams. 

A position sensitive ionization detector has been developed at PS~ 16 which consists of a high 

voltage foil tilted with respect to two parallel signal planes. The ratio Qt/(Qt + Q2) of the charges 

, collected on both sides of the tilted foils measures the mean position of the beam. Resolutions of 

better than 0.5 mm have been achieved. Since this detector is used in conjunction with a spot 

scanning beam delivery system as described in Sec. II.C, the collection time is required to be less 

than the dwell time of the beam to obtain a true position measurement Measurements show this to 

be under 1 ms with charge measurement times on the order of 10 JlS. To control the dose being 

delivered the response time of the detector system must be even faster than this or on the order of the 

minimum dose divided by the dose rate and the required dose accuracy. Less than 100 microseconds 

is required for the PSI detector.133 

III.A.3. Ionization-chamber design considerations 

The properties of the gas used in these chambers determine ionization yield and recombination 

probability of the charge carriers before their collection. The produced charges can recombine in two 

ways resulting in a collected charge which does not reflect the total energy deposited in the chamber. 

Initial recombination occurs within the track of the incoming particle before the ions and electrons 

become separated by the applied electric field or diffusion. The proportion of ions removed this way 

is independent of dose- rate. Initial recombination is not significant for ionization chambers at 

atmospheric pressure except for very heavy or very slow ions. This allows the use of an electric 

field parallel to the particle track to collect the ionization charge. General recombination takes place 

while the charges migrate through the gas and is a function of the density of charge carriers 

throughout the active volume. 

The collection efficiency of the ionization chamber depends not only on its design but also on the 

time structure of the radiation, i.e., whether the radiation is continuous, pulsed, or fluctuating. The 

collection efficiency is the reciprocal of the ion-recombination correction factor, Pion. whose use was 
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recommended by the 1983 AAPM protocol for dosimetry of high-energy photon and electron 

beams.417 The collection efficiency= 1/ Pion = q I qsat, where qsat is the generated charge and q is 

the collected charge in an ionization chamber. Boag and Currant reported on a two-voltage technique 

for determining the collecting efficiency of a chamber exposed to pulsed radiatiori.398• 418 Almond 

applied this technique to continuous radiation,419 Boag used it for pulsed-swept electron beams,420 

and Hayakawa et al. applied it to compensate for beam intensity fluctuation.421 

Gases such as nitrogen, air, tissue-equivalent gas, and argon, have been regularly used in 

ionization chambers. Nitrogen gas or air are most commonly used because their ionization potential, 

W, and stopping power ratio of gas to tissue, Sm. are well known and their saturation levels are 
r 

acceptable at beam intensities used for radiotherapy and radiosurgery. Air is also practical because 
/ 

its temperature and pressure variations can be easily measured and corrected for and the humidity of 

the air has a negligible effect on the detector response.405 At high beam intensities where saturation 

effects become important an inert gas which does not form negative ions, such as Ar or He, can be 

used. For example, recombination effects for Ne ions would not be expected up to 200 Gy/sec for 

Ar gas as compared to 20 Gy/sec with air. For higher yields Xe can be used with a lower W -value 

and a higher density. For fast response times He has been used because of its higher ion drift 

velocity. 

The voltage applied between the planes must be high enough to collect the charge before 

appreciable recombination occurs. A measurement of the charge collection efficiency as a function of 

the high voltage is necessary to establish the operating range of the chamber. A limiting voltage, 

V min , at which the collection efficiency falls significantly below unity for transmission ionization 

chambers is given by: 

(44) 

where p (Cfm3) is the ionization density and d. (m) is the separation between planes.398• 422 

Typically, voltages above 500 V provide better than 98% collection efficiency at treatment dose rates 

of 1.0 Gy/min for separations of 1.0 em. 

III.A.4 Calibration methods for ionization chambers 

The dose absorbed by an ionization chamber and averaged over the sensitive area can be 

calculated from the charge collected during the irradiation, the charge collecting volume, pressure and 

temperature of the gas in the active volume, and the W-value-423 By correcting the ionization 

chamber reading with the ratio of the stopping power in the gas and that of another material, for 

example tissue, the dose which would have been received by the other material in place of the 

ionization chamber can be deduced. 
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Mainly because of uncertainties in the W -value, it is desirable to calibrate an ionization chamber 

against" some other method before using it in a dosimetry system. For irradiation with monoenergetic 

particles a Faraday cup can be used as a calibration device (see Sec. m.D.7). In practice, however, 

Faraday cup measurements exhibit errors of up to ±5% mainly because of uncertainties in the charge 

collection and, secondly, because light ion beams often contain an added mixture of secondary 

particles. The most basic and absolute measurement of absorbed dose i~ done with a calorimeter 

which measures the deposited energy independently of particle type and energy. Water calorimeters 

have successfully been used and can serve as a calibration standard. 

Because calorimetric measurements are very cumbersome and laborious, ionization chambers 

whose calibration is traceable to NIST standards are used to calibrate other ionization chambers used 

in a dosimetry system. Since at NIST the ionization chambers are calibrated with a particular type of 

radiation, for exainple Co60, a correction factor has to be applied when the chamber is used in a 

heavy charged-particle field. 234 Although this method does not result in an absolute calibration, it 

provides for reliable relative calibrations. 

In order to be able to measure on-line the dose received by a patient, a second type of calibration 

. is needed. The ionization chamber and other dosimetric measurements of the radiation field have to 

be related to the dose absorbed in the target volume at isocenter-268 This is best done by placing a 

small calibration detector, usually a NIST -calibrated thimble ionization chamber in a tissue equivalent 

phantom simulating the treatment geometry and calibrating the dosimeters against it. 

III.B. Electronics for dosimetry system 

III.B.l. Requirements on dosimetric electronics " 

Ionization chambers have a charge output proportional to the deposited dose. Because the 

clinical beams originating from an accelerator have temporal structures, measuring the dose means 

· measuring the total charge as an integral of a fluctuating current. The electronics for these devices 

are generally some form of charge integrator with a response time fast enough for control purposes. 
) 

For example a preset scalar, connected to the output of a charge integrator, may be set at the onset of 

an irradiation to a predetermined number such that when the scaled output of the integrator reaches 

the preset count the beam is either shut off or moved to another position in the target. In addition, 

this electronics must be linear over a large dynamic range to allow measurements at different dose 

rates, ~ccurate to a few percent over the required dynamic range, insensitive to noise, and fast 

enough to accommodate the unexpected variability of the accelerator output, especially at high 

instantaneous beam currents. 

Typical radiation doses used for heavy charged-particle radiotherapy range from 1 mGy used in 

exposing diagnostic x-ray films to heavy charged-particle beams for the purpose ofpatient alignment 
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to ...; 10 Gy used for treating ocular melanomas. As an illustration, an ionization chamber using 

nitrogen gas at atmospheric pressure and room temperature with a 1.0 cm3 volume exposed to such a 

radiation source produces between 35 pC to 0.35 J..LC. Accounting for the variation in volumes that 

are used in an ionization chamber requires the current integrator to be able to measure as little as 10 

pC and as large as 3.5 J..LC. The rate at which this dose can be delivered can vary from 10-3 to 1 

Gy/sec and even higher instantaneous dose rates, leading to saturation of the electronics. As 

saturation leads to an inaccurate count of the charge produced in the detector and results in an 

incorrect dose measurement, some means of detecting a saturation condition is necessary. 

III.B.2. Recycling integrators 

A form of charge integrator that is particularly well suited to clinical applications is one which 

issues a pulse for every fixed increment of input charge. A standard circuit for this purpose is the 

charge balancing current integrator or recycling integrator,42
4-426 whose charge to pulse conversion 

is sensitive enough that any residual charge smaller than one pulse can be ignored. When used with 

digital electronics these circuits have following major advantages over conventional integrators: a 

large dynamic range, exceptional linearity, and excellent noise immunity. A simple integrator 

designed for use at the highest current levels suffers at low current levels where the small output 

signal is difficult to discriminate from noise and· is difficult to digitize ~ith sufficient resolution. 

Another alternative is an integrator with variable ranges. Such a system is not suited for dose 

monitoring since the proper range must be selected before the measurement is made, and in clinical 

situations the selection must be always correct. 

A recycling integrator, as shown in Fig. 59, works in the following manner. A specified input 

charge, called a unit charge, accumulated on an input capacitor triggers a one-shot circuit. This in 

turn produces an outp~t pulse and either switches on a current source for a fixed time or charges a 

second capacitor to a fixed voltage. The combination of precise time and current or discharge of the 

second capacitor subsequently decreases the input capacitor charge by a unit charge. The unit charge 

is small, typically between 1 and 10 pC. Discharge of theinput capacitor in this manner is 

independent of its accumulating further charge from the input, preventing any loss of charge during 

the measuring process. Temperature variation in the discharge circuit must be compensated to 

maintain an accurate charge to pulse conversion. 

If, in the time required to discharge the input capacitor, the incoming charge exceeds a unit 

charge the recycling integrator is in saturation. The recycling integrator will maintain its maximum 

output frequency and continue to store charge with some penalty in the linearity of the charge to 

pulse conversion. At some input current the input will no longer appear as a virtual ground and the 

charge measured will be incorrect Current inputs that will saturate the recycling integrator must be 
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detected so that corrective action can be taken. A simple frequency counter can signal the onset of 

such a condition once it is determined at what outputfrequency this occurs. 

Due to unknown capacitance and charge sources that may occur between detector and recycling 

integrator,~a small bias must be applied to each recycling integrator channel to compensa~ for the 

resulting unknown input leakage current. This unknown bias can cause a charge loss from the 

ionization chamber to the recycling integrator and lead to a dose measurement error. This small 

intentional bias can also be used to insure that a circuit is working since the small output frequency 

can be read by the control system for consistency. A background adjustment is made to compensate 

for this background current source. Calibration of the recycling integrators can. be done in a 

straightforward way by means of a current source and a frequency counter. 

TII.C. Other Radiation Detectors 

Many other kinds of detectors can be used for measuring radiation. Several of the more common 

types will be discussed here in terms of their medical applications. 

( 1 1 5) 



III.C.l. Secondary emission monitors 

Saturation in ionization chambers can be a major problem in their use as dose-detecting devices. 

Secondary emission monitors (SEM) can serve as alternative detectors to ionization chambers.427 

Though they can not be used as primary dosimeters, they can be used as beam monitors when 

calibrated against an ionization chamber for the particular type of radiati~n to be measured.268 

Saturation in these detectors has not been seen in electron beam current densities of up to tens of 

mNcm2,428 making their use ideal in situations where there is a concern about i~nization chamber 

saturation. The output of these devices is expected to be linear until space charge effects become . 

important which has been estimated to be above -109 Gy/sec. Another advantage of a SEM detector 

is its fast response time, which is determined by the travel time of the electrons rather than the 

slower migration time of ions in an ionization chamber. Responses in the nanosecond time scale are 

possible. Their major disadvantage is the low yield of secondary electrons per primary particle 

compared with ionization chambers. This limits their use for low beam particle fluxes. 

An SEM consists of a set ofparallel foils (as few as 2 to as many as 24) in a vacuum: enclosure. 

The foils alternate between collection foils and bias foils. The more foils that are used, the greater is 

the signal. The number of secondary electrons depends on the energy deposited in the layer, called 

the escape zone. The work function of the material and the condition of the surface determine the 

thickness of this escape zone. The electron production scales linearly with foil thickness up to the 

point where electrons do not escape the foil. The efficiency of SEMs can vary from I0-2 to 1 where 

the efficiency is defined to be the secondary current divided by the primary current 

Aluminum foils of 6-J.liil thickness are commonly used to minimize the material in the beam and 

still retain enough strength and durability for easy handling and extended operation. The foils are 

typically separated by 3 mm and are made large enough to encompass the entire beam. Good 

vacuum in the chamber is important for keeping the foil surfaces free of absorbed material which can 

affect the electron emission. Pressure below 1 mP reduces the ionization of the residual gas to an 

acceptable level; however, the better the vacuum the more consistent the performance. A vacuum of 

1 J.LP is used for radiotherapy purposes.and beam line monitoring. A bias voltage of approximately 

-50 V is applied to the bias foil to insure nearly complete collection of the electrons which have 

energies less than 25 e V. Bias voltages above this value begin to collect the higher energy 

component of the electron spectrum coming from delta electrons, whose production is more 

dependent on the primary particle species and energies used. 

Accuracy of an SEM detector can be better than 1.0% and the long term stability of its output is 

excellent, making it ideal for radiotherapy use. An absolute calibration of the SEM can be done 

against a calibrated ionization chamber. A fluence calibration can also be made by using the foil 

activation technique, a calorimeter, or a Faraday cup, as discussed below. 
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Ill.C.2. Wire chambers 

In radiotherapy with heavy charged particles, wire chambers are primarily used for beam 

monitoring during beam line tuning. The beam characteristics of interest are: locating the centroid of 

the beam spot within 1 mni, and monitoring the beam shape, which is generally Gaussian-like with a 

varying between 1 em and 15 em. The ~act that good spatial resolution is obtained with a small 

number of signals and variable sensitivity make these devices extremely practical for this purpose. 

The principles of construction and operations of wire chambers have been discussed widely,429 and 

here only the pertinent information related to their clinical applications is presented. 

In the simplest form, a wire chamber consists of two planes of evenly spaced parallel wires 

separated, by a given distance, and the intervening volume filled with gas. One wire pl~e is used as 

the signal plane, and the other as the high voltage plane. The high voltage plane can also be a solid 

foil conductor instead of parallel wires. While the common application of wire chambers in particle 

physics is·to count traversing particles on a particle-by-particle basis, in medical applications wire 

chambers are more often used as integrating devices that integrate spatially along a wire as well as 

temporally during an irradiation procedure. Beam intensities from 0.1 pA to 0.1 rnA are used for -

experiments ranging from microdosimetry to radioactive beam imaging. 

Wire chambers are typically operated in a proportional mode where a multiplication of the initial ·· · 

ionization occurs, but can be operated in-an ionization mode where the gain is unity. In the former 

mode multiplication of the initial ionization occurs when the ionized electrons, accelerated by the 

strong potential gradient around a wire, cause further ionization. The gain is dependent on the gas J . 

used, its pressure, and the wire spacing, and is~ exponential function of the high voltage. By 

decreasing the wire spacing, increased spatial resolution can be achieved at the price of decreased 

gain due to the decrease in potential gradient around the wires.429
• 
430 Wire spacing as coarse as 6 

mm and as fine as 0.2 mm are practical. Gold coated beryllium/copper wires of 50 Jlm diameter are 

a good ch~ice because of their longevity and mechanical stability in the beam. Common gases used 

in su~h devices are air, argon, or gas mixtures such as 10% argon and 90% C02. Atmospheric 

pressure is a convenient gas pressure; however, lower as well as higher pressures have .been used. 

For example, at NIRS, to avoid the recombination effect due to the high instantaneous rate of 2 X 

106 Gy/min of the pulsed beam, wire chambers have been operated at 0.2 Torr.267 With the ·use of 

very thin entrance and exit windows, a water equivalent thickness for the chamber of a fraction of 1 

mm can be achieved. With thicker windows the wire chambers have operated at atmospheric 

pressure in· a beam pipe under vacuum. 

Ill.C.2.a. On-line monitoring of beam profile and centroid position 

Two planes of orthogonal .sense wires can show the horizontal and vertical projections of the 

beam proflle. The centroid and the width of the beam can be computed in each plane for beam-
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stability information. A comparison between the beam proflle and a desired proflle, as shown in· 

Fig. 60, is a useful guide to the operator for tuning the beam delivery system. Monitoring beam 

proflles is important for efficiently transporting the beam and obtaining the correct dose distributions 

with the beam delivery system. Typically a wire chamber is positioned upstream of the beam 

delivery system and a second wire chamber is located downstream of the delivery system, near the 

patient. The active area of the second chamber is typically large to accommodate the large radiation 

fields. 
I 

III.C.2.b. Dose-prqfile monitoring 

At NIRS, a multi wire ionization chamber (MWIC) was developed to monitor the beam proflle of 

the dose delivered by spot-scanning methods. The chamber is operated in an ionization mode. The 

chamber has one hundred 0.18-rnrn diameter, tin-plated copper collector wires, 12 mm long and 

spaced 1 mm apart. Two high-voltage planes are placed on either side of the collector-wire plane at a 

distance of 2.5 mm. Each wire is surrounded by a sensitive volume of 1 mm by 12 mm by 5 mm. 

The chamber has 1.5-rnm thick Lucite windows. 383 A similar multi wire ionization proflle monitor 

has been used at PARMS267 and LLU.143 
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III.C.2.c. MEDUSA (Medical Dose Uniformity Sampler) 

Fig . 61. This rnultiplane, 

rnultiwire chamber, called 

MEDUSA, is used to re­

construct dose distribu-

tions in two dimensions 

with 2 rnrn spatial resolu-

tion. (CBB 783-3335) 

A multi-wire, multi-plane wire chamber, called MEDUSA, was developed at LBL to reconstruct 

the two-dimensional dose profile of a beam.431
-4

33 The device is illustrated in Fig. 61. It has 16 

wire planes, each of which has 64 wires separated by 4 mm. Each plane samples the beam profile 

projected into the particular wire direction, which is offset by 11.25 degrees (180 degrees divided 

into 16 equal angles) from adjacent planes. Based on the 16 projected profile data sets, MEDUSA 

reconstructs the 2-dimensional dose profile within a circular area of 256-mm diameter. The 

reconstruction of the two dimensional image relies on the "filtered back projection" algoritlun.434 

To increase the spatial resolution of MEDUSA without constructing more data channels, another 

wire chamber has been constructed and the MEDUSA electronics reconfigured. In this 

configuration, there are three sense wire planes, each containing 300 wires with a wire spacing of 1 

mm. The three planes have been mounted in separate chambers on a circular bearing, centered on the 
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beam axis. Relative angular displacements of the three chambers can be varied; for example, the 

three chambers can be placed at 60 degrees from each other. A simultaneous exposure of these 

chambers in an ionization mode gives information on the circular symmetry of the beam. 

For a more detailed representation, the triple chamber can be rotated to predetermined angular 

positions between sequential exposures to obtain a larger number of projections of the beam profile 

in various directions. For example, the three chambers can be mounted with their wire directions at 

0, 60, and 120 degrees, and the entire triple chamber system rotated by an angular increment of 5 

degrees between exposures. Twelve sequential exposures provide 36 projections of the beam profile 

sampled every 5 degrees covering the entire 180-degree space. The 12 sequential sets of data are 

then normalized and used for reconstruction of the dose distribution of the beam. If a single beam 

pulse is used for each angular position, then one would obtain a cross-sectional image of the 

radiation field with good resolution after 12 pulses. . 

Ill.C.2.d. Wire chambers for measurement of LET distributions 

Characterizing the heavy charged-particle beam profiles used for therapy, the distribution of LET 

is important in the understanding of the clinical efficacy of the beam. Detectors su~h as the 

BERKLET, time-of-flight spectrometers, or microdosimetry detectors, have been designed to 

measure the LET distribution at a given point in the radiation field. To obtain a 2-dimensional LET 

profile, such devices have to be moved to various points in the radiation field and independent 

measurements must made. Because of their counting rate limitations, characterization of the LET 

profile of the radiation field by such devices is prohibitively time consuming. 

A high resolution wire chamber has been constructed at LBL to measure such 2-dimensional LET 

distribution. Two wire chambers, each equipped with 100 wires, spaced 1 mm apart, are placed 

with their wire orientations orthogonal to each other. Adjustable thresholds for the signal from each 

wire allow the selection of a minimum LET. A particle with a LET value above this threshold is 

detected and its x and y coordinates determined. Even though this device counts single particles, by 

counting for a period of time a two-dimensional profile of particles above the threshold is measured. 

By repeating the measurements with differentthresholds, a two-dimensional differential-LET :qtap of 

the radiation field can be made.435 

Ill.D. Other Types of Dosimeters 

,., 

Several types of devices other than ionization chambers, SEMs, and wire chambers have been ~ 

successfully used to measure the dose deposited by heavy charged-particle beams. Each has its 

special application. Several of these detectors have also been integrated into systems for measuring 
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the composition ofthe beam under various conditions. The resulting characterizations have been 

used both for clinical purposes and to compute cell response predictions based on biological models. 

III.D.l. Diodes 

The usefulness of diodes as dose detectors derives from their small size.436 Measuring dose 

distributions with fme spatial resolution is difficult with ionization chambers, but simple with diodes 

which intrinsically have small active areas. As a solid, they absorb a lot more dose in a small 

volume. A calibration of the diode must be done before use since they suffer radiation damage over 

extended exposure. They are however excellent forrelative measurements over short time periods. 

Arrays of diodes have successfully been used for measuring profiles of radiation fieldsoand Bragg 

ionization curves.437 

III.D.2. Film 

Film has been used since the discovery of x rays (actually the x ray was discovered by observing 

the blackening of film) and is still the most economical method for measuring spatial dose 

( 1 21) 



distributions with fme spatial resolution. Clinical dosimetrY of complex dose distribution associated 

with charged-particle .radiotherapy requires a rapid and convenient technique with good spatial 

resolution. The spatial resolution achievable with film is better than that of any other method. It is 

limited by the resolution of the digitizing procedure which, in tum, is limited by the time required for 

digitization and data reduction. The darkening of the film, i.e., optical density, after exposure to a 

heavy charged-particle beam depends more on the particle fluence than the dose deposited. In other 

words, it depends on the LET of the particles.438 For this reason film is primarily a relative dose 

detector and is used for measuring lateral dose distributions rather than depth-dose distributions. 

Fig. 62 shows the ~esponse of Kodak· XV film in terms of optical density verses dose for two 

different ions. The measurements were made at the plateau, proximal peak and distal peak of a He 

ion beam of an energy of 215 MeV, and the plateau of a Ne ion beam of an energy of 585 MeV. 

The use of cellulose triacetate (CTA) film dosimeters have been also investigated with proton 

beams. The optical density change per unit absorbed dose is measured. The CT A dosimeter was 

found to be useful to obtain dose distributions with high spatial resolution in samples exposed to 

proton beams.439 

III.D.3. Thermoluminescent dosimeters 

Thermoluminescent dosimeters (TLDs) are inorganic materials, such as LiF or CaF2, that do not 

scintillate promptly, but rather trap electron-hole pairs' created from the exposure to ionizing 

radiation. Upon heating the exposed material, the trapped electrons can escape, leading to light 

emission which can be detected. The light output is a function of temperature, often called a glow 

curve; the total light output is then related to radiation exposure. The light output is a function of the 

LET and the particle species composition of· the heavy charged-particle beams.440 

Thermoluminescent LiF dosimetry has been used to characterize the therapeutic heavy charged­

particle beams.438• 441· 442 These methods are not amenable to real-time analysis, but are useful for 

treatment verification purposes. 

III.D.4. Chemical dosimeters . 
In chemical dosimetry, radiation dose is detennined by measuring the chemical change J>roduced 

in an irradiated medium.443 The most well-known chemical dosimeter is the Fricke d~simeter, 
which is an aerated solution of ferrous sulfate in diluted sulfuric-acid medium. Measuring the ferric­

ion yield from the oxidation ofFe+2 to Fe+3 by the interaction of the ionization and the ferrous ion is 

a measure of the deposited energy. The measurement of optical density of the irradiated solution at a 

specific wave length can be interpreted in terms of the ferric-ion density, which is in tum related to 

dose.444
• 
445 An early example of measuring high-LET radiation by the chemical dosimeter was the 

measurements of the G value, the ratio of the number of Fe+3 over the energy deposited, of the 
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stopping nitrogen nuclei with the ferrous sulfate system at the Princeton Particle Accelerator by 

Schimmerling et al. 60 

III.D.S. Nuclear activation 

Another method for determining the number of particles in an irradiation involves measuring the 

induced radioactivity bY' the beam in a thin foil. Foil activation utilizes the beam undergoing a 

nuclear reaction of known cross section in a foil ofknown·thickness. The radioactive yield can then 

be measured by means of its decay over time and an calculation of the initial beam intensity can be 

made.268 For example, the reaction l~+p~llC+p+n has been used to determine absolute;fluence 

and absorbed dose of heavy charged-particle beam for therapy.64 Again this method is used more 

for verification than on-line analysis._ 

As a variation of the above method, in vivo dosimetry for assessing the integral dose of a proton 

irradiation have been studied by detecting the decay products of ttc, 13N and 15Q from tissue 

activation.446 

III.D.6. Calorimeter 

Calorimeters have been established as the absolute method for the calibration of dose.69
• 
447449 

The rise in temperature of a material from the energy deposited in it by the beam is used for dose 

measurement. For water a temperature increase of 2. 4 x 10-4 K occurs per Grey ·of deposited dose, 

making accurate measurements difficult Calorimeters are not practical means of measuring dose for 

on-line clinical dosimetry, but rather serve as calibration standards.422 

III.D.7. Faraday Cup 

These devices can be used to measure the number of particles by measuring the charges collected 

on an electrically isolated and evacuated container which stops the beam. Typical Faraday cup 

designs, which are discussed in literature,403• 
450 maximize their collection efficiency by 

considering the thickness of the cup, the guard-ring bias voltage, the uniformity of the bias field, the · 

vacuum, and the effects of nuclear interactions.403
• 

451 When monoenergetic heavy charged 

particles impinge upon the Faraday cup, the dose is calculated from the measured number of 

particles per unit area and the mass stopping power of the particle at the given energy in tissue.253 

III.E. Specialized Detectors and Detector Systems 

Several types of detector systems have been developed to measure the characteristics of heavy· 

charged particle beams. Energy loss detectors such as silicon detectors or gas proportional counters 

have been used to measure the LET of the beam particles. Other detector types such as solid state Ge 

detectors or time-of-flight detectors have been used to measure the total energy of the particle. 
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Several of these detectors also have been integrated into systems for measuring the properties of the 

radiation under various conditions. The resulting characterizations have been used for clinical 

purposes and for biological modeling of the response of cells to radiation. 

III.E.l. Semiconductor detectors 

Semiconductor detectors such as Si surface barrier detector$ or thin Ge de~tors are ex~llent for 

measuring the energy loss of a particle since they have high sensitivity ,452
• 
453 and their response is 

independent of the particle type and proportional to the energy deposited, A much smaller amount of 

energy,is required to produce an electron-hole pair compared to approximately 30 eV needed .. in a gas 

ionization chamber to produce an ion pair.405 However, they do suffer from a pulse height defect 

associated with large energy depositions leading to recombination of electron-hole pairs. 229 A Ge 

crystal of sufficient thiclaiess to stop an incoming particle can serve as a total energy detector. Ge 

detectors have excellent particle energy resolution, typically dElE - 0.1 %, but radiation damage can 

lead to a degradation in their energy resolution. These detectors are used primarily for single particle 

detection and are not suitable for measurements at normal clinical beam intensities. 

III.E.2. Scintillators 

Scintillators have been used extensively in high-energy and nuclear physics experiments for 

single particle detection.454456 In medical accelerators they have been used primarily for beam 

control because of their fast response time and large dynamic range of operation when used in 

conjunction with phototubes. When used to measure large beam currents, radiation damage to the 

solid scintillator can limit their ll.fetime and effect their response. A Xe gas scintillator has been used 

to control the· beam at LLUMC.457 Because light production in the scintillator is not simply 

proportional to the energy loss of the particle due to quenching,458 their use as a dose detector 

requires special calibration.459 Recently they have been used in conjunction with charged coupled 

devices (CCD cameras) to measure the lateral uniformity of a radiation field and to measure the 

scintillation light as a function of depth for range verification.460 

III.E.3. Solid-state nuclear track detectors 

The passage of heavy charged particles through most insulators lead to the formation of narrow 

regions of radiation damages, called latent tracks.461 In crystals, such a track may be detected by 

viewing with an electron microscope; and in polymers by means of special coloring of the track.462 

A' more practical method is to etch the latent tracks selectively; and view the etched tracks with an 

optical microscope.463 The use of solid-state nuclear track detectors in experimental nuclear physics · 

has been reviewed recently by Tret'yakova.464 Lists of commercial sources of most commonly used 
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Fig. 63. The detector system, known as the BE~LET, is used to measure char­

acteristics of radiation fields produced by heavy, charged-particle beams. 

(CBB 875-4111) 

material for solid-state nuclear track detectors are found in a publication by Fleischer, Price and 

Walker.465 

When a plastic sheet, exposed to heavy charged-particle beams, is etched, the radiation damage 

to the plastic sheet is made visible. The beam characteristics can be determined by examining 

individual etched tracks. This can be done under a microscope, by scanning optically and digitizing 

individual tracks or by measuring the area-density of scattered lights, or even by measuring the gas 

permeability through the etched plastics. Plastics such as CR39 have been extensively used to 

measure the LET distribution of heavy charged-particle beams.466
• 

467 Measurements of an 

individual track left by traversing or stopping heavy charged particle in plastic detectors render 

information about their dE/dx, A, Z, and sometimes velocity.468
-
472 Using a stack of plastics, 

heavy-ion beams can be characterized in terms of LET and particle fluence distribution as a function 

of depth of penetration. Their use requires low fluences to allow resolution of individual particle 
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Fig . 64 . A plot of residual energy of versus LET (or dE/dx) obtained with 

the BERKLET. The brightest spot is the primary beam particles . The bands 

are particles of a given charge that are produced in fragmentation reactions 

of the primary beam particles with the target nuclei. (CBB 875-4105) 

rracks. While real-time measurements are not possible with these detectors, beam characterizations 

similar to those performed with solid state detector systems are possible. 

III.E.4. Detector Systems 

Because the biological damages due to high-LET radiation can not completely be described by the 

two parameters, namely dose and average LET, it has been recognized that there is a need to 

measure the actual composition of the beam in terms of the particles contained in it and their relative 

contributions to the biological damages. Studies of nuclear fragmentation and multiple scattering of 

heavy charged particle in various materials such as water, plastic, aluminum, brass, and lead have 

also been of clinical interest. These type of measurements however require more sophisticated 

detection systems which are described in the following Sections. 
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Fig. 65. A plot.of LET versus residual energy as measured by the BERKLET 

and CR39 plastic. The four graphs represent different locations in the 

Bragg curve as indicated by the residual range. Good agreement is observed 

between the two types of detectors and calculations. (XBL 8311-4137) 

III.E.S. BERKLET 

A particle detector system known as the BERKLET, shown in Fig. 63, has been developed at 

LBL in order to identify the particle charge, but not mass, along with its residual energy and LET as 

shown in Fig. 64.229
• 

247
• 

473
• 

474 Knowledge of the fluence of each particle species, or nuclear 

charge, as a function of LET can then be used as input for biological models to calculate the effects 
I 

of the beam. This becomes especially important when the primary beam has traversed enough 

material to cause significant fragmentation of the primary beam, as previously indicated in Fig. 28. 
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The system consists of a 300-J..I.IIl thick Si detector and a 5.5-cm thick Ge detector. The two 

detectors, operated in coincidence, measure the dE/dx and the total energy of the particle, 

, respectively. The.total energy that can be measured in the Ge detector corresponds to a particle with 

an 18.7-cm penetration in water. Particles with very low velocities or ranges in water less than 600 

Jlm stop in the Si detector, and consequently cannot be identified. Because the system detects 

individual particles, its usefulness is limited to particle intensities much smaller than clinically used 

intensities. This prohibits its use under actual treatment conditions; however, conditions identical to 

treatment conditions at a reduced beam intensity can be measured. Furthermore damage to the 

detectors can occur with sufficient radiation exposure.475 

The data from these measurements have been used with cell survival models to assist establishing 

the RBE of light ion beams in various clinical setups. 232 For example, studies of the LET of the tail 

region of spread Bragg ionization curves have been made to assess their biological significance. Fig. 

65 shows LET spectra at several depths in water around the distal edge of a spread-out Bragg peak, 

measured in a 20Ne beam of an energy per nucleon of 670 MeV, degraded by a 0.8-~m thick lead 

foil upstream, and approximately 32-cm water absorber. 

III.E.6. Time-of-flight detectors 

Time-of-flight systems using solid state detectors for velocity and for energy loss measurements 

have also been developed to analyze the particle composition of the beam in terms of mass, charge, 

energy lo~s, and velocity of the particle. These data have been analyzed to study the beam 

composition in similar fashion to the BERKLET data. The time-of-flight measurements give more. 

detailed results since a direct velocity,measurement is made along with energy and energy loss. A 

spectrometer for relativistic heavy ions has been developed and used to characterize the heavy ion 

beams at the Be~alac. 476479 This device combines gas ionization chambers, solid state silicon 

detectors, Nal scintillation detectors, and a channel plate tim~-of-flight system.480 The energy loss 

and total energy of a particle with mass, A, and charge, Z, were measured as a function of depth of 

penetration in water. The spectrometer was also used to measure the quantity W, the average energy 

to produce an ion pair in the medium. 

III.E.7. Multiple scattering measurements 

Another experiment util~zing position sensitive Si detectors at LBL measured multiple Coulomb 

scattering and compared the data against several scattering formulas. The results corroborated the 

accuracy of the formulas for Uranium ions with energy per nucleon of 650 MeV, thus validating 

their use for particles heavier than protons.481 Multiple scattering measurements have also been 

done at HCL for protons on various targets with good agreement with theory.320 
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III.E.8. Microdosimetry 

Microdosimetry meaSurements utilize gas proportional counters to .study energy losses on the 

microscopic scale of a cell. Dose, being defined as a macroscopic quantity, does not account for the 

fluctuations, inhomogeneities and stochastic nature of the effect of radiation. on matter,482 .even 

though these effects are important in understanding radiation biology of cells and smaller structures. 

To understand the effects of the inherently statistical nature of the energy deposition in a cell, a 

detector comparable in size to a ~ll is required.483489 Gas proportional counters are used with sizes 

and at gas pressures that replicate the energy deposition in a cell and which have enough gain for 

reasonable signal processing.490494 

IIV. Control System and Safety 

The treatment of humans with radiation requires an accurate, reliable, and safe method for 

controlling the heavy charged-particle beam. The accurate delivery of the prescribed dose is essential 

for achieving the desired cure and preventing an overdose of radiation; The fact that humans are 

purposefully being exposed to radiation with a potential to harm, as well as help, makes the design 

and construction of coritrol systems of critical importance, especially in the case of dyn~ic beam 

delivery systems. 

IV .A. Control System 

The beam produced by the accelerator and channeled through the beam line into the treatment 

room consists of monoenergetic particles-focused in a narrow beam spot. Beam modifying devices 

as previously discussed (Sec. II) are needed for the generation of useful treatment fields. These 

devices combined with beam monitors and dosimeters (Sec. ill) comprise what is called the beam 

delivery system. Conceptually and practically the beam delivery system is best separated from the 

accelerator by having two independent but communicating control systems. 

The beam delivery control system requests beam with a specified energy, intensity, spot size and 

. position from the accelerator, controls beam modifying devices, reads the beam monitors and 

dosimeters, and terminates the irradiation when required during the course of a treatment.495 It may 

' also control the positioning of the patient during the treatment. The system must operate at all times 

with a response time sufficient to provide monitoring systems and human operators information on 

the status of the radiation.496 At the heart of the beam delivery control system is the beam 

monitoring or dosimetry system which ensures precise treatment delivery and patient safety. 

IV.A.l. Dosimetry control system 

The beam delivery system as shown in Fig. 66 is controlled by a central computer which receives 

the required input data from medical personnel or directly from a treatment planning computer. The 
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Fig. 66. A schematic of a control system for heavy charged-particle 

radiotherapy is shown. 

physical devices and detectors are interfaced to the computer. Before beginning a treatment all beam­

line devices are set to their initial values and checked by independently reading their status. During 

the treatment the beam modifying devices are set to new values whenever required and the 

dosimeters are· read at fixed time intervals, which in the case of synchrotrons is after each beam 

pulse. Information on the status of the treatment is displayed for operator monitoring. On-line 

monitoring of critical parameters is done by the computer or by dedicated hardware where timing is 

critical. After the treatment has been fmished a treatment summary is produced and archived. 
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IV .A.2. Dosimeters 

Dosimeters for clinical use have three main functions: 1) the measurement of the dose delivered 

to the patient in real time, 2) the measurement of the spatial distribution of the radiation and 3) the 
' . 

monitoring of the radiation for control of the beam-delivery system. The first one allows termination 

. of the treatment when appropriate. The ~ond one insures the beam delivery system is modifying 

the beam properly. Heavy charged-particle beams from the accelerator undergo range changes, 

spatial deflections, and nuclear interactions before reaching the patient The third one is required for 

dynamic beam-delivery systems for which it measures the distributions of the dose already delivered 

to determine the subsequent course of the irradiation. 

In principle, if the beam is properly tuned and the beam delivery is functioning correctly, one 

calibrated detector is sufficient for measuring the delivered dose. In practice, however, depending 

on the complexity of the beam delivery system, several detectors, with possibly many elements, are 

needed for achieving the required level of accuracy and safety. The sensitivity of beam spreading 

systems to. beam position, entrance angle, divergence, and intensity fluctuation makes beam 

monitoring extremely important. For redundancy a minimum of two dosimeters are required which 

can terminate the treatment independently of one another. Three dosimeters improve the overall 

reliability and safety of the control system. Three detectors also make determining which one is 

malfunctioning easier. The dosimetry systems used at LBL are based on transmission ionization 

chambers since they are the most basic ·and practical dose monitors (See Sec. ill.A.2.a). Due to 

recombination effects in the· gas of these chambers, there can be a saturation effect for high beam 

intensities. In order to guard against such saturation a SEM (Sec. m.C.l) is usually used as a third 

device to monitor the beam. 

IV.A.3. Beam-line setup 

Since a direct measurement of dose in the patient can not be easily done, the dosimeters must be 

calibrated against a reference ionization detector, typically a thimble ionization chamber, placed inside 

a phantom target volume in conditions similar to an actual treatment. For an actual treatment the 

detector' response for a prescribed dose can be deduced from this calibration. · Placing a monitoring 

detector as near the patient as possible, downstream of all beam modifying devices, helps to insure 

that the reading is closely related to the delivered dose. 

A second ionization chamber is often located upstream of the beam-delivery system (Fig. 7) 

providing a normalization measurement of the unmodified beam. By monitoring the ratio of 

upstream and downstream detectors a malfunction of beam spreading and beam modulating devices 

located between them can be detected. When fields larger than a few centimeters in diameter are 

used, it is necessary to pay close attention to the field uniformity in passive as well as dynamic beam-

spreading systems. A highly-segmented ionization chamber located as close as possible to the 
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patient collimator is best suited to provide the desired on-line information. The number of elements 

can range from several to a few thousand and their geometric arrangement can be tailored to the beam 

spreading system. 

IV .B. Safety Systems 

The way the beam and the dose delivery are monitored are largely dictated by safety •· 

considerations._ Special care has to be· taken in order to ensure safe operation of the beam modifying 

4evices. To safeguard the patient. the system design must adhere to ·the following principles: 

• For all devices, monitoring and control functions are performed independently. 

• The hardware which can terminate the irradiation is independent of the control system. 

• The beam parameters such as position, size, intensity, etc., are continuously monitored , 
independently of the accelerator control system. 

• The functioning of the beam spreading device is monitored by measuring on-line the dose 

distribution of the radiation field. 

• At fixed intervals detector readings are compared with standard values to verify the correct 

function of the 'beam modulation and beam spreading devices. 

• Absolute dose measurements are continuously monitored and displayed for operator 

surveillance. 

• Any detected inconsistency or "out-of-tolerance" value initiates a termination of the irradiation. 

It is preferable to provide a simulation capability in the control system. A method for assuring 

the systems reliability an4 safety without the use of radiation should be provided. The detectors, 

their electronics, the dosimetry system and the entire treatment control system may be tested by 

means of this simulation capability. Pretreatment testing of new software and hardware saves time 

and increases the user confidence in the treatment system performance. 

V. IMAGING 

Heavy charged-particle imaging, such as heavy charged-particle computed tomography (CT), is 

of interest because it provides information of patient anatomy different from the information provided 

by x-ray computed tomography (xCT) or magnetic resonance imaging (MRI) techniques.497 In 

particular, it provides information on the stopping power in the patient body. This information is 

needed in precision radiotherapy to align the depth of the Bragg peak accurately with the target 

volume. Three topics are discussed: (A) detection of the stopping region of energetic radioactive 

beams brought to rest inside the patient body; (B) detection of induced radioactivities at the end of the 

range of therapy beams; and (C) obtaining 2- and 3-dimensional distributions of stopping power 

inside the patient body through heavy charged-particle CT. 
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V.A. Accelerated Radioactive Beams 

Two clinical applications of energetic radioactive nuclei beams have been explored at LBL.498-
\ 

500 The f~st use, as discussed below, is to determine the integrated stopping power of the patient 

body by measuring the range of the stopping radioactive beam. The second application is to measure 

the blood flow by depositing radioactive particles in a small blood volume at a specific location and 

measure the diffusion of the isotopes as a function of time by monitoring its decay.5?1 This 

application is not discussed further in this article. 

V.A.l. Radioactive beam ranging 

One of the limiting factors in the attainable accuracy of placing the Bragg peak at a planned 

position in the target volume is the uncertainty in the knowledge of the stopping power of traversed 

heterogeneous medium, which may include iqegularly shaped soft tissues, bone, lurig tissues, or 

liquid and air passages. A therapy plan may be inaccurate if it is based on xCT data, which is a 

representation of various tissues in terms of their x-ray mass absorption coefficients. Since the x-ray 

absorption coefficients largely depend on electron densities, while the stopping power of the heavy 

charged particles depend on physical densities and atomic numbers (Z) of traversed media, 

substantial errors may occur if the xCT data are used in therapy planning for heavy charged particles. 

This is especially true when the beam traverses hydrogenous materials which have relatively high 

ratio of electron density over physical density. Although the xCT numbers for various tissues are 

. calibrated for stopping powers before they .are used in therapy planning,241 such plans are found to 

render errors as large as ±5 mm in a 10 em range. 502· 503 Some preliminary work has been done at 

LBL to verify the placement of the stopping region of the beam at the distal edge of the target volume 

in phantoms504 and in real patients.505 By substituting a radioactive beam to deliver a dose 

according to a therapy plan, and imaging the actual treatment volume, the conformation of the 

delivered dose with the target volume can be verified.473 While a great deal more work is required_to 

bring these uses to complete fruition in the clinic they have already been established as an important 

future application of heavy charged-particle beams, 

V.A.l.a. Production and collection of accelerated radioactive beams 

The basic mechanism for producing radioa~tive beams is nuclear fragmentation. When a beam of 

stable nuclei is aimed at a target, some of the projectile nuclei collide with the riuclei of the target 

material in what are known as peripheral collisions. In such peripheral collisions, the two nuclei 

knock off pieces (nucleons) of one another. In the process, new nuclei are created, some of which 

are radioactive and decay via particle emissions into daughter nuclei. . The new radioactive nuclei 

produced from the projectile nuclei are of interest here. Such projectile fragments have momentum 

close to the original projeCtile nuclei and, as a consequence, are kinematically focused into a small, 
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forward-directed cone. At clinically relevant energies, this cone has an angular opening on the order 

of a degree. The angular opening originates from the ratio of the transverse component of the Fermi 

momentum of the nucleons inside the spectator nucleus, -200 Me V/c, over the projectile momentum. 

The secondaries can be separated from the primary beam by magnetic momentum analysis and 

collected, and transported from the production target to the treatment room. 

The production cross-section of the radioactive nuclei and the target thickness determines the 

yield of radioactive nuclei. The momentum spread of the radioactive beam, the divergence of the 

primary and secondary beams, and the momentum difference of the desired nuclei from the primary 

beam and other radioactive nuclei determine the separation and collection efficiency. The momentum 

spread of the secondary beams and its divergence are larger than the primary beam after emerging 

from the thick production target. Production and collection of radioactive beams such as 19Ne 

produced form 20Ne and nc and IOC from 12(: have been investigated at LBL.506• 507 
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One method of producing radioactive beams is to focus a primary beam onto a suitable (usually 

beryllium) target and to transport the mixed primary_ beam and secondary beams to an analyzing 

system for separation of the desired radioactive beam. The analyzing system consists of a analyzing 

(bending) magnet and a pair of slit collimators to define the momenwm of the selected beam and to 

remove the unwanted beam. As an example, in the system for 19Ne production at the Bevalac, a 

secondary to primary yield ratio of 1 to 300 is obtainable. Mter momenwm analysis and separation 

the on-target ~eld is only 1 to 1000. The secondary beam is then passed through a wedge such that 

the higher momentum particles pass through the thicker part of the wedge so that the energy spread 

of the secondary beam is reduced. 508 The radioactive beam emerging from its production target has 

a large momentum spread (Ap/p === 1%) which is reduced to Ap/p === 0.1% through this 

remonochromatization process. Finally the beam is _refocused with electromagnetic quadrupole 

lenses to produce a circular or elliptical beam spot for imaging. A depiction of this production 

method is shown in Fig. 67. 

An alternative production method recently proposed uses a 15-30 MeV proton or deuteron beam 

of high intensity on a suitable target to make radioactive ions. The radioactive ions are then extracted 

and transported to an electron cyclotron resonance.(ECR) ion source. where they are highly ionized· 

and 'injected into a larger cyclotron for acceleration .. This method potentially can provide more 

species of radioac_tive beams at much higher intensities. 509
• 
510 

V.A.l.b. Imaging of the radioactive beams by PEBA 

The use of radioactive beams that decay via positron emission relies on the detection of the two 

~early back-to-hack gamma rays, each with an energy of -511 keV, emitted after annihilation of the 

positron, i.e., e+ + e- = 2y. The positron emission for all practical purposes occurs after the 

radioactive nuclei come to rest in a stopping medium. The small range straggling and energy spread 

of the incident radioactive beam, the small recoil of the emitting nucleus, the low kinetic energy of 

the· positron (hence a short travel distance, -0.5 mm, between emission and annihilation of the 

positron), and the nearly 180-degree emission of the annihilation gamma rays allow placement of the 

·line joining the two photons to the stopping point of the radioactive nucleus to within a few 

millimeters. Determination of the stopping point on the line is done in two ways. The first way is 

based on the time difference in the arrival of the two photons at the detectors.511 This method is . . ~. 

limited by the rise times of the detectors and the electronics, and the time resolution of these signals .. 

The second method relies on the knowledge of the trajectory of the incident radioactive nuclei. If the 

trajectory is known, the stopping point can be determined within a few millimeters. The accuracy is 

limited by the m~ltiple scattering of the incident particle in the medium before coming to a rest 

19Ne beams with a half-life of approximately 18 seconds have been used clinically at the Bevalac 

to measure the stopping region of the beam in patients. A detector, called PEBA, that is similar to 
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{positron-emitting) nucleus by measuring the annihilation photons of the 

positron emitted by the decay of the nucleus._ The transverse dimension 

of the stopping region of the Ne19 nuclei and _distance between the stop­

ping nucleus and the point of annihilation are greatly exaggerated in the 

figure. 

PET (positron emission tomography), has been developed for imaging the gamma rays from the 

positron annihilation.512
• 

513 PEBA consists of two arrays of 64 bismuth germinate (BiGe) 

scintilla tors in a 8 x 8 matrix arrangement, which are separated by a distance of -1 meter.· A target 

(patient) is positioned between the two arrays of detectors and the radioactive beam is stopped in the 

target Each pair of gamma rays from the positron annihilation is detected in coincidence and a line 

following the trajectories of the two photons established. The trajectory of the incident radioactive 

beam and this line define the stopping region, as schematically shown in Fig. 68. It has been shown 

that, by accumulating many events, the_ centroid of the stopping region c_an be established with an 

accuracy of -1 mm. 

Because the BiGe scintillators are activated, largely by neutrons, if left near the patient during a 

treatment using full intensity beams, the PEBA must be removed from the irradiation room. 

Placement of the detectors must be done quickly and accurately before each use. To overcome this 

difficulty, replacement of the solid state detectors with more radiation resistant ones is considered, 

and a design based on multiwire proportional chambers has been suggested.514 . 

In clinical use, range verification at a single point requires a tightly focused circular beam, while 

imaging along a line requires an elliptically-shaped beam. Such line imaging can be used to measure 

( 13 6) 



Fig. 69. An image of the stopping region of Nel9 created by a compensator 

to exclude the spinal cord region of a patient from the Bragg peak 

radiation : (XBC 865-4162) 

the range modification created by a compensator or to verify that the range in fact conforms to the 

geometry of the anatomy being spared. See Fig. 69 for an example of a compensator modifying the 

stopping region to exclude the spinal cord region of a patient from the unwanted radiation. Three 

dimensional imaging is a future goal of this development. 

V.B. In Vivo Activation of tso with Protons 

When an energetic proton penetrates a tissue-like medium, it can produce ISQ by displacing a 

neutron from 16Q in the medium.515-518 This phenomenon can also be utilized to localize the 

stopping region of the proton beam used in Bragg peak therapy. There are, however, several factors 

which affect the accuracy of this technique. The cross-section for the reaction 16Q (p, pn) ISQ has a 

broad peak at the proton energy of 50 MeV and a threshold energy of 20 MeV. The 20 MeV 

threshold energy implies that the last 4 mm of the range in soft tissue is not detectable. Next, the 
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Fig. 70. Schematic drawing of the principles of heavy charged-particle 

imaging . (XBL 774-811) 

kinetic energy of the emitted positron is large (1.7 MeV) that it could travel up to 8 rnrn from the 

original excited nucleus before suffering annihilation. However, the mean energy in beta decay is 

about one third the maximum, and the mean positron range is about 2.8 rnrn in tissue. The 

uncertainty in any three mutually orthogonal directions further reduces this uncertainty to about 

2.8mm I ...J3 = 1.6mm. On top of these uncertainties, the error introduced in the detector, largely 

due to the inherent resolution of the detector elements, must be added. The combined error in this 

method is comparable to the errors encountered in the therapy planning based on x-ray CT data, 

which are estimated to be -5 rnrn in 10 ern range. 

V.C. Heavy Charged-Particle Imaging 

The sharpness of stopping regions of monoenergetic particles may be utilized for imaging 

purposes. The residual range of monoenergetic particle beams traversing the patient body will render 
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Fig. 71. Heavy charged-particle images of human leg . The image is a com­

posite image obtained by analyzing images on plastic sheets exposed in a 

stack. Note the delineation of the soft tissues which are invisible in x-

ray images . (XBB 7810-13076) 

the map of integrated stopping power of the body.37• 
519 A narrow pencil beam of charged 

particles may be used to scan the body and the residual ranges of transmitted particles can be 

determined using a scintillator stack. Alternatively, a laterally-broadened beam, e.g, a fan beam, 

may be used and individual particle trajectories and ranges are measured using detectors such as 

multiplane wire chambers.52° CR39 plastic stacks may also be used to determine the track locations 

and their ranges.433 The data so obtained represent a two-dimensional projection of the integrated 

stopping power of the intervening tissues.521 A method of making a heavy charged-particle 

radiograph is schematically shown in Fig. 70. Heavy charged-particle radiographs distinguish small 

differences in the integrated stopping power, and thereby image the soft tissue. Fig. 71 shows a 

radiograph of a human leg taken using a carbon-ion beam.433 The image is a composite image 
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Fig. 72. A cross-section of the canine heart obtained through computed 

tomographic (CT) reconstruction using heavy charged-particle beams. 

(XBB 809-10851) 

obtained by analyzing images on plastic sheets exposed in a stack. Note the delineation of the soft 

tissues which are invisible in x-ray images. 

The technique may be extended to produce aCT (computed tomography) with heavy charged­

particle beams, which represents the patient anatomy in terms of mass stopping power values. By 

rotating the patient, analogous to rotating the x-ray sources around the patient in xCT, and repeating 

the procedure, projections of the body in many different directions are made. Reconstruction 

algorithms applied to this data produces a three-dimensional map of the anatomic slice in terms of its 

stopping power. Such data may be viewed in cross-sectional slices as in xCT. For such a CT 

procedure, particle beams of range sufficient to penetrate the patient body are needed. For many 

parts of the body, such as head and neck, 30 em range will suffice; however, to utilize the method 

for all parts of the body, 40 ern range beams are necessary. 

Heavy charged-particle CT has been studied using proton,522
• 

523 carbon-ion and neon-ion 

beams.433, 497, 521• 524-528 Sheets of plastic (CR39 and others) nuclear track detectors in a stack 

( 1 4 0) 



were used to record the stopping position of a nearly parallel stream of heavy charged particles after 

they traversed a patient. It is possible to reveal only the stopping tracks, and not the plateau tracks, 

through an appropriate etching technique. The thickness of the stack upstream of each of these 

stopping tracks determines the integrated stopping power of the patient body along the track. The· 

reconstructed tomograms were capable of resolving structures as small as 0.7 mm and density 

differences as small as 0.005 g/cm3: Fig. 72 shows an example of the heavy charged-particle cr, a 

cross-sectional image of a canine heart. Multiplane, multi wire ionization chambers and solid state 

detectors were investigated as replacements for the plastic stack to provide an on-line heavy charged 

particle tomography system. Also position-sensitive solid-state detectors have been used, together 

with a total energy absorber, as in BERKLET described above, to reconstruct a heavy charged­

particle CT images. 529• 530 MEDUSA described above may also be used to reconstruct the 

projection images, and by combining several projections, a three-dimensional image of an object in 

terms of the stopping power can be obtained. 53!, 532 
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