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the treatment distance is short. Consequently, most 137Cs units
were used at treatment distances of less than 35 cm. The rapid
divergence of the beam resulting from the use of short treatment
distances caused the distribution of a radiation dose within a
patient treated with 137Cs photons to resemble that from x rays
generated at about 400 kVp.

Example 4-6

What is the maximum specific activity for 137Cs?
Activity is calculated from the number of atoms and the decay

constant:

A = 𝜆N

If N is the number of atoms of 137Cs per gram, the activity is the
specific activity. For a source of pure 137Cs (T1/2 = 30 years):

Number of atoms/gram N =
6.02× 1023 atoms/g-atomic mass

137 g/g-atomic mass
= 4.4 × 1021 atom/g

Decay constant, 𝜆, for137Cs = ln 2
(T1∕2)

= 0.693
30y

= 2.3 × 10−2 y−1

= 7.3 × 10−10 sec−1

Specific activity = 𝜆N
= (7.3 × 10 − 10 sec−1) (4.4 × 1021 atoms/g)
= 3.2 × 1012 Bq/g

Linear accelerators

Modern linear accelerators (linacs) are now found in virtually
all radiation therapy departments, having replaced most other
therapy units. They are used to treat patients with beams of elec-
trons or Bremsstrahlung x rays following interactions of elec-
trons in a suitable target. Intense electron beam currents are
achievable with an accelerator to provide high dose rates for both
x-ray and electron treatments. Hence, treatment times are short
even at relatively long target-to-patient distances. Many modern
linacs provide multiple electron and photon beam energies in
the megavoltage energy range. The term MV is typically used to
describe photon beams (e.g., 6 MV) whereas the term MeV is
typically used to describe an electron beam (e.g., 6 MeV).

Historical development

The earliest linear accelerators were so-called direct accelerators,
in which charged particles were accelerated by an electric field
created by placing a high potential difference over an insulated
column.

In the simplest form of linear accelerator, such as the simple x-
ray tube shown in Figure 4-1, electrons are boiled off the cathode
surface (which is heated by a filament) and accelerated toward
the anode. The accelerating force is provided by a static electric
field produced by maintaining the anode at a positive potential
V relative to the cathode. The energy acquired by an electron
accelerated in this fashion is determined by the voltage, V; elec-
trons accelerated through a potential difference of 1 V gain an
energy of 1 electron volt (eV). This corresponds to 1.6 × 10−19

Joules, although the unit eV (or MeV) is most commonly used.
The velocity of the accelerated electron can be determined

from the classic equation for kinetic energy:

T = 1
2

mev2 (4-1)

where me is the electron’s mass and v is its velocity. It is straight-
forward to calculate the velocity of a 1 eV electron as 1.87 ×
107 m/sec, or 6.25% of the speed of light. To accelerate electrons
to higher energies requires either that the potential difference
be increased (impractical at voltages above a few hundred thou-
sand volts) or that the accelerating force be repeated numerous
times. Note that Equation (4-1) cannot be used once the elec-
tron becomes relativistic (i.e., when its velocity exceeds approx-
imately 20% of the speed of light), because the change in electron
mass must be considered.

The first linear accelerator was developed by Wideröe in 1928
to accelerate heavy ions.18 Wideröe’s accelerator consisted of
a series of metal cylinders, termed drift tubes, with alternate
cylinders connected to opposite terminals of an oscillating radio
frequency voltage (Figure 4-9).

Because adjacent drift tubes are connected to opposite termi-
nals of the power supply, an electric field develops between the
ends of the tubes. Ions are accelerated across the gaps between
adjacent drift tubes.

While inside the drift tubes, the ions are shielded from the
electric fields produced by the radiofrequency voltage. The
length of each tube is sufficient to allow ions to drift undis-
turbed through the tube each time the radiofrequency voltage
changes polarity. In this manner, ions are accelerated from one
drift tube to the next only after the correct polarity has been
established across the gap between tubes. As the energy, and
therefore the velocity, of the particles increases, the drift tubes
must increase in length. Although useful for accelerating heavy
ions, the Wideröe accelerator was not suitable for accelerating
electrons, because the high speed of the electrons would have
required inordinately long drift tubes.

Development of the electron linac was made possible by the
invention in the late 1930s and early 1940s of the microwave cav-
ity and by the development of klystron and magnetron tubes as
sources of microwave power.

Between 1948 and 1955, the first electron linacs were designed
and built by groups working independently in England and in
the United States. Fry and associates at the Telecommunica-
tions Research Group, Great Malvern, England (later to become
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Figure 4-9 An early linear accelerator, in which drift tubes were suspended in an evacuated accelerator waveguide and connected to opposite terminals of a
power supply.

part of the Atomic Energy Research Establishment at Harwell)
designed a 0.5 MeV linac in 1946 and accelerated electrons
later that same year.19 Independently, Ginzton and associates
in Palo Alto, California, USA, developed a 1.7 MeV acceler-
ator, which became operational in early 1947.20 By late 1947,
both groups had achieved energies of 3.5 to 6 MeV. Also during
this period, Chodorow, Ginzton, and Hansen constructed mul-
timegawatt klystrons, having many orders of magnitude greater
power than those developed for wartime radar applications.21

These microwave sources made possible the development of
traveling-wave linacs with high beam currents and energies of
up to 1000 MeV.

In a microwave accelerator, microwaves are guided into a
cylindrical metal tube known as an accelerator waveguide.
Simultaneously, electrons or other charged particles are intro-
duced into one end of the accelerator waveguide. The presence
of the electromagnetic field induces an electric current within
the walls of the accelerator waveguide. The current generates an
electric field, which exerts a force on the particles, accelerating
them to high velocities.

The microwave power, P, required to establish the electric
field within the accelerator depends on several characteristics of
the waveguide:

P = V2

ZL

where V is the potential difference developed within the
guide through which particles are accelerated, Z is the shunt
impedance of the accelerator waveguide, and L is the length
of the waveguide. The shunt impedance is a measure of the
efficiency of the guide. To develop the potential to accelerate
particles to an energy of 10 MeV in a structure with a shunt
impedance of 100 MΩ/m and a length of 1 m, 1 MW of electro-
magnetic power is consumed. (Note: MΩ represents the quantity
“mega ohms,” where “ohm” is a unit of impedance.) Additional
power is consumed by the accelerated particles themselves, as
well as by other components of the linac. Consequently, a source
of 2 MW or more of microwave power is required. A 2 MW
magnetron is often used in low-energy linacs, whereas klystrons

with power ratings of up to 10 MW are used in higher-energy
units.

To regulate the phase velocity of the microwave (the velocity at
which a peak of the microwave appears to travel), barriers such
as metal discs may be placed in the waveguide at regular intervals
(Figure 4-10). The term phase velocity refers to the velocity of
a peak or valley of an electromagnetic wave. A linear accelerator
designed by use of this principle allows the crest of the electro-
magnetic wave to travel at less than the speed of light, permitting
the charged particle to keep up. The energy carried by the elec-
tromagnetic wave always moves at the speed of light.

The electric field established by the microwaves develops
between the discs. In some accelerator structures, a forward-
directed field develops between one pair of discs, while a
backward-directed field develops between the adjacent pair of
discs. Consequently, a wavelength spans two adjacent cavities
(Figure 4-11). Particles in the space between the first pair of discs
are accelerated in the forward direction, while particles in the
second space (between the second and third discs) are acceler-
ated in the backward direction. Naturally, particles would arrive
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Figure 4-10 A disc-loaded waveguide for electron acceleration. The
spacing between discs in the buncher section is less than that in the
regular section. The buncher section accelerates electrons to relativistic
energies and forms them into bunches for efficient acceleration by the
regular section.
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Figure 4-11 A schematic of an accelerator waveguide showing separate
forward and backward waves and their superposition. In each diagram, the
solid arrows indicate the positive and negative peaks of a microwave
electric field moving from left to right, whereas the open arrows indicate a
field reflected from the right moving to the left. At t1 and t3, the forward
and reflected waves superimpose constructively. At t2, they interfere
destructively, and the electric field intensity is zero everywhere.
Source: Adapted from Karzmark et al. 1993.23

at the second space only if they were accelerated in the forward
direction while in the first space. The distance between the discs
is determined by the velocity of the particles:

Ln =
Vn

2v

where Ln is the distance between adjacent discs, Vn , is the veloc-
ity of the particles, and 𝜈 is the frequency of the microwaves.
In medical electron linacs, the electrons quickly approach the
speed of light as they are accelerated down the waveguide. Con-
sequently, the spacing between discs quickly reaches a maximum
distance. In the more common 𝜋/2 mode, one wavelength spans
four cavities, and particles are accelerated only in alternate cav-
ities. The microwave field has zero intensity in the remaining
cavities (Figure 4-11). The benefits of this design are described
later in this chapter.

Early medical linacs were of the traveling wave design.
Microwaves were injected into one end of the accelerator
and traveled to the other end, where they were extracted. As
they traveled, they carried the electrons along with them. The
extracted microwaves could be conducted back to the proximal
end of the accelerator and re-injected. The disc-loaded design

Figure 4-12 An example of a side-coupled standing-wave linear accelerator
waveguide.
Source: Karzmark et al. 1993.23

limited the shunt impedance to maximum values less than 60
MΩ/m, which restricted the accelerator gradient, or attainable
electron energy in MeV/m, to fairly low values.

In 1968, Knapp et al. invented the side-coupled standing
wave accelerator, in which the microwaves were reflected from
the ends of the accelerator waveguide.22 The backward traveling
wave interferes with the forward traveling wave, alternately con-
structively and destructively. The resulting standing wave has a
magnitude of approximately double that of the traveling wave,
and the peak intensity travels along the waveguide at the phase
velocity of the traveling wave. In alternate spaces between discs,
the magnitude of the wave is always at or near zero (Figure 4-11).

In standing wave structures, the spaces between discs are opti-
mized by changing the shape of the discs. The resulting cavi-
ties permit the microwaves to resonate, improving the efficiency
with which their energy is transferred to the accelerated elec-
trons. An additional improvement is that the microwave electric
field intensity is at or near zero in alternate cavities. Although
necessary to conduct the microwave energy, these cavities play
no role in accelerating particles. By moving them to the side
(Figure 4-12), off the waveguide axis, the accelerating cavities
can be placed closer together. The overall length of the structure
becomes shorter, facilitating the placement of the guide in the
treatment unit and improving its efficiency.

Major components of medical electron
accelerators

Modern linear accelerators consist of several major subsystems.
These components produce the electrical power required to gen-
erate microwaves, conduct the microwave power to the acceler-
ator waveguide, and transport the accelerated beam ultimately
to the patient.

Modulator and pulse-forming network

Linear accelerators require fairly large amounts of electrical
power. The power must be provided in large pulses because
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Figure 4-13 The modulator and pulse-forming network of a modern medical electron accelerator.
Source: Karzmark et al. 1993.23

linacs accelerate particles in bursts. The modulator consists of a
power supply that converts the incoming alternating current into
direct current, along with a pulse-forming network that modu-
lates the current into pulses.

A diagram of a modulator appears in Figure 4-13. The direct
current charges a bank of capacitors, which store the charge until
a pulse is required. The charging cycle lasts about a millisecond.
On receiving a signal from a timing circuit, a switching tube
closes, completing a circuit from the capacitor bank, through
a transformer, to ground. The capacitors discharge rapidly, but
because of the inductor connecting them, they discharge in
sequence. The resulting pulse is nearly square.

The switching tube, or thyratron, is a gas-filled triode (Fig-
ure 4-13). When the grid is charged positively, electrons flow
from the cathode to the anode. The gas within the tube ionizes
and conducts larger currents than do other switching devices.
At the end of the pulse, the grid voltage is removed, preventing
further current flow while the pulse-forming network recharges.
This cycle is repeated between 50 and 500 times each second.

The output of the pulse transformer is conducted to the
microwave-producing tube, either a magnetron or a klystron.
The resulting microwave pulse, similar in shape to the electri-
cal pulse, is about 6 𝜇sec long and consists of several megawatts
of power.

Magnetrons

The cavity-type magnetron was invented in 1940 by Boot and
Randall and made high-definition radar (radio detection and
ranging) possible in World War II.23 Magnetrons are commonly
used in low-power linear accelerators. A magnetron of this type
consists of a cylindrical diode containing a central cathode,
which is heated by internal filaments. The coaxial anode is con-
structed of solid copper with coupled resonant cavities formed
in the wall (Figure 4-14).

An axial magnetic field is supplied by a large permanent mag-
net. When a DC pulse is applied to the diode, electrons from
the cathode are accelerated toward the anode and assume a spi-
ral path because of the magnetic field. The individual electrons
follow complex cycloidal paths around the cathode. As the elec-
trons swirl along their spiral pathway, they induce intense local
variations in the axial magnetic field. The radiofrequency energy
induced in the magnetic field by this process is trapped in the
resonant cavities. Oscillation of this trapped energy forms vary-
ing electrical fields across the lips of each cavity. These varying
electrical fields channel electrons to the more positive regions
of the anode, and the spiraling electron cloud appears to sweep
around the cathode as it tracks the more positive regions. The
sweeping electron cloud induces additional intense variations
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Figure 4-14 A cutaway view of a magnetron microwave power tube.
Source: Karzmark et al. 1993.23

in the magnetic field, which are in resonance and coupled with
the cavities of the coaxial anode. A loop antenna inserted in
one of the cavities taps the radiofrequency energy in the cavities
and transfers it to a waveguide for transmission to the acceler-
ator waveguide. Magnetrons transform DC power to radiofre-
quency power with efficiencies as high as 60%. Typically, such
magnetrons provide 2 MW peak power.

The microwave wavelength must be of an appropriate length
so that the accelerator components are reasonably easy to design
and manufacture. Most modern medical linacs operate with
microwaves of about 3000 MHz, in what is known as the S-band.
The wavelength in a vacuum may be determined from the fre-
quency 𝜈 and speed of light c as:

𝜆 = c
v

For microwaves of 3000 MHz, the wavelength in a vacuum is on
the order of 10 cm. In a waveguide, the wavelength is reduced
somewhat because the phase velocity of the radiation is reduced.

During operation of a linac, the temperature of various
components tends to increase. Changes in temperature may
adversely affect the operation of the accelerator and must be
avoided. In particular, a temperature rise of the accelerator guide
of as little as 1◦C may cause sufficient expansion to change the
resonant frequency by 60 kHz. A change in resonant frequency
of as little as 20 kHz can seriously degrade the performance of
the accelerator. This sensitivity means that the frequency of the
microwaves must be adjusted to compensate. Consequently, the
magnetron must be tunable, to permit continuous matching of
the frequency. Early linacs equipped with fixed-frequency mag-
netrons required that the operator manually adjusted the flow of
water around the accelerator waveguide, to regulate the size of
the resonant cavities and keep them matched to the microwave
frequency. Modern magnetrons are equipped with motor-driven
tuners that are controlled by a circuit that senses the microwave
frequency.

Klystrons

The principle of the klystron microwave power tube is illus-
trated in Figure 4-15. The tube requires a low-power radiofre-
quency oscillator to supply RF power to the first cavity, termed
the buncher. The low-power RF source used with a klystron is
known as the RF driver and typically delivers a power level of a
few hundred watts. By application of an accelerating voltage sup-
plied as a DC pulse from the DC power supply (the pulse form-
ing network described earlier), electrons with energies of several
keV are injected into the cavity. In the buncher cavity, the veloc-
ity of the electrons is modulated by the electric field component
of the microwave field. This modulation of velocity causes the
electrons to group together into closely spaced electron bunches.
As the electron bunches arrive at the second cavity, termed the
catcher cavity, they are decelerated, and their energy is trans-
formed into a pulse of microwave power. High-power klystrons
containing additional cavities have achieved direct current-to-
microwave conversion efficiencies of up to 55%, with peak pow-
ers as high as 24 MW.

Microwave power-handling equipment

Microwaves from the magnetron or klystron are conducted to
the accelerator waveguide by rectangular sections of waveguide
(Figure 4-16). The microwaves are confined by the metal walls
of the waveguide and propagate through a dielectric gas such
as Freon or sulfur hexafluoride. The dimensions of such waveg-
uides are typically 0.6𝜆 in width by (0.2–0.5)𝜆 in height. The cir-
cular accelerator waveguide is normally energized in the TM01
mode, meaning that the magnetic field is transverse to the longi-
tudinal axis of the guide. Consequently, the electric field is axial,
and the force exerted by the electric field on the particles accel-
erates them along the longitudinal axis of the guide.

In single-modality accelerators (those capable of producing
only an x-ray beam of selected energy), the waveguide and other
microwave power-handling equipment are straightforward.
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Figure 4-15 Schematic cross-section of a high-power four-cavity klystron
power tube.

Multimodality accelerators, capable of producing beams of elec-
trons as well as x-ray beams of one or more energies, require
alteration of the microwave power delivered to the accelerator
structure, so that particles can be accelerated to different ener-
gies. Because magnetrons and klystrons are generally adjustable
over only small ranges, other means are required to vary the
power. One available device is called a power splitter. A vari-
able fraction of the power directed to this device is returned to
the accelerator waveguide. The remainder is absorbed in a water-
filled load. Of the power directed to the accelerator waveguide, a
portion may be reflected from the guide. A circulator or direc-
tional coupler directs this reflected power away from the mag-
netron or klystron, to avoid interfering with its operation.

So-called dual-energy or multi-energy linacs have the capa-
bility of producing x-ray beams of two or more energies. They
incorporate accelerator waveguides of sufficient length to accel-
erate electrons to the energy required for the highest-energy
photon beam desired, but must be able also to accelerate

electrons to lesser energies. This capability requires radiofre-
quency power-handling equipment of greater complexity, to
ensure that the electron bunches remain focused and that the
variation in energy of the electrons remains small. An energy
switch employed by one manufacturer is shown in Figure 4-17. It
provides control over the amount of radiofrequency power pass-
ing from the left-hand cavity into the remainder of the guide.

Vacuum pump

The accelerator guide of a linac requires a high vacuum (on the
order of 10−8 mm Hg) to prevent power loss and electrical arcing
caused by interactions of electrons with gas molecules. Although
older models used mechanical fore-pumps and oil diffusion vac-
uum pumps, all newer models use sputter-ion (Vac-Ion) pumps
to maintain good vacuum.

A sputter-ion pump typically consists of multiple cylindri-
cal anodes positioned between two cathodes. The cathodes are
sandwiched between the poles of a magnet. The cathodes are
composed of a reactive sputtering material such as titanium.
Electrons ejected spontaneously from the cathode are attracted
toward the anode and assume a spiral path in the magnetic field.
As a consequence, they oscillate between the cathodes and col-
lide with gas molecules to produce considerable ionization. The
resulting positive ions bombard the cathodes, causing ejection
(sputtering) of neutral atoms of titanium, which are deposited
chiefly on the anodes. By this mechanism, gas molecules are con-
tinuously removed from the electron accelerator section.

Bending magnet

Low-energy linacs require short accelerating structures that can
be mounted directly in line with the path from the x-ray target to
the patient. Higher-energy linacs require longer structures that
are often mounted horizontally (or nearly so) within the linac
gantry. A bending magnet is used to change the direction of the
accelerated electron beam from horizontal to vertical. The angle
of bend may be 90◦, but many accelerators use a 270◦ achro-
matic magnet. As described below, a magnet with multiple 90◦
bends provides greater stability of the resulting photon beam.

The electrons accelerated in a linac do not all reach the bend-
ing magnet with exactly the same velocity. By equating the force
on a particle in an electromagnetic field with the centripetal
force, we can show that an electron in a magnetic field follows a
curved path with a radius given:

r = mv
qB

Example 4-7

What is the radius of the path of a 10 MeV electron passing
through a magnetic field of strength = 7000 Gauss (0.7 Tesla or
0.7 Weber/m2)?

r = mv
qB
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Figure 4-16 RF power-handling equipment for a linear accelerator.

where v is the velocity of the 10 MeV electron (99.88% of the
speed of light) and m is the mass of the electron; m is related to
m0, the rest mass of the electron (9.11 × 10−31 kg) by:

m =
m0√
1 − v2

c2

Therefore, m = 1.86 × 10−29 kg. The intensity of the mag-
netic field B = 0.7 Weber/m2 and the charge of an electron

Figure 4-17 A noncontact-type microwave energy switch for a
standing-wave accelerator guide.
Source: Karzmark et al. 1993.23

q = 1.6 × 10−19 C. Therefore:

r =
(1.86 × 10−29 kg)(3 × 108 m/s)
(1.6 × 10−19 C)(0.7 weber/m2)

r = 0.05 m or 5 cm

The Weber is a unit of magnetic flux and describes the inte-
gral of the magnetic field strength over a surface. Magnetic field
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Magnet

Cathode

Magnet

Figure 4-18 A representative sputter-ion pump.
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Figure 4-19 A simple 90◦ bending magnet, showing the paths of electrons
of three energies.

strength is defined by the force exerted by the field on a charged
particle:

F = qv × B

B therefore is expressed in units of newton
coulomb (m/s) , which has been

given the special name Weber/meter2: 1 Weber/meter2 = 1
Tesla = 104 Gauss. The Earth’s magnetic field is about 0.000025–
0.000065 Tesla or 0.25–0.65 Gauss.

For a chosen magnetic field strength, electrons with higher
energy (higher values of mv) are bent through a larger radius
than are lower-energy electrons. As shown in Figure 4-19 of
a 90◦ bending magnet, lower-energy electrons strike the target
at a different point than the higher-energy component of the
beam. However, in a 270◦ achromatic bending magnet, as shown
in Figure 4-20, the low-energy and high-energy components of
the beam converge at a point called the triple focus. A target
positioned at this point intercepts all electrons emerging from
the bending magnet. Many bending magnets are equipped with
an energy-defining slit consisting of barriers that intercept elec-
trons whose energies vary from the desired energy by more than
a selected amount.

The energy-defining slit of a modern linear accelerator con-
sists of a mechanical barrier placed near the midpoint of the
bending magnet. A window in the barrier allows electrons of the
selected energy range (correct radius of bend) to pass through.
Electrons outside the range are stopped. The choice of barrier
material is important to minimize the production of x rays. Nev-
ertheless, the bending magnet is a major source of leakage radi-
ation. If an accelerator is not tuned properly, it can steer a large
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Figure 4-20 A modern 270◦ achromatic bending magnet, showing the
paths of electrons of three energies.

fraction of the electron beam into the energy slits. The resulting
leakage radiation may exceed regulatory limits.

X-ray target

When an x-ray beam is desired, a target of an appropriate mate-
rial is moved into the path of the electrons. The material usu-
ally has a high atomic number (e.g., tungsten) in low-energy
linacs, but may be of intermediate atomic number (e.g., copper)
in high-energy units. In contrast to conventional x-ray tubes,
an accelerator target is generally a transmission target, mean-
ing that the generated x rays are transmitted through the tar-
get material to reach the patient. The thickness of the target is a
compromise between one that ensures every electron interacts
and one that absorbs the fewest x rays. The ideal thickness is
related to the radiation length, the thickness in which 1/e of the
electron beam is absorbed. Bremsstrahlung x rays leave the loca-
tion of production at an angle relative to the direction of incident
electrons. At low electron energies, the mean angle of emission
(𝜙) is large. As the energy, E, of the incident electrons increases,
𝜙 decreases so that at megavoltage energies the x rays are emitted
predominantly in the forward direction. Consequently, a reflec-
tion target of the type used in lower-energy x-ray tubes is not
used in a linear accelerator. Instead, a thin transmission target is
used.

Flattening filter and scattering foil

The x-ray beam from a linac is frequently strongly forward
peaked. The mean scattering angle subtended by the beam is
related to the electron energy by the Rossi–Griesan equation:

(𝜙) = 15
E0

√
X
X0
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Figure 4-21 Isodose distributions for a 10 MV x-ray beam without (left)
and with (right) the beam-flattening filter in place. Lateral horns of the
distribution are apparent near the surface for the distribution obtained with
the beam-flattening filter.

where 𝜙 is the mean scattering angle in steradians, E0 is
the energy in MeV of the incident electrons, X is the target
thickness, and X0 is the radiation length (a characteristic of
a material, related to the energy loss of the electrons with the
material). For example, a 15 MeV electron beam incident on a
target whose thickness is equal to the radiation length generates
a photon beam whose mean scattering angle is only 1 steradian.

A flattening filter is used to create a beam of sufficient area
and uniformity for clinical use. The effect of a flattening filter on
the raw lobe of a 10 MV beam is shown in Figure 4-21. Today’s
medical linac uses a flattening filter so that the x-ray beam reach-
ing the patient is as uniform as possible. Treatment techniques
recently introduced, such as intensity-modulated radiation ther-
apy (IMRT), do not require a uniform beam and may allow the
production of machines without flattening filters and the flat-
tening filter free (FFF) mode is now used clinically. The raw
lobe beams are starting to be used for very high output treat-
ments, which is one of the main benefits of FFF mode. However,
one should always use FFF beam in conjunction with CT-based
treatment planning as the non-flat beams will produce signifi-
cantly different dose distributions than conventional flat beams.
A summary of the strengths and weaknesses of FFF beams is pro-
vided by Georg et al.24

The electron beam exiting from the accelerator waveguide or
bending magnet is often no more than 1 or 2 mm in diameter.

When the electron beam is to be used for treatment, a scatter-
ing foil is employed to provide a uniform beam of dimensions
suitable for treatment. Modern scattering foils are of complex
design, to scatter the beam without generating an unaccept-
able quantity of Bremsstrahlung radiation or degrading the
beam energy by too great an amount.

Monitor ionization chamber

In contrast to 60Co units, in which the source decays predictably
to furnish a beam of slowly decreasing intensity, the dose rate of
an accelerator beam may vary unpredictably or by design. Con-
sequently, it is not possible to rely on the elapsed time to con-
trol the dose delivered to a patient. Instead the radiation leaving
the target or scattering foil passes through a monitor ionization
chamber (Figure 4-22), where it produces an ionization current
that is proportional to the beam intensity. The ionization current
is conducted to the control panel, where it is converted to a dig-
ital display of monitor units (MUs). The dose delivered to the
patient is controlled by programming the accelerator to deliver
a prescribed number of MUs.

Collimator

The final control over the beam, before it is delivered to the
patient, is exerted by the collimator. In contrast to 60Co sources,
which are often several centimeters in diameter, the source of
x rays in a linac is only 1 or 2 mm in diameter. As a result, the col-
limator can be of simpler design because the geometric penum-
bra is smaller. For x-ray beams, the collimator consists of jaws
made of a high atomic number material, such as lead or tung-
sten. In most cases, the jaws are adjusted under motor control to
create rectangular beams of almost any size. Most modern accel-
erators can deliver beams of up to 40 × 40 cm2. A modern linear
accelerator is shown in Figure 4-23.

Because electrons can be scattered easily by the intervening
air between the scattering foil and the patient, the final stage of
collimation of an electron beam must be close to the skin sur-
face. An electron applicator or cone, such as those shown in
Figure 4-24, is used to shape electron beams. Although the cone
is rectangular, a slot is often provided to place a shaped insert to
customize the field shape to the patient’s target volume.

Treatment couch

To support the patient during treatment, a treatment couch is
provided as part of a linear accelerator. The couch is usually
mounted so that it pivots about an axis that passes through the
gantry isocenter. Sometimes an eccentric axis of rotation is pro-
vided to provide greater convenience for patients or to permit
extended lateral movement of the couch. Typical weight limits
for a treatment couch are about 400 lb but can be greater for
new robotic-style couches. One should always confirm with the
vendor before loading a couch with more than 300 lb.
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Figure 4-23 A modern dual-energy linear accelerator for radiation therapy.
Figure 4-24 Representative electron applicators.
Source: Courtesy of Varian Associates, Inc.
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Other medical accelerators

The first particle accelerator developed by Van de Graaff was
described in 1931.25 Van de Graaff generators used in research
provide beams of positively charged particles with energies of
20 MeV and higher. In radiation therapy, Van de Graaff gener-
ators have been used to accelerate electrons to energies of up to
3 MeV but are no longer used.

Betatrons have largely been replaced in the clinic by linear
accelerators, but for several decades after their introduction they
enjoyed considerable popularity. However, presently, there are
not any in clinical operation in the United States. The first beta-
tron, constructed by Kerst in 1941, accelerated electrons to an
energy of 2 MeV.26 In later years, electrons and x rays with ener-
gies of up to 45 MeV were available from betatrons, but, pri-
marily because of their relatively low dose rates, betatrons are
no longer routinely used for patient treatments.

Cyclotrons

The first cyclotron, developed by Lawrence and Livingston in
1932, provided the background for modern orbital accelera-
tors.27 Electrons are not accelerated in cyclotrons, but, proton
facilities almost exclusively use cyclotrons for accelerating pro-
tons. Cyclotrons are also used extensively to produce radioactive
nuclides, including positron emitters that are useful in nuclear
imaging and medical research.

The operation of a cyclotron is outlined in Figure 4-25. Two
hollow, semicircular electrodes, or dees, are mounted between
the poles of an electromagnet and separated from each other by
a gap of 2–5 cm. The electromagnet is energized by direct cur-
rent and furnishes a magnetic field of constant intensity across
the dees. An alternating voltage applied to the dees oscillates
with a frequency that is chosen with consideration for the inten-
sity of the magnetic field and the type of particle being acceler-
ated. For most cyclotrons available commercially, the frequency
is between 10 and 40 MHz.

Positive ions (e.g., 1H+, 2H+, 3He2+, or 4He2+) are released
by a cathode-arc source in the gap between the dees and are
accelerated in bunches toward the negative dee. After the ions
enter the dee, they are shielded from the electric field. The mag-
netic field forces the particles into a circular path, which the par-
ticles follow with constant speed. Just as the polarity reverses
across the dees, the ions emerge from the first dee and accelerate
across the gap toward the second dee. The ions follow a circular
orbit in the second dee and emerge as the polarity reverses again.
In this manner, the particles are accelerated each time they cross
the dee aperture until they attain the desired energy.

The radius of the orbit followed by ions within a dee is
described by:

r = mv
Bq

High
frequency

power
supply

Source
of

ions Positive
ions

DeeMagnet

Magnetic field

Magnet

Figure 4-25 Conventional two-dee cyclotron. The path of positively
charged particles is denoted by the dashed curve. The particles are
accelerated each time they cross the gap between the dees.

where r is the radius, m is the mass of the accelerated particles,
v is the velocity of the particles, B is the magnetic field intensity,
and q is the charge of the particles. This equation is identical to
the equation that describes the equilibrium orbit of electrons in a
betatron and in a bending magnet. If the magnetic field intensity,
B, and the mass, m, are constant, the radius of the orbit increases
linearly with the velocity of the accelerated particles.

The time, T, for a half-revolution of the particles in a dee is:

T = 𝜋m
Bq

If the mass of the particles remains constant, the time for a
half-revolution is also constant, and the emergence of the parti-
cles from the dees is synchronized easily with changes in the dee
polarity. However, the relativistic mass, m, of a particle moving
with velocity, v, is:

m =
m0√
1 − v2

c2

When the velocity of particles in a cyclotron reaches about 0.2c,
the increased mass of the particles disturbs the synchroniza-
tion between the emergence of particles from the dees and the
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changing polarity across the dees. For example, deuterons may
be accelerated in a cyclotron to a maximum energy of about
35 MeV. A deuteron is a combination of a proton and a neu-
tron. Above 35 MeV, the relativistic increase in mass causes the
deuterons to emerge from the dees out of phase with the chang-
ing polarity of the dees. Electrons reach the limiting velocity
of 0.2c when their kinetic energy is only about 10 keV. Conse-
quently, electrons are not accelerated in cyclotrons.

To maintain the synchronization between particle emergence
from the dees and changing polarity of the dees, the frequency
of the alternating voltage applied to the dees may be reduced as
the particles gain energy. This approach is used in the synchro-
cyclotron, and deuterons have been accelerated to energies of up
to 200 MeV in these machines.

For experimental studies, a beam of heavy particles may be
extracted from a cyclotron. Additionally, radioactive nuclides
may be produced in a cyclotron by directing accelerated par-
ticles onto a target. An increasing number of medical institu-
tions are using a cyclotron to produce short-lived, positron-
emitting radioactive nuclides (11C, 13N, 15O, 18F) useful in
nuclear medicine. These nuclides are used in combination with
positron emission tomography (PET).

Microtrons

With the availability of microwave accelerator cavities came
the development of another device for accelerating electrons in
circular or elliptical orbits. This device, called the microtron,
combines the static magnetic field of the cyclotron with the
accelerating cavity of the linear accelerator.28 In contrast to
the linear accelerator, electrons pass through the accelerating
cavity multiple times, gaining energy each time. The path of
the electron bunch is bent by the static magnetic field in a
circular or racetrack shape, bringing the electrons back to the
cavity.

As electrons reach velocities close to the speed of light, they
can be considered to be traveling at constant velocity during the
entire acceleration process. As their energy increases, however,
their momentum increases proportionately, and their bending
radius increases as well.

In a circular microtron, the electron’s energy increases in
equal increments, and therefore the circumference of the path
increases by corresponding increments. Consequently, the elec-
tron bunch arrives at the accelerating cavity at the correct
moment to be accelerated again.

The maximum energy of electrons in a microtron is essen-
tially limited only by the dimensions and strength of the
static magnetic field. In practice, microtrons can accelerate
electrons to energies of up to 50 MeV.28 Difficulties with
the stability of operation have made microtrons unreliable in
the clinic, and pursuit of their clinical application has been
discontinued.

Summary

! An x-ray tube may be operated under either space-charge-
limited or filament-emission-limited conditions.! X-ray production efficiency may be increased by the use of
rectification (self-, half-wave, full-wave) and special x-ray cir-
cuits (three-phase and high frequency).! X-ray spectra are influenced by tube current, tube voltage, x-
ray circuitry (three-phase, high frequency), and beam filtra-
tion.! The line-focus principle is employed to reduce the size of the
apparent focal spot.! Radiation treatment unit design has evolved significantly
since the first x-ray tubes became available in 1896.! The use of x rays for radiation therapy began within months
of their discovery.! Low-energy x-ray units are in use in many clinics for the treat-
ment of superficial disease.! The introduction of the 60Co teletherapy unit made “mega-
voltage” radiation therapy affordable and practical.! The development of the side-coupled standing-wave electron
linear accelerator allowed the construction of a 4 MV linac that
is physically no larger than a 60Co unit.! Refinements have made dual-photon energy linacs practical
and affordable for many radiation therapy departments.! 60Co units remain a practical and economic alternative in
countries where accelerator service capabilities are limited.

Problems

4-1 How many electrons flow from the filament to the tar-
get each second in an x-ray tube with a tube current of
200 mA? If the tube voltage is a constant 100 kV, what is
the power (energy/second) delivered to the target?

4-2 An apparent focal spot of 1 mm is projected from an x-
ray target with a “true” focal spot of 5 mm (see diagram
below). What is the target angle?

tagret angle

5 mm

1 mm

Figure 4-26

Sarah Formica


	Hendee's Radiation Therapy Physics
	Contents
	Preface to the Fourth Edition
	Preface to the Third Edition
	Preface to the Second Edition
	Preface to the First Edition
	1 Atomic structure and radioactive decay
	Introduction
	Atomic and nuclear structure
	Atomic units
	Mass defect and binding energy
	Electron energy levels
	Nuclear stability

	Radioactive decay
	Types of radioactive decay
	Alpha decay
	Beta decay
	Gamma emission and internal conversion

	Radioactive equilibrium
	Natural radioactivity and decay series
	Artificial production of radionuclides
	Summary
	Problems
	References

	2 Interactions of x rays and gamma rays
	Introduction
	Attenuation of x rays and gamma rays
	X-ray and gamma-ray interactions
	Coherent scattering
	Photoelectric interactions
	Compton interactions
	Pair production
	Photodisintegration
	Likelihood of interactions

	Summary
	Problems
	References

	3 Interactions of particulate radiation with matter
	Introduction
	Differences between charged particles and photons
	Classification of particles
	Collisional interactions
	Radiative interactions
	Summary
	Problems
	References

	4 Machines for producing radiation
	History of xrays
	Conventional x-ray tubes
	Electron source
	X-ray tube voltage
	X-ray spectra
	Low-energy therapy x-ray units
	Grenz–ray units
	Contact therapy units
	Superficial therapy units
	Orthovoltage therapy units
	Supervoltage therapy units
	Megavoltage x-ray units
	Isotope teletherapy units
	Cobalt units
	Source capsule
	Source exposure mechanism
	Collimators
	Beam edge unsharpness
	Isocentric units

	137Cs teletherapy units
	Linear accelerators
	Historical development
	Major components of medical electron accelerators
	Modulator and pulse-forming network
	Magnetrons
	Klystrons
	Microwave power-handling equipment
	Vacuum pump
	Bending magnet
	X-ray target
	Flattening filter and scattering foil
	Monitor ionization chamber
	Collimator
	Treatment couch

	Other medical accelerators
	Cyclotrons
	Microtrons
	Summary
	Problems
	References

	5 Measurement of ionizing radiation
	Introduction
	Radiation intensity
	Radiation exposure
	Energy and photon fluence per unit exposure

	Measurement of radiation exposure
	Free-air ionization chamber
	Thimble chambers
	Condenser (“ionization”) chambers
	Correction factors
	Extrapolation and parallel-plate chambers

	Radiation dose
	Measurement of radiation dose
	Calorimetric dosimetry
	Radiographic film dosimetry
	Radiochromic film dosimetry
	Chemical dosimetry
	Scintillation and semiconductor dosimetry
	Luminescent dosimetry

	Absorbed dose measurements with an ionization chamber
	Bragg–Gray cavity theory

	Dose equivalent
	Radiation quality
	Spectral distributions

	Summary
	Problems
	References

	6 Calibration of megavoltage beams of x rays and electrons
	Introduction
	Calibration standards and laboratories
	Calibration coefficient as a function of energy
	Estimation of dose to a medium from a calibration in air
	Work function
	Dose to air
	Dose to another medium
	Measurement in a phantom

	Calibration of low-energy x-ray beams
	Beam quality
	Ionization chamber
	In-air calibrations
	In-phantom calibrations

	Calibration of megavoltage beams: The AAPM protocol
	Calibration of photon beams versus electron beams
	Calibration with an ionization chamber in a medium
	Dose to water from a measurement of ionization
	Dose to water calibration coefficient (ND,w)
	Effective point of measurement
	Beam quality specification
	Calibration of photon beams
	Calibration of electron beams

	The IAEA calibration protocol
	Summary
	Problems
	References

	7 Central-axis point dose calculations
	Introduction
	Dose calculation model
	Machine calibration
	Corrections for field size
	Inverse square correction
	Corrections for beam modifiers
	Corrections for patient attenuation

	Percent depth dose
	Influence of depth and radiation quality
	Effect of field size and shape
	Effect of distance from source to surface
	Effect of depth of underlying tissue

	Tables of percent depth dose
	Tissue-air ratio
	Computing tissue-air ratio from percent depth dose
	Influence of field size and source–axis distance on tissue-air ratio
	Influence of radiation energy and depth

	Backscatter
	Scatter-air ratio
	Tissue-phantom ratio
	Monitor unit calculations for electrons
	Summary
	Problems
	References

	8 External beam dose calculations
	Introduction
	Dose calculation challenges
	Treatment fields
	Lateral disequilibrium in high-energy beams
	Interface effects

	Aspects of clinical photon beams
	Beam data
	Patient data
	Photon beam computational algorithms
	Analytical methods
	Matrix techniques
	Semi-empirical methods
	Clarkson method
	Differential scatter-air ratio calculation
	Three-dimensional integration methods
	Monte Carlo methods

	Electron-beam computational algorithms
	Summary
	Problems
	References

	9 External beam treatment planning and delivery
	Introduction
	Virtual simulation techniques
	Immobilization and localization
	Segmentation of the CT image data set
	Selection of ideal treatment plan
	Dose–volume histograms

	Biological modeling
	Forward planning
	Inverse planning
	Intensity modulated radiation therapy
	Treatment planning techniques
	Setting the objective function
	Optimization
	Conversion to deliverable treatment

	Dynamic delivery techniques
	Tomotherapy
	Serial tomotherapy
	Helical tomotherapy

	Robotic treatments
	Summary
	Problems
	References

	10 The basics of medical imaging
	Introduction
	Characteristics of imaging systems
	Image contrast
	Digital imaging concepts
	Dynamic range
	Gray-scale binning
	Spatial resolution
	Image enhancement

	Summary
	Problems
	References

	11 Diagnostic imaging and applications to radiation therapy
	Introduction
	Radiography
	Digital radiography
	Digital x-ray detectors

	Computed tomography
	History
	Principles of computed tomography
	Reconstruction algorithms

	Ultrasonography
	Nuclear medicine
	Properties of radioactive pharmaceuticals
	Nuclear medicine imaging

	Emission computed tomography
	Single-photon emission computed tomography
	Positron emission tomography

	Magnetic resonance imaging
	Functional magnetic resonance imaging
	Summary
	Problems
	References

	12 Tumor targeting: Image-guided and adaptive radiation therapy
	Introduction
	Intrafractional motion
	Imaging of effects of respiratory motion
	Planning with respiratory motion
	Motion mitigation

	Positioning uncertainties
	Two-dimensional versus three-dimensional alignment
	Two-dimensional alignment
	Three-dimensional alignment

	Non-radiographic image-guided radiation therapy
	Surface-based image-guided radiation therapy
	Ultrasound systems
	Electromagnetic transponder
	MR-based image-guided radiation therapy

	Data requirements for image-guided radiation therapy
	Summary
	Problems
	References

	13 Computer systems
	Introduction
	Terminology and data representation
	Number systems
	Conversion from one system to another

	Bits, bytes, and words
	Representation of data
	Indication of states
	Numeric data
	Alphanumeric data
	Analog-to-digital and digital-to-analog conversion
	Representation of graphic data

	Computer architecture
	Memory
	Central processing unit
	Graphics processing unit
	Inputoutput devices
	Mass storage devices

	Computer software
	Programming languages
	Computer languages
	Low-level languages
	High-level languages

	Networking†
	Network components and structure
	Interfaces
	Transmission media
	Data compression
	Display stations and standards

	Computer requirements for treatment planning
	Summary
	Problems
	References

	14 Radiation oncology informatics
	Introduction
	Ontologies
	Information standards
	Information flow in radiation oncology
	Informatics for treatment planning
	Future trends in radiation oncology informatics
	Summary
	Problems
	References*

	15 Physics of proton radiation therapy
	Introduction
	Production of proton beams
	Characteristics of clinical proton beams
	Generating a clinically useful beam
	Passive scattering
	Scanning beams

	Proton treatment planning
	Planning with passive scattering
	Planning with spot scanning
	Planning quality assurance

	Uncertainties in proton radiation therapy
	Quality assurance for proton radiation therapy
	Patient-plan-specific quality assurance
	Machine-specific quality assurance

	Summary
	Problems
	References

	16 Sources for implant therapy and dose calculation
	Introduction
	Radium sources
	Construction of radium sources
	Types of radium sources

	Radium substitutes
	Cesium-137
	Cobalt-60
	Tantalum-182
	Iridium-192
	Gold-198, Iodine-125, Palladium-103, and Cesium-131
	Americium-241

	Ophthalmic irradiators
	Implantable neutron sources
	Radiation safety of brachytherapy sources
	Storage
	Test for uniform distribution of activity
	Evaluating the safety of brachytherapy sources

	Specification of brachytherapy sources
	Radiation dose from brachytherapy sources
	Sievert integral
	Isodose distributions from individual sealed sources
	Summary
	Problems
	References

	17 Brachytherapy treatment planning
	Introduction
	Design of implants
	Intracavitary implant applicators
	Interstitial implant applicators

	Distribution rules for interstitial implants
	The Quimby system
	The Manchester system
	The Paris system

	Remote afterloading
	Computer calculations
	Air-kerma strength calculation
	Dose over treatment duration
	Plaques
	Radiographic localization of implants
	Three-dimensional image-based implants
	Prostate seed implants
	Prostate HDR
	LDRHDR gynecologic interstitial implant
	Breast brachytherapy

	Therapy with radiopharmaceuticals
	Intravascular brachytherapy
	Summary
	Problems
	References

	18 Radiation protection
	Introduction
	Effects of radiation exposure
	Stochastic radiation effects
	Nonstochastic effects
	History of radiation protection standards

	Current limits on radiation exposure
	Protective barriers for radiation sources
	Protection from small sealed gamma-ray sources
	Design of structural shielding
	Primary radiation barriers
	Secondary barriers for scattered radiation
	Secondary barriers for leakage radiation
	Door shielding
	Neutron shielding

	Protection for sealed radioactive sources
	Radiation surveys
	Ionization chambers
	Geiger–Müller counters
	Neutron detectors

	Personnel monitoring
	Summary
	Problems
	References

	19 Quality assurance
	Introduction
	Recommended quality assurance procedures
	Physics instrumentation
	Ionization chambers and electrometers
	Beam scanning systems
	Ancillary equipment
	Relative dose measuring equipment
	Survey meters

	Conventional linear accelerators
	Safety procedures
	Mechanical alignment
	Beam alignment tests
	Multileaf collimator quality assurance
	Beam calibration
	Photon beam characterization
	Electron beam characterization

	In-room image-guidance quality assurance
	Safety procedures
	X-ray beam performance

	Quality assurance procedures for conventional simulators
	CT simulator quality assurance
	Lasers
	CT couch
	Image orientation
	Image quality
	Computed tomography to density table

	Treatment planning computers
	Quality assurance for intensity-modulated radiation therapy
	Radiation safety
	Treatment planning
	Machine characteristics
	Patient-specific dose verification

	Stereotactic radiosurgery and radiotherapy
	Brachytherapy quality assurance procedures
	Applicators
	Radioactive sources
	Remote afterloading equipment
	Safety procedures
	Source-change quality assurance
	Daily quality assurance
	Monthly quality assurance procedures
	Patient-specific brachytherapy treatment plan quality assurance

	Summary
	Problems
	References

	20 Patient safety and quality improvement
	Introduction
	Human factors
	Understanding accidents
	Mitigating errors

	Hazard analysis
	Prospective analysis
	Retrospective analysis

	Incident learning
	Incident learning systems
	Organizational culture

	Quality improvement
	Plan–do–study–act
	Six-sigma and lean

	Process control
	Quality and process variation
	Use and interpretation of control charts

	Summary
	Problems
	References

	Appendix: Answers to selected problems
	Index
	Supplemental Images
	EULA

