NAUKA I TECHNIKA
Wiesław MACISZEWSKI
Waldemar SCHARF

MODERN ACCELERATORS FOR RADIOTHERAPY.
A CRITICAL REVIEW
The paper describes the development of the application of particle accelerators in the treatment of cancer diseases over the past fifty years. Special emphasis is put on the routine application of conventional electron accelerators delivering electron and photon beams. This is
the largest group of devices for radiotherapy (over 7500 machines operating worldwide). The
number of patients reaches 5 million per year. The medical electron linacs have recently
undergone considerable modifications of construction, in particular the systems of radiation
field shaping. Contemporary accelerators for radiotherapy are equipped with dynamic multileaf collimators (MLC) which, in conjunction with IMRT (Intensity Modulation Radiation
Therapy) technique and special system of therapy planning, assure considerably higher precision, effectiveness and quality of treatment. Recent applications of hadronic particles, such
as protons and heavy ions, are mentioned in the paper, too.
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1. Prevalence of radiotherapy accelerators
There are, unfortunately, no current world statistics on particle accelerators. Therefore, we have to
resort to some more or less accurate estimation. The
authors have estimated the total world accelerator
population as for the year 2002 at about 17 400 as
listed in Table 1.
Tab. 1. Total world accelerator population as for 2002

CATEGORY OF
ACCELERATORS
High Energy Acc. (E>1GeV)
Radiotherapy Acc.
Research Acc. Incl.
Biomedical Research
Medical Radioisotope
Production
Accelerators for Industrial
Processing and Research
Ion Implanters, Surface
Modification Centers
Synchrotron Radiation
Sources
TOTAL IN 2002

4

NUMBER
IN USE
~ 120
>7500
1000
~200
>1500
>7000
>100
~17420

In some industrial countries the fraction of radiotherapy accelerators in the total number of particle accelerators has considerably exceeded world average
(~43%, Table 1). Japan is the best example of this trend,
for which accurate statistical data are available for many
years [1]. Japan’s medical establishment for the population of ~125 million people has a total of 787 accelerators: 724 linacs, 25 microtrons, 31 cyclotrons and 5 betatrons. These 787 machines constitute about 69% of
all particle accelerators in operation in Japan (1,144 in
2001). What is especially interesting is the trend in development and rate of growth. Table 2 shows this rate
for all Japanese medical accelerators and for radiotherapy linacs only (1987 – 2001). The yearly rates of growth
for the period of 1987 – 2001 are 6.35% and 6.85%, reTab. 2. Number of medical accelerators in use in Japan [1]

Year

1987

1993

1998

2001

416
590
700
787
(100%) (142%) (168%) (187%)
370
541
649
724
Linacs
(100%) (146%) (175%) (196%)
Total
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spectively. Annual mortality rate caused by cancer is
on increase in Japan. The number of deaths caused by
cancer was 223,604 in 1991 and the number of new cancer patients is about 500,000 in 2000. At present nine
million Americans, or 3 percent of the population, are
living with a diagnosis of cancer [2].
About one person of three is confronted in his life
with cancer and out of five dies from this disease. In
a society with health-care services comparable to the
United States, Japan or Western Europe, the average
person has a one in eight chance of being treated on
a linear accelerator in his or her lifetime. Table 3 lists
data on the number of patients treated with radiation.
Detailed statistical data are not available for conventional or routine radiotherapy (electron and photons)
and the number of ~30 million patients have been obtained from the knowledge of existing radiotherapy
accelerator potential. Far more accurate data are available for unconventional therapies, especially those
with charged particles. Such data are published every
six months in the journal Particles [3]. It can easily be
seen that unconventional therapy constitutes only
a few tenth percent of the conventional therapies. However unimpressive in numbers, unconventional therapy has its great prospective value [5].
Tab. 3. Accelerator patient totals worldwide (as of
Jan 1, 2002)
ROUTINE RADIOTHERAPY
(ELECTRONS + PHOTONS)

>30,000,000 patients
>200,000 patients treated daily
(no statistics available, estimation only)
>5,000,000 patients treated per year [4]
UNCONVENTIONAL THERAPIES –
CHARGED PARTICLES1)
1 Jan
1996

1 Jan
2002

Annually
growth

Pion
beams

1100

1100

0

Heavy ion
beams

2542

3510

138

Proton
beams

16506

30837

2047

Neutron
beams

~20000

~32000

1)

Statistics after J. Sisterson, Particles, no. 17 (1996) and
no. 29 (2002); 2) No statistics available, estimation only

2. Clinical requirements
The aim of radiation treatment is to specify an optimum and well-determined dose of ionizing radiation
for an area or areas to be irradiated so that the dose is
as uniform as possible over a target area and as low as
possible outside it.
At present, in radiotherapy, the upper energy range of 15 to 20 MeV is considered optimal. The lower
limit in photon therapy is determined by clinical requirements of the treatment of head and neck tumors for
which the energies of 4 to 6 MeV are optimal. The
routine clinical applications of the electron therapy
encompass the same energy range from 4 to about
18 MeV. This led the manufacturers to the higher energy limit in the range 22-25 MeV (Table 4 and 6).
The radiotherapy is administered to the patient in
daily fractions. In a single treatment, the field area is
irradiated with a relatively small dose of 1.7 to 2.5 Gy,
5 days a week over 4-6 weeks (total dose 45-70Gy).
The patient is subsequently positioned and the gantry can be fixed in a predetermined position (field therapy) or can be rotated (rotational or arc therapy).
The dose rate is controlled over a wide range and in
lower energy accelerators (4 to 6 MeV), its maximum value
for an X-ray beam ranges from 200 to 300 cGy/min. In higher
energy accelerators reaches 600 cGy/min for photons and
1000 cGy/min for electrons. Some more important parameters of modern accelerators are listed in Table 6.

3. Fundamental systems
A simplified scheme of an electron RFlinac is
shown in Fig. 1. The basic parts of the linac are electron gun and accelerating structure. The electron gun
is of diode or, more often, triode type. Electrons from
the gun are injected into the accelerating system. It is
the structure consisted of a chain of microwave cavities, precisely tuned to the same resonant frequency,
usually around 3GHz. The structure is energized by
RF power generator operating at the same frequency,
and at the output power level of several MW in pulse.
For this purpose microwave tubes of magnetron or
klystron type are used. The RF power is applied to the
structure by transmission line and the ceramic vacuum window. In result axial RF field is created and electrons move along the axis and gain energy. Two kinds
of accelerating structures are used in RF linacs: traveling wave type and standing wave type. In traveling
wave system only incident wave exists and excess of
RF power not used in the acceleration process is dissipated in the load installed at the end of the structure. In standing wave system, some part of RF power is
reflected at the end of the structure and creates reflected wave. So, in this case both, incident and re-
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Fig. 1. Simplified block diagram of radiation therapy linac

Fig. 2. View of radiotherapy Precise linac manufactured by Elekta

flected wave exist, and their superposition creates
standing wave. More detailed description of the systems is given in [17 and 19].
The traveling wave accelerating system is used in
Elekta (former Philips) accelerators. The standing wave
system is more popular: it is used in Varian and Siemens accelerators.
The about 7500 electron linacs used for radiotherapy in the world [14] run at 3 GHz. The choice is
dictated by the fact that the higher the frequency, the
larger the allowed accelerating gradient and, consequently, the shorter the linac.
Fig. 2 is a view of a modern traveling-wave radiotherapy accelerator manufactured by Elekta. A system of this kind can best discussed with the example
of this accelerator whose major subsystems are

shown on Fig. 3. On the left side is located magnetron (MG 63663) and modulator without a separate
stationary cabinet. No extra floor space is required
as the magnetron is mounted on the gantry with convenient access for rapid maintenance when necessary. The accelerating structure is installed diagonally. The structure is adopted to accelerating
electrons to the energy up to 25MeV. These electrons are delivered to the slalom bending system,
which provides achromatic beam bending. The specially profiled three-piece magnet is truly achromatic, in both the radial and transverse planes, and produces an electron spot size of only 1 mm (FWHM).
The distance between X-ray target and the axis of
rotation is 100 cm and that above floor is 124 cm.

Fig. 3. A schematic of a Elekta traveling wave radiation therapy accelerator
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Chronology of development. The subsequent development of radiation therapy linacs is shown in
Fig. 4. Shaded parts represent accelerating structures
drawn to the same scale, the distance of the isocentre
to the floor is given in cm.
The design of the first generation of linacs in the
mid -1950s was based on the so-called in-line position
of the accelerating wave-guide (Fig. 4a). The linear energy gradient was 4 MeV/m, which made it impossible to
be rotated round the table, with rotation axis placed
rather low, at 112 cm above the floor. In the 1960s, machines appeared featuring a horizontally mounted fairly long accelerating structure that generated high-energy beams (Fig. 4b). Such a machine, manufactured in
1964 was the SL75 Philips linac equipped with 90o bending magnet, suitable for full rotation therapy. In the
early 1970s a new generation of compact accelerators
was developed, which used 270o bending magnets (Fig.
4c). In majority of designs mentioned above, traveling
wave accelerating structure was replaced by standing
wave structure. This made it possible to increase linear
gradients up to 18 MeV/m, which, in turn, led to considerably shorter accelerating structures with comparable energies. Short (30-35 cm length) standing wave
structure became the base for design of simple, compact low energy accelerators with the structure on beam
axis (Fig.4d), without bending magnet. Such a machines cover the energy range of 4 to 6 MeV.
In consequence of the above development, the
maximum treatment fields were considerably increased,
up to the presently available 40x40 cm2 or more, at the
rotation axis plane. The photon dose rates have been
increased from the initial values of 100-200 cGy/min to
400-600 cGy/min. In this way, the exposure times became much shorter even for wedge filters. In order to

achieve optimum treatment of both thin and thick layers, the initial energy range of 4-5 MeV has been extended to 4-25 MeV. At the same time, multiple-energy
mode of operation has been implemented, that is the
possibility of using two photon energies and a wide
electron energy range (Table 4) has been attained.
X-ray Production. When the machine is in an X-ray
mode, a metal target is extended into the electron beam
near the point where it leaves the bend magnet (Fig. 5).
When the beam strikes the target, electrons slow down
as they pass close to positively charged atomic nuclei
in the target, causing them to give up energy in the
form of x rays (bremsstrahlung).
If an electron exposure is desired, the target is retracted from the electron beam, allowing the electrons
to pass directly to the beam shaping system (Fig. 5).
In all electron modes, the target is fully retracted from
the beam path. In low energy X-ray mode, the thin
area of the target is inserted directly into the beam
path. In high energy X-ray mode, the thick area of the
target is inserted directly into the beam path.
The purpose of the beam shaping system is to define precisely the field size of the X-ray or electron beam
applied to patient and to ensure uniform dose distribution across the field. The beam is directed trough a series of tungsten collimators and jaw blocks that confine
the radiation field to the size of their apertures.
As shown in Figure 5, the X-ray beam is confined
to a projected 30o cone by the primary collimator. Then
it passes trough a flattening filter that attenuates
the x rays along the central axis of the beam more than
those near the edge, making the beam more uniform in
intensity across its width. After crossing the ion chamber, the beam passes through the secondary collimator, then through two pairs of movable collimator jaws,

Fig. 4. Different arrangements of medical linac’s construction. Description in text. The distance of the isocenter
from floor is given in cm
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Fig. 5. Beam shaping system (Varian)
which are set at right angles to each other. The collimator
jaws may be opened to match the field size and rotated to
align the beam with the treatment field. They give the
X-ray beam its final shape, which can be any square or
rectangle from 0.5x0.5 cm2 to 40x40 cm2. Various types of
wedges, blocks and compensators are used to protect
sensitive organs that do not need to be exposed and to
assure that all parts of a treatment site receive the same
dose. These accessories are installed in mounts affixed
to the head. For electron radiotherapy applicators come
in five sizes from 6x6 cm2 to 25x25 cm2 (Varian).
Multi-energy accelerators. A characteristic feature of the present-day radiation therapy is that ever
more precise treatment fields are generated with varied energies and types of radiation employed. According to the published data for a large city area on
caseload on beam preferences, 71% of patients were
treated with low energy X-rays and 23% with high
energy X-rays. Electron therapy was applied in a total
of 18% of patients, of which 12% were treated with
mixed therapy (electrons and X-rays) and the remaining 6% with electrons only. It would be most convenient for both the therapist and the patient if one could have a one-session radiation therapy by means
of one accelerator. That is why, accelerator designers
have long been trying to build a machine which would
operate over a wide energy range and have a capability of fast switch over from X-ray to electron modality
or vice versa. Whereas energy switch is a relatively

8

easy thing to accomplish in electron modality due to
the very small currents involved (typical average current 100-500 nA), the X-ray modality, with beam currents higher by two orders of magnitude than those in
electron modality (typical average current 20-150 mA)
involves considerable difficulty. The large energy
switch in the X-ray mode load usually results in beam
energy degradation, i.e. deterioration of the beam
monoenergetic character. Manufacturers of medical
accelerators use different technical resolutions for
switching the energy of output beam.
In Varian Clinac 1800 machine, the accelerating
structure is divided into two sections: bunching section and accelerating section, 0.4 and 1.0 m long, respectively (Fig. 6). The energy switch couples both of
them. The energy control is performed by a side cavity with adjustable coupling, located between rf coupler and the accelerating structure. The accelerator
is intended for generating two X-ray beams with energies of 6 and 18 MeV and five electron beams with
energies of up to 20 MeV. The buncher section, which
is always supplied with 0.4 MW regardless the X-ray
output energy, operates under optimum conditions
with ensure that the accelerating gradient is 10 MV/m.
In the buncher, electrons are bunched and accelerated to 4 MeV. If 18 MeV beam is desired, the accelerating field in the second section is induced by 2.0 MW
rf power, which results in the accelerating gradient of
14 MV/m. On the other hand, when a 6 MeV X-ray
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beam is generated, the above gradient is reduced to
2 MV/m1, which corresponds to the power of 0.1 MW.
Both beams are highly monoenergetic (3%FWHM),
as measured with a magnetic spectrometer equipped
with 1% energy slits. The Varian Clinac 2500 uses
a 1.9 m structure which features X-ray beam separation in the range between 6 and 24 MeV.
In the Siemens Mevatron MD and KD medical linacs,
output beam energy is controlled by the way of changing
RF power delivered to the structure in conjunction with
beam loading effect. The Mevatron MD produces 6 MV
and 10 MV X-ray beams, whereas the Mevatron KD machine, besides a range of electron beam energies, may
generate five different dual energy photon combinations
with a maximum separation of 6 MV and 20 MV.
Accelerators manufactured by Elekta are based on
traveling wave accelerating structures. Such a system
allows for relatively simple control of output beam
energy, by the way of detuning RF source from resonant frequency of the structure. The rf field in the
structure reaches maximal value when the rf generator’s frequency is equal to the structure’s resonant
frequency. Detunning of rf generator decreases the rf
field in the structure, what in consequence decreases
the output beam energy. Basic parameters of modern
multi-energy medical linacs are listed in Table 4.
In view of the rapid development of multienergy
X-ray therapy, as well as that of using the dual modality, both X-rays and electrons, multi-energy accelerators have become a viable alternative for oncological
hospitals, as compared with the older single X-ray
energy only machines.

Linacs for radiotherapy are commercially manufactured by Varian [F1] (~3500 units), Siemens [F2], Elekta [F3]
(over 800 units), Mitsubishi [F4], and other companies.

4. Advanced systems
During the last twenty years considerable progress
in methods of radiotherapy was observed. The development of classical techniques was aimed on improvement of precision treatment of defined tumor volume. Such an approach enables for limiting the dose
absorbed in healthy tissue, in the vicinity of the tumor. This trend was stimulating the development of
treatment planning systems and enforced special requirements for radiation devices, especially for irradiation field shaping systems.
Concerning the treatment planning systems, progress in diagnostic methods, as Computer Tomography (CT), Magnetic Resonance Imaging (MRI) and
Positron Emission Tomography (PET), was of essential meaning. Tree dimensional imaging makes it possible to define specific target volume. It is then possible to design a treatment, where particular levels of
radiation dose are delivered to these volumes as
a function of fractionation scheme. This is the aim of
more advanced technique of radiotherapy, known as
Three Dimensional Conformal Radiotherapy (3D-CRT).
It allows increasing the dose on target volume, making the treatment process more effective [6, 7].
For better conformity of irradiation field shape and
the target volume, multileaf collimators (MLCs) have
been developed. The multileaf collimator (Fig. 7) consists of several tenths of leaf pairs, being driven inde-

Fig. 6. 6 MV/18 MV energy switch of Varian Clinac 1800 accelerator
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Tab. 4. Fundamental Parameters of Radiation Therapy Multi-Energy Accelerators

Manufacturer and
accelerator type
Varian Clinac 2100
and 210C/D
Varian Clinac 2300C/D

Varian Clinac 21EX
only
Varian Clinac 21EX,
23EX

Siemens Primus

Siemens Mevatron K
Elekta Precise4); 5)

Electron energies [MeV] and
their number (in brackets)

X-ray energies [MV]
low
4(6)(8)

6

4(6)
6

4
6
6
4(6)
6 or 8
or 10

high
10 or 16 or 23 or 25

Group I: 6, 9, 12, 15 18 (five)
Group IV: 4, 6, 9, 12, 16
(five)

16 or 23 or 25

Group I: 4, 6, 9, 12, 15, 18
(six)
Group III: 4, 6, 9, 12, 16, 20
(six)

10

Group I: 6, 9, 12, 15, 18 (five)
Group IV: 4, 6, 9, 12, 16 (five)
Group I1): 6, 9, 12, 15, 18
(five)
Group I2) 4, 6, 9, 12, 15, 18
(six)

16 or 23

10
10 or 15
18 or 23 or 253)

5 to 15 (six)
5 to 14 or 6 to 21
6 to 21

10 or 15 or 18 or 23 or 25

6 to 21 (six)

10 or 15 or 18 or 25

4, 6, 8, 9, 10, 12, 15, 18,
20, 22
(up to nine)

Philips SL 185)

6

5

4 to 18 (seven)

Philips SL 205)

6

18

4 to 20 (eight)

Philips SL 255)

6

25

4 to 22 (nine)

1)

For 21EX, 2)The 23EX offers electron groups with higher electron energy available (22 MeV) and with a greater number of
electrons per group, six, vs. the 21EX (five electrons per group), 3)Not available in USA/Japan, 4)These accelerators provide
X-ray radiation at up to three energy levels and up to ten discrete levels of electron energy, 5) Traveling-wave accelerating
structure

pendently by separate motors. The radiation field to
be set up is defined by therapy planning system. Some
parameters of different MLCs are listed in Table 5.
Multileaf collimator became a base of Intensity
Modulated Radiation Therapy (IMRT or MLC- IMRT)
system, up to date the most advanced system of radiotherapy. General scheme of the IMRT process is shown
on Fig. 8 [8]. The technique is extensively described in
the IMRT Collaboration Working Group Report [7].There are three basic forms of MLC-IMRT technique:
(1) Dynamic multileaf collimator (DMLC)[9], [10]. For
a fixed gantry position the opening formed by
each pair of opposing MLC leaves is swept across
the target volume under computer control, with
the radiation beam on, to produce desired fluence profiles. This IMRT approach is also known
as a “sliding window”.

10

(2) A second form of the MLC IMRT approach uses
a series of multiple segment fields, in which each
field consists of a series of multilayer shapes (segments or subfields) delivered from the same gantry angle, so that intensity-modulated field is delivered [11, 12, 13]. The radiation is turned on only
when the MLC leaves are stopped in each prescribed position. This IMRT method has been referred to as step-and-shoot, stop-and-shoot, or segmental multileaf collimator (SMLC). At present the
term SMLC-IMRT should replace step-and-shoot, stop-and-shoot, move-and-shoot and other
similar permutations used for this type of IMRT.
(3) A third form of MLC IMRT is intensity-modulated arc therapy (IMAT). Instead rotating a slit
field around the patient as done with tomotherapy, IMAT procedure uses multiple irregular fields
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Tab. 5. Basic parameters of different multileaf collimators

Manufacturer
Varian Millennium
Brain Lab m3
Elekta MLCi
Siemens Med. Lab.
General Electric

Number of
leaf pair
26
40
60
52
40
Max 135
32

Width of leaves projected at isocenter Over-run distance Maximal field cm2
1.0
1.0
0.5
0.3, 0.45 and 1.0
1.0
Min 0.2
1.25

16.5

12.5

40x26
40x40
40x40
40x40
40x40
40x40

Fig. 7. An example of anterior chest field shaped by
multileaf collimator
shaped with a conventional MLC during gantry
rotation. IMAT is planned as a sequence of static fields, every 5-10o apart, but delivered with
multiple superimposing arcs. Within each arc, the
MLC shape is continuously changed as a function of gantry angle as a result of optimization,
such that the cumulative dose distribution leads
to desired dose distribution.
The implementation of IMRT requires the use of
other technology for determine the conformal dose distributions and the subsequent calculation of the MLC
leaf trajectories. With conventional therapy the beam
weights (dose per beam), field size and beam direction
are proposed based on clinical experience then the resulting dose distribution is calculated by computer programs. A few iterations are made to obtain a more desirable dose distribution. This is the so-called
conventional Forward Treatment Planning Process.
IMRT has ushered in a new approach and a technique called Inverse Treatment Planning. Here the dose
distribution is described by a set of macro-clinical parameters, which includes the number and direction of the
beams, regions to be protected and volumes to reach
a minimum tumorcidal dose. Then an Inverse Planning
computer algorithm determines the beam shape and beam
weights. These algorithms utilize various multidimensional optimization techniques. Once the beam shapes are
known the leaf trajectories can be calculated and from

Fig. 8.A schematic illustrating the IMRT process
this information and from the beam weights the IMRT
treatment can be determined.
Now 98% of all accelerators delivered by Elekta
are equipped with MLCs. Modern construction of
medical linacs should have the MLC integrated with
therapeutic head. This postulate is fulfilled in machines manufactured by Siemens, Elekta, and Varian (model EX Platinum) as well.
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The clinical use of IMRT is generally motivated by
the desire to conform the high-dose region to the target
without inflicting unacceptable normal tissue complications. In general, the high-dose region is shaped to conform to the geometry of the target in three dimensions
with rapid fall-off in all directions outside the target volume. Thus, the dose delivered to tissue outside the target
volume can be significant if setup error or tumor motions
are greater than the allowed treatment planning margins.
In addition, because each IMRT segment treats only
a portion of the target volume at a time, there may be
significant dosimetric consequences if the patient and/
or the target moves during treatment. Hence, it is clear
that IMRT imposes a more stringent requirement than
conventional RT in terms of accounting for patient position-related organ motion. All technical and clinical
aspects of the treatment planning process must be reevaluated in light of this requirement [7].

5. Survey of commercial radiotherapy linacs
Beam energy and dose rate. Fundamental parameters of some of the radiotherapy rf linear accelerators
available on the world market in 2002 are presented in
Table 6. The first group of machines comprises accelerators of single energy 4 to 6 MeV. They are generally intended solely for X-ray therapy, and do not incorporate electron beam extraction.
The basic group of accelerators is made as multienergy machines, that is those which make it possible to
use photons of at least two energies and electrons with
four to ten different energies during a single treatment.
The dose rate is usually controlled over a wide range and in linacs with lower energy, e.g. 4 to 6 MeV, its
maximum value for an X-ray beam range from 200 to
600 cGy/min. In higher energy accelerators, the upper limit of the X-ray dose rate is as high as 500 or
600 cGY/min. On the other hand for multi-energy accelerators intended also for producing electron beams, the
dose upper limit is 1000 cGy/min.
At present, maximum energies in any of the highenergy accelerators do not exceed 25 MeV, although
in the 1970s machines were manufactured in which
the maximum energy was as high as 50 MeV.
Mechanical parameters. The maximum size of the
photon fields 40x40 cm2, is standardized in all types of
linacs. The size of a treatment field is determined with
pre-collimators and collimating diaphragms (Fig. 5). As
for electron fields, their maximum dimensions are usually slightly smaller and do not exceed 20x20 cm2 or
25x25 cm2. The dimensions and shapes of individual
fields are determined by the applicators used.
Typically, the rotation angle of the treatment head
is 370o, that is irradiation can be carried out with a certain margin or overlap. Maximum rotation values for
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all types are 1.0 rpm (rev/min) and minimum values are
0.1 or 0.2 rpm. In some designs, the speed is controlled continuously up from the value close to zero.
Isocentric clearances for Varian (Clinac EX), Siemens (Primus) and Elekta (Precise) accelerators are
compared on Fig. 9. All sizes, (a) gantry to isocenter,
(b) head to isocenter, (c) head size, and (d) – floor to
isocenter, are given in cm.
Accelerator systems have different floor require-ments.
The Elekta linac can be installed in a room with a total
length 8.0 m (min. 6.5 m) and a width 7.5 m (min. 6.5 m).
Patient throughput. Thanks to the high dose rate
of both electron and X-ray beams, the linac throughput can be 50-70 patients daily or even more (max 100).
The throughput is, of course, not only dependent on
the type of radiotherapy procedures, but also on the
kind of tumors irradiated.
For conformal radiotherapy and IMRT techniques
possibility of high-speed changes of beam parameters is essential. Full rated dose rate, flatness and symmetry are achieved in less than 500 milliseconds (Varian Clinac). For Elekta Precise accelerator the
inter-segment re-start time in IMRT step-and-shoot
procedure is 1 s.
Reliability of Accelerators. The radiotherapy linacs are impressive in their reliability and they are
quite robust with very long operational lifetimes (20
to 30 years). More than 97% of Clinac’s accelerators
(Varian) ever produced are still treating patients.
What is most essential is the reliability of the accelerator operation. Any unforeseen break-down may greatly interfere with treatment schedules. The reliability
of accelerator operation has greatly improved. For some
critical parts such as electron guns, microwave tubes
(magnetrons, klystrons) and thyratrons it is up to several years. Trough magnetron and RF circuit optimization Varian have extended the life of magnetron threefold: from 2.1 year (1989) to 7.1 year (1999). Warranties
for so key component as waveguide at present range
from 10 year (Varian) to 20 year (Elekta). As yet, Elekta
has never replaced a waveguide on a clinical system.
These accelerators use traveling wave design with no
moving parts in the waveguide.
Electron guns intended for cooperation with modern accelerators are usually dismountable. Easy replacement in 2 hours including time to reset the vacuum is possible (Elekta).
RF linear accelerator applications in radiation therapy are dealt with in two monographs [17 and 19].

6. Future accelerator development
The clinical use of IMRT is in its beginning phase
and has been implemented in a small number of medical centers around the world. Much research and de-
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Tab. 6. Basic Parameters of Some Radiotherapy Linear Accelerators
Manufacturer,
Type
VARIAN
Clinac 600C
Clinac 600C/D&6EX
VARIAN
Clinac 2100C
Clinac 2300C/D
VARIAN
Clinac 21EX
Clinac 23EX
PHILIPS
SL 25
ELEKTA
Precise Low Energy
ELEKTA
Precise Mid Energy
ELEKTA
Precise High Energy
SIEMENS
ME6)
SIEMENS
KD S
SIEMENS
Primus 4 MV
6MV
SIEMENS
Primus dual energy

Radiation

Energy, MeV

-

-

X

e

Dose rate,
cGy (or MU)/min
X
e-

X

e

−

50-250/80-400
80-400/100-600

X-ray field size,
cm

+

−

4 or 6
4 or 6

+

+

4 to 23
6 to 25

4 to 201)
4 to 22

100-600
100-600

100-1000
100-1000

0.5x0.5 to 40x40
0.5x05 to 40x40

+

+

4 to 23
6 to 25

4 to 201)
4 to 222)

100-6003)
100-600

100-1000
100-1000

0.5x05 to 40x40
0.5x0.5 to 40x40

+

+

6 to 25

4 to 22

25-300

+

-

4 or 6

+

+

+

+

-

+

+

+

6 to 18

+
+

-

4
6

+

+

4 to 25

6 or 8 or 10
10 or 15 or
18 or 254)

0.5x0.5 to 40x40
0.5x0.5 to 40x40

max.40x40

25-230/25-500
4 to 10

25-500

up to 4005)

4 to 22

25-600

up to 4005)

1x1 to 40x40

300 to 900

7)

6 to 18
6 to 18

max 300

3008)

max 250
max 200
5 to 21

200/3009)

300/900

0x0 to 40x40

1)

Four energy electron groups, 2)Three energy electron groups, 3) For 4 MV version 50-250 MU/min, 4)Dose, rate 25-500 cGy/min, 5)Adjustable
in five fixed steps up to 400 cGy/min for all energies, 6)Dedicated for intraoperative irradiations, 7)Depending on the electron applicator size,
8)
Optionally to 900 mcGy/min, 9)Dose rates of 300/500 are optional

velopmental work remains to be done to help make the
application of this new technology straightforward
and easy to perform. The number of patients treated
with IMRT is dramatically increasing every year. It is
entirely conceivable that eventually most conformal
and/or curative patients will be treated with some version of IMRT techniques. Therefore, the estimates of
the percentage of patients treated with IMRT should
range from 50% to almost 100% [7].
Facility planning and radiation safety.
The principal facility shielding issue for IMRT is
that significantly more machine beam-on time is required for IMRT techniques. Conventional RT treatments
with non-IMRT fields generally encompass the entire
planning target volume (PTV) with most fields, while
IMRT techniques, using the equivalent number of
machine MUs as the conventional treatment fraction,
would deliver dose to only a part of the PTV. Therefore, depending on the complexity of the IMRT intensi-

ty pattern chosen, a potentially much larger number
of additional MUs may be needed to cover the entire
PTV. The increased workloads associated with IMRT
can be represented by using a multiplicative factor,
M, which is defined as the ratio of the number of MUs
required for IMRT treatments divided by the number
of MUs required when conventional-shaped fields are
used. The ratio M range from 2.8 (SMLC-IMRT techniques) to 8 (serial tomotherapy) [7].
This increase in MUs has a serious consequence
in two primary areas of concern, namely the recommended workload associated with the use of linacs in
shielding design, and the increased whole-body dose
to patient that may occur because of increased leakage resulting from the large MU setting. For 10 MV Xrays for treatment of 50 patients the daily workload at
the isocenter, recommended by the National Council
on Radiation Protection and Measurements Report 49
[15] is 100,000 R/wk. It is likely that for the present
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VARIAN – CLINAC EX

ELEKTA - PRECiSE

SIEMENS - PRIMUS

104 cm

124 cm

97.3 cm

41cm (30 cm with wedge)

45 cm

43 cm

c – head size

90 cm

62 cm

75 cm

d – floor to isocenter

130 cm

124 cm

131 cm

a – gantry to isocenter
b – head to isocenter

Fig. 9. Isocentric clearances for Varian, Siemens and Elekta radiotherapy accelerators
technology, one needs to increase the recommended
values of workload from Reports 49 and 51 [15, 16] by
at least a factor of 2 and possibly as high as 5 [7].
High dose rate values. During the past decade,
linear accelerator designs have improved so that much
higher dose rates are available from many machines.
Although the dose rates were typically limited to between 200 and 300 MU/min on many machines [17],
manufacturers have provided machines that can treat
patients with dose rates of 600 MU/min (photons,
Table 7) or more. Driven by the desire to treat IMRT
cases (requiring many MUs in shorter time), this dose
rate improvements is expected to continue. Although
older shielding regulations depended more on the total MU delivered than the dose rate, there are now
states that consider the instantaneous dose rate as
well. The new and higher dose rates must be considered for these situations.
Calibration changes. A second effective increase
in both workload and dose rate is the trend to calibrate modern accelerators at a depth of 10 cm. Before the
past decade, it was clearly standard practice to calibrate most accelerators so that 1 machine MU delivered 1 cGy for a 10x10 cm2 field at source-surface distance (SSD) 100 cm at a depth of dmax (1.5-3 cm) in
water. However, in recent years, the concentration on
CRT, increased knowledge of electron contamination
and head scatter effect, and various other issues led
to the general acceptance of calibrations a depth of 10

14

cm. In such cases, 1 MU now corresponds to 1.0 cGy
at a 10-cm depth, which translates to between 1.3 and
1.4 cGy at dmax. This means that effective dose rate
delivered through the machine is a factor 1.3 or 1.4
larger than before. Again, for those states that consider instantaneous dose rate also, this becomes a factor that must be considered [7].
Transmission/leakage. Transmission/lea-kage is
the part of the shielding calculation in which IMRT most
dramatically changes the results of normal methods.
The leakage issue is directly related to the MUs run
through the machine. If the increase in MUs is a ratio
of 5 from the normal workload, then all the parts of the
shielding design that depend on leakage transmission
must be increased by a factor of 5. This is equivalent to
the MU per week changing from 50,000 to 250,000 MU/wk
or to increasing the leakage specification for a machine
from 0.1% to 0.5%. Thus, treatment machine vendors
are encouraged to add shielding in the accelerator head
to avoid costly room shielding additions.
First-generation IMRT systems. Currently, most
IMRT approaches will increase the time and effort required by physicians, medical physicists, dosimetrists, and radiation therapists, because IMRT planning
and delivery systems are not yet robust enough to
provide totally automated solutions for all disease sites. Considerable research is needed to model the clinical outcomes to allow truly automated solutions.
Current IMRT delivery systems are essentially first-
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generation systems, and no single method stands out
as the ultimate technique. But the new process of planning and treatment delivery shows significant potential for improving the terapeutic ratio. Also, although
inefficient today it is expected that IMRT, when fully
developed, will improve the efficiency with which
external beam RT can be planned and delivered, and
thus potentially lower costs. In addition, IMRT techniques appear to place greater stress on the treatment
machines. Currently no articles about the effects of
IMRT use on machine reliability, downtime, and failure rate have been published. This could become a potential issue in the future [7].

7. Proton radiotherapy accelerators
Protons deliver the dose at a relatively uniform
low level until they have lost a significant fraction of
their energy, at which point the dose increases reaching a sharp peak close to the end of the proton
range. At present, two major applications of proton
beams are encountered in clinical applications. These
are, firstly, the use of relatively low energy protons:
Ep < 80 MeV or higher energy degraded beams, specifically for the treatment of the ocular tumors using
field sizes smaller than 10 cm2, and secondly, the treatment of large deep-seated lesions (Ep = 150 to 250 MeV)
with small or large fields. In ~ 25 Proton therapy facilities over 30 000 patients have now been treated by
this method (Table 3 and [12]), and for a number of
tumors dramatic improvement in success rates have
been clearly demonstrated.
Proton therapy centers are located in the United
States, Japan, Russia, South Africa and Europe. The
present facilities are mainly equipped with isochronous cyclotrons or proton synchrotrons. Some of
specialist and commercial companies are proposing,
or working on a system specially dedicated to proton
radiotherapy. For details see [5]. The biggest issue
with proton machines is shear cost that can easily be
more than 25 times that of the linac. Although proton
radiotherapy accelerators provide no global solution
to treating cancer, though they may make an important
contribution in certain large treatment center and
university settings.

8. Conclusions
At present, the total number of accelerators employed in radiotherapy exceeds 7500 (Table 1), with
approximately half in the United States. Apart from
radiotherapy, a large number of medical radioisotopes
are now commercially produced with accelerators. The
number of machines used in the production of radionuclides worldwide is about 200. Several hundred
other accelerators have been used worldwide in radiobiological and medical research. Consequently,
biomedical accelerators are now the largest group of
charged particle accelerators, about 8400 machines,
i.e. nearly 50% of all accelerators. On the other hand,
the total number of over 30 million patients (Table 3)
who have been treated by conventional accelerator
radiotherapy should be regarded as a great success in
the use of accelerator techniques for the improvement
and prolongation of human life. Many of existing machines are old and need to be replaced and there is a
great need for new treatment facilities therefore there
is an enormous deficit of radiotherapy linacs today.
WHO statistics indicate a doubling of cancer incidence and mortality by the year 2020. Within twenty years
cancer will be the leading cause of death everywhere
with the exception of sub-Saharan Africa. It is estimated that 14 million people fall victim to cancer annually, and ideally about 60 percent should receive radiation treatment as either the primary treatment or as an
adjunct treatment to surgery or chemotherapy. Today
the death rate from cancer is about 7 million per year
and this number could be reduced significantly by the
greater availability of radiotherapy linacs.
Median price of an electron radiotherapy linac is
about $1 to 2 million (machine only), a price affordable
for the health care providers in the developed world,
but very high for third-world hospitals. There is still
a need for the development of cheaper machines, which
must be a priority task to the world particle accelerators community. If the present-day US number of 230
new patients per machine per year were accepted as
world’s standard, it could easily be calculated that
over 40,000 radiotherapy linacs would have to be installed worldwide, which is totally unrealistic due both
to the high cost and lack of means (and qualified staff)
in developing countries. However, the estimate given
above can serve as a good illustration of the scope of
the problem and magnitude of needs.
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