
Advances in Medical Linear Accelerator Technology 

Lucky for one young cancer patient in 1956 that Henry Kaplan, had already come to Stanford 
with an unusual goal to turn a device used by the physicists on campus—the linear accelerator—
into a tool for fighting cancer. That patient, a 2-year-old boy suffering from a tumor in his eye, 
was the first to undergo X-ray treatment from a medical linear accelerator that Kaplan developed 
with campus physicists. The treatment saved the child's sight and he lived the rest of his life with 
his vision intact.  

 
Figure – 1, The first patient to receive radiation therapy from the Medical Linear Accelerator  

 
It all came about because Kaplan thought he could find a way to focus intense X-rays to destroy 
a tumor without harming surrounding healthy tissues—and he thought the physicists would be 
the ones to help him do so. "In the 1950s, I began to hear cocktail party conversations about an 
interesting new atom smasher being developed on the campus by Bill Hanson and Edward 
Ginzton and their colleagues," Kaplan recalled in an 1983 interview, the year before his death. 



The interview appeared in The World of Stanford Radiology, a 2006 book by Otha Linton that 
chronicled the 100-year history of radiology at the School of Medicine.  

 
Figure – 2, Henry Kaplan (left) and head of radiological physics Mitchell Weissbluth 

 

An atom smasher, otherwise known as a particle accelerator, uses electromagnetic fields to 
propel charged particles to great energies. By slamming accelerated electrons into a target made 



of heavy metal, high-energy X-ray beams result. Kaplan thought this machine could be 
harnessed to deliver X-ray therapy that was superior to the unreliable, weak and unfocused 
radiation therapy approaches of his day. "Ed Ginzton and I spent our first luncheon talking about 
the properties of the Stanford linear accelerator," continued Kaplan, who was chair of radiology 
from 1948 until 1972. "This sounded miraculous and I became convinced that this was to 
become the radiotherapy machine of the future." 

Kaplan, MD, and Ginzton, PhD, professor of electrical engineering and of physics, begin 
building a medical linear accelerator in 1952 and developed the first medical linear accelerator in 
the Western Hemisphere, installed at Stanford Lane Hospital in San Francisco (USA). In January 
1956 the machine was ready to be used on their first patient, a boy with retinoblastoma in his one 
remaining eye after surgeons had removed the tumor in the other eye. Destroying the tumor 
while sparing the eye would have been impossible with earlier, less-focused radiation sources. 

 

Figure – 3, The Original Linear Accelerator in Operation 

"I will never forget the puzzled look on the face of the garage owner down on Fillmore Street 
when I asked him to borrow a heavy-duty automobile jack," recalled Kaplan in the book. "I 
explained that it was to carry a large block of lead with a pinhole in it, to enable us to position 
that pinhole day after day for six weeks directly opposite the tumor in the boy's eye while 
missing the lens and cornea." 



In the years following this first patient treatment, Stanford radiologists continued to improve on 
the device's design, spurred by Kaplan's early ambitions of having his department's clinical 
science meld with the university's basic science departments of physics, engineering and biology.  
Peter Fessenden, PhD, Professor Emeritus (teaching) of radiation oncology, joined at Stanford as 
the head of the radiation physics section in 1972, just as the original accelerator was retired to the 
Smithsonian Institution after 16 years of patient treatment. Fessenden continued studies he had 
begun years earlier with the section's previous leader, exploring how to create linear accelerators 
that delivered their punch to tumor cells through two types of radiation. Working with Varian 
Medical Systems Inc. of Palo Alto, his group helped develop the first machine that combined 
both X-ray and electron treatment. “We learned a heck of a lot from this machine, the dos and 
don'ts," said Fessenden, who retired in 1995. "Using a lot of that information, Varian went on to 
develop the precursor to all the modern machines you see now." Current machines have two or 
three energies of X-rays and up to seven energies of electrons, giving physicians versatility for 
crafting the most effective attack. 
The medical linear accelerator is a dramatic example of what can be achieved when researchers 
from different academic disciplines converge to solve a problem. This 52-year-old achievement 
was a precursor to the multidisciplinary approach now called translational medicine. 
Although not published until 1897, J. J. Thomson’s work on cathode rays and consequent 
discovery of the electron preceded Roentgen’s discovery of x-rays in the November of 1895 – a 
year before the announcement by the Becquerel of the discovery of radioactivity. The 
cognoscenti were therefore aware that x-rays had been produced by a primitive electron 
accelerator. X-rays were immediately applied to diagnosis and therapy in medicine. The initial x 
– ray machines were producing very low energy x – rays and inconsistent exposure rates as these 
were based on gas tubes. In 1903, Coolidge developed hot cathode x – ray tube. Coolidge tube x-
ray generators, which yielded a readily controlled and higher energy x – ray source, replaced gas 
tubes.  

 
Figure – 4, Typical Therapy X – Ray Tube 



 

200 KV Coolidge x – ray tube was standard 
equipment for “deep therapy” during 2nd – 3rd 
decade of 19th century. Then there was need to 
increase the operating voltage well beyond 200 
KV. By 1933, several x – ray facilities could 
produce tube voltages of the order of 1 MV. 
Using the insulating techniques voltage of 2 
MV was in use by 1939, but the units were 
bulky. 
 
 
 
Figure – 5, Development of Megavoltage X – 
Ray Therapy. Treatment Room for 1 Million 
Volt X-Ray Therapy Machine (with Mr. Ralph 
Phillips) 1937 

 
Since the inception of radiotherapy, the technology of radiation production has first been aimed 
toward ever higher photon and electron beam energies and intensities. So it was felt to find out 
some alternative technique to accelerate electrons to much higher energy that did not rely on the 
production of extremely high voltages. Numerous types of accelerators have been built for basic 
research in nuclear and high energy physics and most of them have been modified for atleast 
some limited use in radiotherapy. The Van de Graaff generators, Betatrons, Cyclotron, 
Synchrocyclotron, Microtron and Synchrotron are few to name.   
 
Irrespective of the accelerator type, two basic conditions must be met for particle acceleration i.e. 
the particle must be charged and an electric field must be provided and oriented in the direction 
of particle propagation. In general, the charged particles (mainly electrons) to be accelerated are 
injected into the accelerator structure from a suitable source. Then collimated into a beam they 
follow certain trajectory in vacuum under the action of the accelerating electric field until they 
have attained the required kinetic energy. At this moment the beam is either extracted from the 
machine or made to strike a target in which the desired reactions occur. The accelerating electric 
field may be continuous or pulsed and the charged particles must move in a high vacuum (~10-6 
torr) in order to avoid being slowed down and scattered by collisions with air or gas molecules. 
The various types of accelerator differ in the way they produce the accelerating electric field and 
in how the field acts on the particles to be accelerated. As far as the accelerating electric field is 
concerned there are two main classes of accelerator: electrostatic and cyclic. 

a) In electrostatic accelerators the particles are accelerated by applying an electrostatic 
electric field through a voltage difference, constant in time, whose value fixes the value 
of the final kinetic energy of the particle. Since the electrostatic fields are conservative, 
the kinetic energy that the particle can gain depends only on the point of departure and 
point of arrival and hence cannot be larger than the potential energy corresponding to the 
maximum voltage drop existing in the machine. The energy that an electrostatic 
accelerator can reach is limited by the discharges that occur between the high voltage 
terminal and the walls of the accelerator chamber when the voltage drop exceeds a certain 
critical value (typically 1 MV). Examples of electrostatic accelerators are Superficial & 



Orthovoltage X – Ray tubes, Van de Graaff generators, Neutron generators and Cockroft-
Walton generators.   

b) The electric fields used in cyclic accelerators are variable and nonconservative, 
associated with a variable magnetic field and resulting in some close paths along which 
the kinetic energy gained by the particle differs from zero. If the particle is made to 
follow such a closed path many times over, one obtains a process of gradual acceleration 
that is not limited to the maximum voltage drop existing in the accelerator. Thus the final 
kinetic energy of the particle is obtained by submitting the charged particle to the same, 
relatively small, potential difference a large number of times, each cycle adding a small 
amount of energy to the kinetic energy of the particle. As far as the trajectories of the 
charged particles in cyclic accelerators are concerned, they may be curved (Betatrons, 
Cyclotron, Synchrocyclotron, Microtron and Synchrotron) or straight (Linear 
Accelerator). In a Linear Accelerator (Linac) the particles are made to follow a linear 
path through the same, relatively low potential difference several times. Hence Linacs 
also fall into the group of cyclic accelerators providing curved paths for the accelerated 
particles. This description will be limited to a brief about Betatron, Cyclotron, Microtron 
and a detailed study of Medical Linear Accelerator. 

 
Figure – 6, Two Cyclic Accelerators (a) Betatron (b) Cyclotron 

 
Betatron: The betatron was developed in 1940 by physicist Dr. Donald W. Kerst as a cyclic 
electron accelerator for basic physics research; however, its potential for use in radiotherapy was 
realized soon after and first treatment with betatron x- rays for a medical graduate student who 



had developed gliobalstoma. Medical betatrons operating in the energy range of 15 to 45 MeV 
were in use for cancer therapy until the early 1980’s.  
The machine consists of a magnet fed by an alternating current of frequency between 50 and 200 
Hz. The electrons are made to circulate in a toroidal (doughnut shaped) vacuum chamber that is 
placed into the gap between two magnet poles. A schematic diagram of a betatron is given in 
Fig. 6 (a). Conceptually, the betatron may be considered an analogue of a transformer: the 
primary current is the alternating current exciting the magnet and the secondary current is the 
electron current circulating in the vacuum chamber (doughnut). The electrons are accelerated by 
the electric field induced in the doughnut shape by the changing magnetic flux in the magnet; 
they are kept in a circular orbit by the magnetic field present. In the 1950s betatrons played an 
important role in megavoltage radiotherapy. However, the development of linacs pushed them 
into oblivion because of the numerous advantages offered by linacs over betatrons, such as: 
much higher beam output (up to 10 Gy/min for linacs versus 1 Gy/min for betatrons); larger field 
size; full isocentric mounting; more compact design; and quieter operation. 
 
Cyclotron: The cyclotron was developed in 1930 by E.O. Lawrence for acceleration of ions to a 
kinetic energy of a few megaelectronvolts (MeV). Initially, the cyclotron was used for basic 
nuclear physics research, but later on found important medical uses in the production of 
radioisotopes for nuclear medicine as well as in the production of proton and neutron beams for 
radiotherapy. The recent introduction of positron emission tomography (PET)/computed 
tomography (CT) machines for use in radiotherapy has dramatically increased the importance of 
cyclotrons in medicine. PET/CT machines rely on glucose labelled with positron emitting 18F 
produced by proton cyclotrons.  
In a cyclotron the particles are accelerated along a spiral trajectory guided inside two evacuated 
half-cylindrical electrodes (referred to as dees because of their D shaped form) by a uniform 
magnetic field (1 T) that is produced between the pole pieces of a large magnet. Figure 6 (b) is a 
diagram of a cyclotron. A radiofrequency (RF) voltage with a constant frequency between 10 
and 30 MHz is applied between the two electrodes and the charged particle is accelerated while 
crossing the gap between the two electrodes. Inside the electrodes there is no electric field and 
the particle drifts under the influence of the magnetic field in a semicircular orbit with a constant 
speed until it crosses the gap again. If, in the meantime, the electric field has reversed its 
direction, the particle will again be accelerated across the gap, gain a small amount of energy and 
drift in the other electrode along a semicircle of a larger radius than the former one, resulting in a 
spiral orbit and a gradual increase in kinetic energy after a large number of gap crossings. 
 
Microtron: The microtron is an electron accelerator that combines the features of a linac with a 
cyclotron. The concept of the microtron was developed by V.I. Veksler in 1944, and the machine 
is used in modern radiotherapy, albeit to a much smaller extent than linacs. Two types of 
microtron have been developed: circular and racetrack. In the circular microtron the electron 
gains energy from a microwave resonant cavity and describes circular orbits of increasing radius 
in a uniform magnetic field. To keep the particle in phase with the microwave power, the cavity 
voltage, frequency and magnetic field are adjusted in such a way that after each passage through 
the cavity the electrons gain an energy increment, resulting in an increase in the transit time in 
the magnetic field equal to an integral number of microwave cycles. . In the racetrack microtron 
the magnet is split into two D shaped pole pieces that are separated to provide greater flexibility 
in achieving efficient electron injection and higher energy gain per orbit through the use of 



multicavity accelerating structures similar to those used in linacs. The electron orbits consist of 
two semicircular and two straight sections.  
Medical Linear Accelerator (LINAC):  Linacs were developed concurrently by two groups: 
W.W. Hansen’s group at Stanford University in the USA and D.D. Fry’s group at the 
Telecommunications Research Establishment in the UK. Both groups were interested in linacs 
for research purposes and profited heavily from the microwave radar technology developed 
during World War II, using 3000 MHz as the design frequency. 
The potential for the use of linacs in radiotherapy became apparent in the 1950s, and the first 
clinical linac was installed in the 1950s at the Hammersmith Hospital in London. During 
subsequent years, the linac eclipsed the cobalt unit and became the most widely used radiation 
source in modern radiotherapy, with several thousand units in clinical practice around the world 
today. 
Medical linacs are cyclic accelerators that accelerate electrons to kinetic energies from 4 to 25 
MeV using non-conservative microwave RF fields in the frequency range from 103 MHz (L 
band) to 104 MHz (X band), with the vast majority running at 2856 MHz (S band). 
In a linac the electrons are accelerated following straight trajectories in special evacuated 
structures called accelerating waveguides. Electrons follow a linear path through the same, 
relatively low, potential difference several times; hence linacs also fall into the class of cyclic 
accelerators, just like the other cyclic machines that provide curved paths for the accelerated 
particles (e.g. betatrons).  
The high power RF fields used for electron acceleration in the accelerating waveguides are 
produced through the process of decelerating electrons in retarding potentials in special 
evacuated devices called magnetrons and klystrons. 
Various types of linac are available for clinical use. Some provide X rays only in the low 
megavoltage range (4 or 6 MV), while others provide both X - rays and electrons at various 
megavoltage energies. A typical modern high energy linac will provide two photon energies (6 
and 15 MV) and several electron energies (e.g. 4, 6, 9, 12, and 16 MeV). 
 

 
Figure – 7, Components of a Medical Linear Accelerator 



Linacs are usually mounted isocentrically and the operational systems are distributed over five 
major and distinct sections of the machine: 

1. Gantry; 
2. Gantry stand or support; 
3. Modulator cabinet; 
4. Patient support assembly (i.e. treatment table); 
5. Control console. 

A schematic diagram of a typical modern S band medical linac is shown in Fig. 7. Also shown 
are the connections and relationships among the various linac components listed above. The 
diagram provides a general layout of a linac’s components; however, there are significant 
variations from one commercial machine to another, depending on the final electron beam 
kinetic energy as well as on the particular design used by the manufacturer. 

�  The length of the accelerating waveguide depends on the final electron kinetic 
energy, and ranges from ~30 cm at 4 MeV to ~150 cm at 25 MeV. 

�  The main beam forming components of a modern medical linac are usually 
grouped into six classes: 

i) Injection system; 
ii)  RF power generation system; 
iii)  Accelerating waveguide; 
iv) Auxiliary system;  
v) Beam transport system;  
vi) Beam collimation and beam monitoring system. 

At megavoltage electron energies the bremsstrahlung photons produced in the X ray target are 
mainly forward peaked and the clinical photon beam is produced in the direction of the electron 
beam striking the target. 
In the simplest and most practical configuration, the electron gun and the X ray target form part 
of the accelerating waveguide and are aligned directly with the linac isocentre, obviating the 
need for a beam transport system. A straight-through photon beam is produced and the RF power 
source is mounted in the gantry. 
The simplest linacs are isocentrically mounted 4 or 6 MV machines, with the electron gun and 
target permanently built into the accelerating waveguide, thereby requiring no beam transport 
nor offering an electron therapy option. 
Accelerating waveguides for intermediate (8–15 MeV) and high (15–30 MeV) electron energies 
are too long for direct isocentric mounting and thus are located either in the gantry, parallel to the 
gantry axis of rotation, or in the gantry stand. A beam transport system is then used to transport 
the electron beam from the accelerating waveguide to the X ray target. 
The RF power source in the two configurations is commonly mounted in the gantry stand. 
Various design configurations for modern isocentric linacs are shown in Figure – 8 (a), (b) & (c). 
The injection system is the source of electrons; it is essentially a simple electrostatic accelerator 
called an electron gun. . Two types of electron gun are in use as sources of electrons in medical 
linacs: 
— Diode type; 
— Triode type. 
Both electron gun types contain a heated filament cathode and a perforated grounded anode; in 
addition, the triode electron gun also incorporates a grid.  
 



 
 

 

 

 

Figure – 8, Various Design Configurations of Modern Isocentric Linac 
 



Electrons are thermionically emitted from the heated cathode, focused into a pencil beam by a 
curved focusing electrode and accelerated towards the perforated anode through which they drift 
to enter the accelerating waveguide. 
The electrostatic fields used to accelerate the electrons in the diode gun are supplied directly 
from the pulsed modulator in the form of a negative pulse delivered to the cathode of the gun. 
In a triode gun, however, the cathode is held at a static negative potential (typically –20 kV). The 
grid of the triode gun is normally held sufficiently negative with respect to the cathode to cut off 
the current to the anode. 
The injection of electrons into the accelerating waveguide is then controlled by voltage pulses, 
which are applied to the grid and must be synchronized with the pulses applied to the microwave 
generator. A removable triode gun of a high energy linac is shown in Figure -9. 
 

 
Figure – 9, Removable Triode Electron Gun (Varian Clinac 2100C/D) 

 
The microwave radiation used in the accelerating waveguide to accelerate electrons to the 
desired kinetic energy is produced by the RF power generation system, which consists of two 
major components:  
�  An RF power source;  
�  A pulsed modulator. 



The RF power source is either a magnetron or a klystron. Both are devices that use electron 
acceleration and deceleration in a vacuum for the production of high power RF fields. Both types 
use a thermionic emission of electrons from a heated cathode and accelerate the electrons 
towards an anode in a pulsed electrostatic field; however, their design principles are completely 
different. 

  
Figure – 10, Schematic diagrams of radiofrequency power generators (a) Magnetron (b) Klystron 

 
The high voltage (~100 kV), high current (~100 A), short duration (~1 s) pulses required by the 
RF power source (magnetron or klystron) and the injection system (electron gun) are produced 
by a pulsed modulator. The circuitry of the pulsed modulator is housed in the modulator cabinet, 
which, depending on the particular linac installation design, is located in the treatment room, in a 
special mechanical room next to the treatment room or in the linac control room. 
A magnetron is a source of high power RF required for electron acceleration, while a klystron is 
an RF power amplifier that amplifies the low power RF generated by an RF oscillator commonly 
called the RF driver. 
Waveguides are evacuated or gas filled metallic structures of rectangular or circular cross-section 
used in the transmission of microwaves. Two types of waveguide are used in linacs:  
�  RF power transmission waveguides and accelerating waveguides. The power transmission 

waveguides transmit the RF power from the power source to the accelerating waveguide in 
which the electrons are accelerated. 

�  The electrons are accelerated in the accelerating waveguide by means of  an energy transfer 
from the high power RF fields, which are set up in the accelerating waveguide and are 
produced by the RF power generators. 

The simplest kind of accelerating waveguide is obtained from a cylindrical uniform waveguide 
by adding a series of discs (irises) with circular holes at the centre, placed at equal distances 
along the tube. These discs divide the waveguide into a series of cylindrical cavities that form the 
basic structure of the accelerating waveguide in a linac. 
 
The accelerating waveguide is evacuated to allow free propagation of electrons. The cavities of 
the accelerating waveguide serve two purposes: 
- To couple and distribute microwave power between adjacent cavities; 
- To provide a suitable electric field pattern for the acceleration of electrons. 
Two types of accelerating waveguide have been developed for the acceleration of electrons: 



(i) Travelling wave structure; 
(ii) Standing wave structure. 
In the travelling wave structure the microwaves enter the accelerating waveguide on the gun side 
and propagate towards the high energy end of the waveguide, where they either are absorbed 
without any reflection or exit the waveguide to be absorbed in a resistive load or to be fed back 
to the input end of the accelerating waveguide. In this configuration only one in four cavities is at 
any given moment suitable for electron acceleration, providing an electric field in the direction 
of propagation. 
In the standing wave structure each end of the accelerating waveguide is terminated with a 
conducting disc to reflect the microwave power, resulting in a buildup of standing waves in the 
waveguide. In this configuration, at all times, every second cavity carries no electric field and 
thus produces no energy gain for the electrons. These cavities therefore serve only as coupling 
cavities and can be moved out to the side of the waveguide structure, effectively shortening the 
accelerating waveguide by 50%. A cut-away view of a 6 MV standing wave accelerating 
waveguide is shown in Figure – 11. 
 

Figure – 11, Cutaway view of a standing wave accelerating waveguide for a 6 MV linac. The 
cavities are clearly visible: the accelerating cavities are on the central axis; the coupling cavities 
are off-side. The electron gun is on the left, the target on the right, both permanently embedded. 
 
The microwave power produced by the RF generator is carried to the accelerating waveguide 
through rectangular uniform S band waveguides that are either evacuated or, more commonly, 
pressurized with a dielectric gas (Freon or sulphur hexafluoride, SF6) to twice the atmospheric 
pressure. An important component that must be inserted into the RF power transmission circuit 
between the RF generator and the accelerating waveguide is a circulator (sometimes referred to 



as an isolator), which transmits the RF power from the RF generator to the accelerating 
waveguide but is impervious to reflected radiation moving in the opposite direction, thereby 
protecting the RF source from the reflected power. 
 

 
Figure – 12 (a) Schematic diagram of traveling wave accelerating waveguide, A triode type 

electron gun is attached on the left of the accelerating waveguide 
 

 
Figure – 12 (b) Schematic diagram of standing wave accelerating waveguide, A triode type 

electron gun is attached on the left of the accelerating waveguide 
 

There are some auxiliary systems that are not directly involved with electron acceleration, yet 
make the acceleration possible and the linac viable for clinical operation. The linac auxiliary 
system comprises four systems: 
�  A vacuum pumping system producing a vacuum pressure of ~10–6 torr in the accelerating 

guide and the RF generator;  
�  A water cooling system used for cooling the accelerating guide, target, circulator and RF 

generator;  
�  An optional air pressure system for pneumatic movement of the target and other beam 

shaping components; 
�  Shielding against leakage radiation. 
In low energy linacs the target is embedded in the accelerating waveguide and no beam transport 
between the accelerating waveguide and target is required (Figure – 10). 



Bending magnets are used in linacs operating at energies above 6 MeV, where the accelerating 
waveguides are too long for straight-through mounting. The accelerating waveguide is usually 
mounted parallel to the gantry rotation axis and the electron beam must be bent to make it strike 
the X - ray target or be able to exit through the beam exit window. Three systems for electron 
bending have been developed: 90º bending; 270º bending (achromatic); and 112.5º (slalom) 
bending. 
 

 

 

 
Figure – 13, Schematic diagram of three systems for electron beam bending 

 
In medium (10 MV) and high energy (above 15 MV) linacs an electron beam transport system is 
used for transporting the electron beam from the accelerating waveguide to the X ray target or to 
the linac exit window for electron beam therapy. The system consists of evacuated drift tubes 
and bending magnets. In addition, steering coils and focusing coils, used for steering and 
focusing of the accelerated electron beam, also form components of the beam transport system. 
The linac head contains several components that influence the production, shaping, localizing 
and monitoring of the clinical photon and electron beams. Electrons originating in the electron 



gun are accelerated in the accelerating waveguide to the desired kinetic energy and then brought, 
in the form of a pencil beam, through the beam transport system into the linac treatment head, 
where the clinical photon and electron beams are produced. 
 

 
Figure – 14, Schematic diagram of linac head component (a) photon beam (b) electron beam 

 
The important components found in a typical head of a fourth or fifth generation linac include: 
—Several retractable X ray targets; 
—Flattening filters and electron scattering foils (also called scattering filters); 
—Primary and adjustable secondary collimators; 
—Dual transmission ionization chambers; 
—A field defining light and a range finder; 
—Optional retractable wedges; 
—Optional MLC. 
Clinical photon beams are produced with a target–flattening filter combination.  
 
Clinical electron beams are produced by retracting the target and flattening filter from the 
electron pencil beam and; 
—Either scattering the pencil beam with a single or dual scattering foil; or 
—Deflecting and scanning the pencil beam magnetically to cover the field size required for 
electron treatment. 
Special cones (applicators) are used to collimate the electron beams. 
Each clinical photon beam has its own target–flattening filter combination. 



 

Removable X – Ray 
target for a typical high 
energy linac (Varian 
Clinac-2100 C/D), 
allowing two photon 
modes and several 
electron modes. The 
target is water cooled 
and mounted with 
bellows to allow for 
movement into the 
pencil electron beam 
for X ray production 
and movement out of 
the pencil beam for 
electron beam 
production. 

Figure – 15, Target for photon beam production 
 
The flattening filters and scattering foils (if used for electron beams) are mounted on a rotating 
carousel or sliding drawer for ease of mechanical positioning into the beam, as required. 
The primary collimator defines a maximum circular field, which is then further truncated with an 
adjustable rectangular collimator consisting of two upper and two lower independent jaws and 
producing rectangular and square fields with a maximum dimension of 40 × 40 cm2 at the linac 
isocentre.  

 
Figure – 16, Electron Beam Applicators (Cones) 



The IEC recommends that the transmission of the primary X-ray beam through the rectangular 
collimator should not exceed 2% of the open beam value. Dual transmission ionization chambers 
are used for monitoring the photon and electron radiation beam output as well as the radial and 
transverse beam flatness. The field defining light and the range finder provide convenient visual 
methods for correctly positioning the patient for treatment using reference marks. The field light 
illuminates an area that coincides with the radiation treatment field on the patient’s skin, while 
the range finder is used to place the patient at the correct treatment distance by projecting a 
centimeter scale whose image on the patient’s skin indicates the vertical distance from the linac 
isocentre. 
Clinical photon beams emanating from a medical linac are produced in an X ray target and 
flattened with a flattening filter. A high energy linac movable target is shown in Figure – 15. 
 
At1ower electron energies below 15 MeV (photon beam energies 15 MV) optimal targets have a 
high atomic number Z, while at electron energies above 15 MeV (photon beam energies above 
15 MV) the optimal targets have a low atomic number Z. Optimal flattening filters have a low Z 
irrespective of beam energy. 
In a typical modern medical linac, the photon beam collimation is achieved with two or three 
collimator devices:  

1. A primary collimator;  
2. Secondary movable beam defining collimators;  
3. An MLC (optional). 

In addition to the primary and secondary collimators, clinical electron beams also rely on 
electron beam applicators (cones) for beam collimation. 
The primary collimator defines the largest available circular field size and is a conical opening 
machined into a tungsten shielding block, with the sides of the conical opening projecting on to 
edges of the target on one end of the block and on to the flattening filter on the other end. The 
thickness of the shielding block is usually designed to attenuate the average primary X ray beam 
intensity to less than 0.1% of the initial value (three tenth-value layers (TVLs)). According to 
IEC recommendations, the maximum leakage should not exceed 0.2% of the open beam value. 
The secondary beam defining collimators consist of four blocks, two forming the upper and two 
forming the lower jaws of the collimator. They can provide rectangular or square fields at the 
linac isocentre, with sides of the order of few millimetres up to 40 cm. 
Modern linacs incorporate independent (asymmetric) jaws that can provide asymmetric fields, 
most commonly one half or three quarter blocked fields in which one or two beam edges, 
respectively, are coincident with the beam central axis. 

 

MLC’s are a relatively recent addition to linac dose delivery 
technology. In principle, the idea behind an MLC is simple; 
however, building a reliable MLC system presents a substantial 
technological challenge.  The number of leaves in commercial 
MLC’s is steadily increasing, and models with 120 leaves (60 pairs) 
covering fields up to 40 × 40 cm2 and requiring 120 individually 
computer controlled motors and control circuits are currently 
available.  
 
 

Figure – 17, A multileaf collimator to shape irregular field 



MLC’s are becoming invaluable in supplying intensity modulated fields in conformal 
radiotherapy, either in the step and shoot mode or in a continuous dynamic mode. Miniature 
versions of MLCs (micro MLC’s) projecting 1.5–6 mm leaf widths and up to 10 × 10 cm2 fields 
at the linac isocentre are currently commercially available. They may be used in radiosurgery as 
well as for head and neck treatments. 
The majority of higher energy linacs, in addition to providing single or dual photon energies, 
also provide electron beams with several nominal electron beam energies in the range from 4 to 
30 MeV.  To activate an electron beam mode, both the target and the flattening filter of the X ray 
beam mode are removed from the electron beam. The electron beam currents producing clinical 
electron beams are two to three orders of magnitude lower than the electron currents producing 
the clinical photon beams in the linac X ray target. The electron pencil beam exits the evacuated 
beam transport system through a thin window usually made of beryllium, which, with its low 
atomic number Z, minimizes the pencil beam scattering and bremsstrahlung production. Two 
techniques are available for producing clinical electron beams from electron pencil beams: Pencil 
beam scattering & Pencil beam scanning. The scattering of the electron pencil beam over the 
relatively large area used in radiotherapy (up to 25 × 25 cm2) is achieved by placing thin foils of 
high Z material (copper or lead) into the pencil beam at the level of the flattening filter in the X -  
ray mode. Electron pencil beam scanning is an alternative, albeit infrequently used, technique for 
producing clinical electron beams. The technique is usually implemented with two computer 
controlled magnets, which deflect the pencil beam in two orthogonal planes, thereby scanning 
the pencil beam across the clinical treatment field.  
IEC 60601-2-1 specifies in detail the standards for radiation monitors installed in clinical 
electron linacs. It deals with standards for the type of radiation detectors, display of monitor units 
(MUs), termination of radiation and monitoring of beam flatness and dose rate. 
Most common dose monitors in linacs are transmission ionization chambers permanently 
imbedded in the linac clinical photon and electron beams to monitor the beam output 
continuously during patient treatment. Most linacs use sealed ionization chambers to make their 
response independent of ambient temperature and pressure. The customary position of the dose 
monitor chambers is between the flattening filter or scattering foil and the photon beam 
secondary collimator. For patient safety, the linac dosimetry system usually consists of two 
separately sealed ionization chambers with completely independent biasing power supplies and 
readout electrometers. If the primary chamber fails during patient treatment, the secondary 
chamber will terminate the irradiation, usually after an additional dose of only a few per cent 
above the prescribed dose has been delivered. In the event of a simultaneous failure of both the 
primary and secondary ionization chambers, the linac timer will shut the machine down with a 
minimal overdose to the patient. The main requirements for the ionization chamber monitors are 
as follows: 
�  Chambers must have a minimal effect on clinical photon and electron radiation beams; 
�  Chamber response should be independent of ambient temperature and pressure (most linacs 

use sealed ionization chambers to satisfy this condition);  
�  Chambers should be operated under saturation conditions. 
The primary ionization chamber measures MUs. Typically, the sensitivity of the chamber 
electrometer circuitry is adjusted in such a way that 1 MU corresponds to a dose of 1 cGy 
delivered in a water phantom at the depth of dose maximum on the central beam axis when 
irradiated with a 10 × 10 cm2 field at a source to surface distance (SSD) of 100 cm. Once the 
operator preset number of MUs has been reached, the primary ionization chamber circuitry shuts 



the linac down and terminates the dose delivery to the patient. Before a new irradiation can be 
initiated, it is necessary to reset the MU displays to zero. Furthermore, irradiation is not possible 
until a new selection of MUs has been made. In addition to monitoring the primary dose in MUs, 
the dose monitoring system also monitors other operating parameters such as the beam energy, 
flatness and symmetry. Measurement of all these additional parameters requires that the 
ionization chamber electrodes of the primary and secondary chambers be divided into several 
sectors, with the resulting signals used in automatic feedback circuits to steer the electron beam 
through the accelerating waveguide, beam transport system and on to the target or scattering foil, 
thereby ensuring beam flatness and symmetry. The particular design of the ionization chamber 
electrodes and sectors varies from one manufacturer to another. Linacs must be equipped with a 
monitoring system that continuously displays the machine isocentre dose rate and terminates the 
beam when the measured dose rate exceeds twice the maximum specified by the technical 
machine description. When the linac is capable of producing more than one beam energy or more 
than one beam mode (X rays or electrons), after termination of irradiation further irradiation is 
prevented until the selection of energy and beam mode has been made afresh and entered into the 
control console. Similarly, for linacs capable of stationary as well as moving beam radiotherapy, 
after termination of irradiation further irradiation is prevented until stationary radiotherapy or 
moving beam radiotherapy has been selected afresh and entered into the control console. 
 

 
 

Figure – 18, A Modern Low Energy Medical Linear Accelerator with EPID 
 



During the past 50 years medical linacs have gone through five distinct generations, making the 
contemporary machines extremely sophisticated in comparison with the machines of the 1960s. 
The five generations introduced the following new features: 
First Generation Linacs: Low energy photons (4–8 MV): straight-through beam; fixed flattening 
filter; external wedges; symmetric jaws; single transmission ionization chamber; isocentric 
mounting. 
Second Generation Linacs: Medium energy photons (10–15 MV) and electrons: bent beam; 
movable target and flattening filter; scattering foils; dual transmission ionization chamber; 
electron cones. 
Third Generation Linacs: High energy photons (18–25 MV) and electrons: dual photon energy 
and multiple electron energies; achromatic bending magnet; dual scattering foils or scanned 
electron pencil beam; motorized wedge; asymmetric or independent collimator jaws. 
Fourth Generation Linacs: High energy photons and electrons: computer controlled operation; 
dynamic wedge; electronic portal imaging device (EPID); multileaf collimator (MLC). 
Fifth Generation Linacs: High energy photons and electrons: photon beam intensity modulation 
with MLC; full dynamic conformal dose delivery with intensity modulated beams produced with 
an MLC. 
 

 
 
Figure – 19, A Modern High Energy Medical Linear Accelerator with retractable EPID and On 

Board Imaging attachment 



Medical linear accelerator technologies continue to evolve at a rapid rate. The installation times 
of such machines have decreased dramatically over the last decades, such that now a linac can be 
installed in about one – two weeks time inspite of all cumbersome technology involved. This is 
the result of fine factory adjustments that set up all the machine parameters to give reproducible 
and stable beam output, which requires only minor tuning as part of the installation process in 
the hospital. However, as the radiation producing characteristics of such machines are becoming 
more stable and more reproducible, many additional components e.g. multileaf collimator 
(MLC), Motorized wedge, electronic portal imaging device (EPID), on board imaging (OBI) etc. 
are being added to the linac technology. Thus, the modern linear accelerator could include 
dynamic wedges, asymmetric jaws, a high dose rate mode for total body or total skin irradiation 
and dynamic dose delivery with moving leaves in the multileaf collimator, or even while both 
gantry and the leaves are moving. The trend has been to move from 26 pairs (52 leaves) per 
multileaf collimation system to 40 pair (80 leaves) and the most recent machines have 60 pairs 
(120 leaves) with the central leaves producing a shadow of 0.3 – 0.5 cm and the outer leaves, a 
shadow of 1.0 cm at the isocentre. These additional components add to the complexity of the 
machines, such that the equipment specification, purchase, acceptance & commissioning and 
quality control (QC) procedures are also becoming more complex. 
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