
12  Particle Accelerators

12.1  Historical Background
Scientists strive to understand the world around them.  Investigations by nuclear physicists have resulted in a
continual refinement of their knowledge of atoms and the nucleus.  The periodic table of elemental atoms arranged
according to atomic weight and chemical properties (pages 2-3) was developed by Mendeléef in the 1870's.  In
searching to understand atomic processes, the simplest atom, hydrogen, was investigated to learn answers to such
questions as, "What is the distribution of matter within the atom?"  Sir J. J. Thomson pictured the nucleus to be
spherical in shape with the positive charge distributed uniformly throughout the sphere and with the electrons
embedded among these positive charges.  This "plum pudding" model (Figure 1-1) was challenged by H. Geiger (of
Geiger-Müeller fame) and Lord Rutherford who, in 1911, bombarded a thin metallic foil target with alpha particles
(Figure 1-2) and observed the scattering of the alpha particles from the foil (Figure 1-3).  The experiment confirmed
Geiger and Rutherford's belief that the positive charge of an atom and most of its mass was concentrated in a small
dense core, the nucleus, with the electrons moving in regular orbits about this nucleus in some sort of cloud.

While some information about the interior structure of unstable, naturally radioactive nuclei can be obtained, the
measurements of size, mass, charge, and moment are about all the parameters that can be obtained without disturb-
ing the nucleus in some way.  Rutherford was the first scientist to activate an atom and detect the nuclear reaction.
In 1919, he bombarded 14N with α particles and obtained 17O through the reaction:

Notice that even in the transmutation of 14N into 17O, the charge (9) and nucleon number (18) are conserved.
Because protons are relatively easy to detect, they were used by Chadwick in his discovery of the neutron.  To do
this, Chadwick used a double reaction.  First he bombarded 9Be with α particles which produced 12C and a neutron.
He detected the neutron by having the neutron bombard paraffin resulting in the ejection of a detectable proton.

However, to investigate the interior of the remaining nuclei, some probe or some other means of disturbing the
nucleus was needed.  Some of the problems encountered when attempting to probe the nucleus include:

The area of the nucleus is on the order of 10-28 m2.  Therefore,  any nuclear probe must come within a distance of
about 4 x 10-15 m for any interaction to occur.
The nucleus may only occupy about 3% of the area of the atom, so the probability of a probe colliding with the
nucleus is small.
Charged particles are usually used to probe the nucleus.  The electron is of little use because of its small mass
and relatively long wavelength.  For example, consider the electron microscope.  Max Planck’s work showed
that  E = h$ν = h$ .  Thus, a 0.5 MeV (500 keV) electron has a wavelength of 1.55 x 10-13 m, much too large toc

probe the nucleus.  However, the scattering of very high energy electrons may still provide some nuclear charge
distribution information.
Because of electrostatic repulsive forces, penetrating a nucleus with a positively charged particle is difficult.  For
example, for a proton to enter an aluminum nucleus, it must have a kinetic energy above 1.5 MeV.

To achieve the required kinetic energy (i.e., short wavelength), the charged particle is often accelerated through a
large potential difference.  A whole series of machines have been developed to provide the potential differences
required for high energy particles.  These are generically called accelerators because their principal purpose is to
accelerate charged particles to a high kinetic energy.  Particle accelerators are used in nuclear physics research to
obtain the threshold or resonant energy needed for some nuclear reactions and to obtain the high momentum (and
correspondingly small wavelength) needed to see small structure.  Accelerators are also used commercially for ion
implantation, for selective doping of semiconductors, for alloying with minute quantities of rare metals, in survey-
ing for hydrocarbons surrounding well shafts, for the production of medical isotopes, for changing the properties of
plastics, for radioactive dating, etc.  In nearly all these accelerators, the charged particles move in a deep vacuum
(i.e., ~ 10-13 atmosphere) which is required to prevent the particles from losing energy, being scattered in various
directions, or even being absorbed in collisions with gas molecules before reaching the target.
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12.2  Particle Accelerator Components
All nuclear reactions involve energy.  Reactions which release energy are called exoergic reactions and, just like
exothermic reactions in chemistry, more kinetic energy exists after the reaction than before.  Similarly,  endoergic
reactions, like endothermic chemical reactions, can occur only if the reaction is given energy and less kinetic
energy exists after the reaction than before.  Because mass-energy is conserved, to determine whether a reaction is
exoergic or endoergic, simply calculate the mass-energy balance of the system before and after a reaction.  For
example, from a purely mass-energy standpoint, the production of 18F from 18O, schematically represented by
18O(p,n)18F is an endoergic reaction which requires a minimum of approximately 2.95 MeV.  However, recall
(Figure 1-9) that the nucleus poses a barrier of approximately 8 - 10 MeV.

Thus, to study the nucleus with charged particles, an accelerator of some type is required.  Because an accelera-
tor is designed to impart a large amount of kinetic energy to a charged particle, all accelerators share a number of
common components.

The ion source is the device for producing a
plasma of free ions (i.e., the charged particles).  In an
x-ray machine, the filament is the ion source.  In
positron (+ß) accelerators, often the electrons are
stripped from the neutral gas atoms by passing a high
frequency RF (radio frequency) alternating potential
difference through the gas.

The high voltage supply creates the potential
difference between the ion source and the target.  This
potential difference forces the ions to accelerate
toward the target because of coulombic attraction.  It is the various mechanisms of providing this potential differ-
ence which leads to the variety of modern accelerator types.  From a practical point, the energy imparted to the
charged particle depends upon both the potential difference (volts) and the charge (e) accelerated:

Thus, assuming you had a 10,000,000 volt (10 MV) system, you could produce a beam of 10 MeV protons (e = 1),
20 MeV helium ions (e = 2), and 30 MeV lithium ions (e = 3).

The beam pipe is an evacuated section through which the accelerated ions pass.  A high vacuum is desired to
reduce energy losses between the charged particles and any gas molecules remaining in the pipe.  In x-ray
machines, a high quality vacuum is maintained in the x-ray tube.

In large systems, a vacuum system is employed to remove enough of the air molecules to prevent loss of the
beam ions through collisions with air and perhaps consequential radiation or arcing.

Strong magnets are used to focus the ion beam into a tight "pencil-thin" beam and also to steer the beam along
the desired path.  A TV tube has strong magnets to bend the electron beams so they strike the phosphors at the
correct point to produce a picture and an x-ray tube uses a focusing cup to direct the beam toward the target.

The target is the area where the useful work of the ion beam is done.  For example, in a research setting the
effect of the beam on some object (e.g., a crystal) may be studied.  Industrial applications may direct a beam of ions
onto some object to enhance its properties.

Accelerators are highly inefficient in using the energy produced.  Consequently, a beam dump, a device to
absorb any remaining energy from the beam and safely dissipate the resulting waste heat (i.e., a heat sink), is used.
Because of the large quantity of energy used by accelerators, the beam dump may use water or freon for coolant.

Shielding is essential to protect operating personnel and the general public from the high levels of ionizing and
non-ionizing (e.g., RF, microwave) radiation which are capable of being produced in an accelerator.  The energy of
the accelerator determines the type and thickness of shielding.  Generally speaking, the threshold for neutron
production is approximately 7 MeV and accelerators capable of producing energies in excess of 7 MeV should have
both x-/γ-ray shielding and neutron shielding.  Concrete is often a cost effective compromise between dense and
hydrogenous material.

The purpose of an accelerator is to produce a beam of high energy charged particles directed along a predefined
path.  This is accomplished by generating ions and causing them to "fall" through a large potential difference (i.e.,
be accelerated).  Linear accelerators or linacs, provide the acceleration along a straight line beam path.  Cyclic
accelerators or cyclotrons cause the ion beam to travel in a circular path.
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Figure 12-1.  Accelerator Components
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12.3  Low Energy Accelerators
The first accelerators were relatively low energy, usually less than 50 MeV.  Some of these early systems were
Cockcroft-Walton, Van de Graaff, Cyclotron, and linear accelerators.  As investigators probed deeper into the
nucleus, greater energies were needed resulting in accelerators with energies in the billion electron volt (GeV)
range.

12.3.a  Cockcroft-Walton Principle
The earliest accelerating machines built by Cockcroft and Walton in 1932, were
electrostatic accelerators.  They imparted energy to a charged particle by making
it pass once through a large, steady, high voltage potential difference.   To
achieve this voltage,  Cockcroft and Walton used a step-up transformer, an
electronic voltage multiplier (Figure 12-2) and a high voltage capacitor to create
the first accelerator designed for nuclear studies.  The voltage multiplier
consisted of a series of capacitors and switches (e.g., high voltage rectifier
tubes).  The switches worked in concert with the alternating current supplied
through the transformer such that half the switches (e.g., S2, S4, etc.) were open
and half closed.  This alternately charged the capacitors (e.g., C1, C3, etc.).
When the voltage alternates, some of the charge from the previously charged
capacitors is shared by the newly charged capacitors, increasing the voltage.  For
a set of two tubes and two capacitors, the voltage supplied by the transformer is
doubled and the set is referred to as a voltage doubler.  The total output voltage
of the system is approximately twice the number of voltage doublers
times the transformer voltage.

From their first machine, Cockcroft and Walton produced potentials
of about 800,000 volts using a transformer with 100,000 volts across the
secondary coil.  This system then had the ability to produce 800 keV
protons or 1600 keV (1.6 MeV) alpha particles (i.e., Ek = qV).  The high
voltage from the voltage multiplier was applied to an evacuated tube
(e.g., a gas discharge tube) and the ions produced were accelerated by
the potential down the length of the tube (Figure 12-3).

Modern types of Cockcroft-Walton devices are capable of accelerat-
ing protons up to about 3 MeV and are capable of producing large ion
currents.  However, while 3 MeV may result in nuclear reactions, it is
generally not energetic enough to probe the nucleus.

12.3.b  Van de Graaff Generator 
In 1929, Robert  J. Van de Graaff invented an electrostatic generator now
called a Van de Graaff generator (figure 12-4).  This device is one of the
simplest and most effective electrostatic accelerators.  It uses a moving belt
to carry charge to the inside of a hollow conductor supported on an insulat-
ing stand.  In such a system, the conducting sphere will accept excess
charge and distribute it uniformly on the surface of the sphere despite the
repulsive nature of the static voltage.  The electrostatic discharge can occur
readily at sharp points on the sphere.  Van de Graaff generators have four
major components and can often generate potential differences of up to 30
MV.

A belt made of a non-conducting fabric (e.g., silk, paper, rubber, etc.)
is driven at high speed (e.g., 60 mph) by a motor connected via a pulley
arrangement (i.e., a broad belt similar to a car's fan belt).

At the bottom of the insulated column, the belt is charged with a
20,000 - 50,000 volt DC potential that is sprayed onto the belt as it moves
between a set of needle points and a rounded surface.  The intense electric
field about the tips of the needles attracts electrons from the belt and causes the belt to take on a positive charge.
This positive charge is then carried up to a second set of needle points and rounded surface where, in a similar
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manner, the positive charge on the belt is removed and transferred to the sphere or corona cap.  With a wide,
insulating belt and high speed motor, large positive charges can be built-up and maintained on the sphere.

The voltage deposited on the cap can increase to a certain point at which the voltage will begin to leak away as
fast as it is taken from the belt.  This voltage equilibrium value depends on such factors as the cap's radius and
smoothness and the pressure and moisture content of the air around it.  Placing the Van de Graaff generator in a
gas-tight shell filled with an inert gas (e.g., nitrogen, freon) at high pressure (~ 15 atmospheres) increases the
maximum attainable voltage potential to about 4,000,000 volts (4 MV).  The voltage is applied to an accelerating
tube and the charged particles fed into the tube are thus accelerated.

A Van de Graaff generator can accelerate particles (usually protons, alpha particles or even heavier ions)
through a potential of about 5 - 6 MeV.   Van de Graaff generators may also be hooked in tandem (or more) easily
producing ion beams of 10 - 30 MeV.  Two advantages of the Van de Graaff are that it is easy to continuously vary
the output voltage and, for any generator, the output voltage is highly stable (± 0.1%).  The Van de Graaff generator
is widely used both by itself and as an injector or starter for very high energy machines.

12.3.c  Cyclotron
The Van de Graaff generator transmits energy to
charged particles by having the particles pass once
through a large potential difference.  High energies
can also be obtained by making the charged parti-
cles pass many times through a smaller potential
difference.

When a charged particle moves through a
magnetic field,  the path of the charged particle
will be bent by the magnetic field.  In 1929 Ernest
O. Lawrence conceived of the cyclotron and in
1932, Lawrence and M. Stanley Livingston
designed and built the first successful cyclotron
using an 11-centimeter radius magnet with a
1.3-tesla magnetic field to shape a charged parti-
cle's path into a spiral by the magnetic field
causing the particle to return time and time again to the accel-
erating field.

A cyclotron (Figure 12-5) contains two D-shaped
electrodes (called dees or Ds) mounted in a vacuum chamber
and located between the poles of a large constant field magnet
which is perpendicular to the path of the charged particles.
The D's are connected to a source of high-frequency alternat-
ing voltage which is synchronized so that whenever a charged
particle is moving from dee A to dee B, the electric field
between the oppositely charge dees is at a maximum in the direction that will accelerate the particle (Figure 12-6).

An ion source (Figure 12-11) at the center of the vacuum chamber injects ions (protons or heavier charged parti -
cles) into the region between the D's where they are accelerated and begin their spiral path.  The electric field urges
the ion into dee A.  Inside the dee there is no electric field, however the magnetic field forces the ion to travel a
semicircular path, directed back toward the gap.  When the ion reaches the gap, the potential between the dees is
reversed and the ion is attracted to the other dee and is again accelerated across the gap and moves into dee B.
Because the voltage potential is increased at each pass, the ion moves more rapidly (i.e., E = ½ mv2) and hence
travels a bit deeper into dee B than it had traveled into dee A.  The particle continues this spiral acceleration until it
reaches a point where it has the largest possible orbit and maximum energy and it will be deflected toward a target.

If the charge and mass of the ion plus the magnetic field remain constant, all the ions will take the same amount
of time to traverse the path in each dee.  When properly adjusted the moving ion: (1) remains in phase with the
changing voltage, (2) is always accelerated as it crosses the gap, and (3) its energy continually increases.  Therefore,
the frequency of oscillation must be set to the nature of the ion and the strength of the magnetic field.  For example,
one system used for accelerating protons has an oscillator frequency of 12 megahertz (MHz).  In this system there is
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a gap potential of 200 kV and a power of 70 kW and it can accelerate protons to about 8 MeV (i.e., E = qV), deuter-
ons to 16 MeV, and alpha particles to 32 MeV.

In a cyclic type accelerator, the magnetic fields bend the charged particles around closed paths and the electric
fields speed them up.  When a charged particle of mass m and charge q moves in a circular path of radius r perpen-
dicular to a magnetic field B, the momentum is  p = mv = qBr.  The time required for a single revolution in such a
device equals the circumference divided by the speed, or 2πr/v.  Therefore, the frequency, ν (the time to complete
one cycle), is the reciprocal of the period, ν = v/2πr.  Substituting for the velocity from the momentum equation
(i.e., v = qBr/m), one can calculate the cyclotron frequency, ν = qB/2πm.

Cyclotrons are often referred to in terms of the size of the magnet pole faces, so a "60-inch” cyclotron has
magnetic pole faces 60 inches in diameter.  The diameter of the dees is usually a few inches less than the magnets.
The highest energy of a given ion is independent of the voltage.  Small voltages require the ion to revolve many
times before reaching the exit window.  Large voltages result in fewer revolutions.  Cyclotrons are designed for
protons, and other ions and, depending upon size, the cyclotron can accelerate these to approximately 40 MeV.  The
primary advantage of a cyclotron is that the particle energy is independent of the applied voltage; the energy
depends only on the size of the magnets and dees.

12.3.d  Linear Accelerator (linac)
In the Van de Graaff generator, a DC (e.g., static)
potential is used to accelerate the particle.  A linac
uses a dynamic or alternating potential to accelerate
ions.  Cockcroft and Walton used a voltage multi-
plier to do this.  A more sophisticated mechanism of
accelerating the charged particles is by use of drift
tubes.  A linac employing drift tubes (Figure 12-7)
consists of a series of hollow metal cylinders of
increasing length that are arranged in a straight line.
The even-numbered tubes are connected to one
terminal of an AC generator and the odd-numbered
tubes are connected to the other terminal.  Thus, all
odd-numbered tubes are negatively charged when
the even-numbered tubes are positively charged.
The electric field inside the drift tubes will be almost zero, but
between the tubes it will always be in the direction needed to
accelerate the charged particle to the next tube.

If a positively charged particle (e.g., proton) is released
when the first tube has a negative potential, the particle is accel-
erated toward the tube by electrical attraction.  Once inside, the
ion travels at a constant velocity as it "drifts" through the tube.
If the ion emerges from the tube just as the potential of the
system is reversed, it is repulsed by the positive potential in the
tube it just passed through and accelerated through the gap be-
tween the tubes.  Thus, when it enters the second tube, it has a
higher velocity.  Consequently, if the frequency of the AC
voltage remains constant, the second tube must be made longer
than the first tube insuring the (more rapidly moving) ion will
spend the same period of time traversing the second tube.  The
length of any drift tube and gap is properly proportioned to the
speed of the ion and the time of travel through this distance will
be ½ of the AC cycle.  An example system that is 6 feet long composed of 36 drift tubes that has an applied poten-
tial of 79,000 volts can produced mercury ions with an energy of 2.85 MeV.

The advent of radar and the increased use of microwaves (wavelength, λ = 1 to 100 cm; frequency, ν = 3 x 1010

to 3 x 108 Hz; and energy = 1.24 x 10-4 to 1.24 x 10-6 eV) has resulted in a new method of providing accelerating
frequencies in  linacs.  These high frequency microwaves are transmitted through wave guides.  The
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Figure 12-7.  Linear Accelerator Drift Tubes

Figure 12-8.  Traveling Wave Principle



electromagnetic microwaves have both electric and magnetic field components.  By having the microwave’s associ-
ated electric field parallel to the linac waveguide, it is possible to accelerate low-mass charged particles (e.g., -e and
+p).  As seen from Figure 12-8, a particle fed into the waveguide in-phase with the microwave, is carried along the
wave like a surfer on the crest of an incoming wave.  This traveling wave system reduces the need for the exact
engineering and electronic timing needed with drift tubes.  At the Stanford Linear Accelerator Center (SLAC). the
alternating current is supplied by a 2856 MHz (2,856 x 106 cycles / sec) klystron, or radar generator.  The system
accelerates electrons and positrons to an energy that has exceeded 50 GeV at the end of the two-mile long traveling-
wave tube. 

12.4  High Energy Accelerators
Most of the systems discussed thus far have an upper limit of energy that can be imparted to an ion.  This is because
at really high energies, relativistic effects predominate.  At extremely high energies, the relative mass of a particle
requires more energy to accelerate it, consequently the size of the accelerating system increases significantly. The
velocity ratio, β = v/c, where v is the velocity of the particle and c is the speed of light (2.998 x 108 m/sec), is used
to calculate the relativistic mass, M, of an accelerated particle in relation to its rest mass, M0.

Thus, as the energy of the particle increases, there is a consequent increase in relativistic mass.  This increase in
relativistic mass becomes important only when the velocity increases above half the speed of light.  Ultimately, at
extremely high velocities, all of the energy imparted to the system is required to overcome the inertia of the relativ-
istic particle.  For example, if v = 0.1c (i.e., 2.998 x 107 m/sec), the relative mass of a particle will be 1.005 times
the rest mass (M = 1.005 M0) while if v = 0.9c (i.e., 2.698 x 108 m/sec), the relative mass will be 2.3 times the rest
mass (M = 2.29 M0).  Many types of circular and linear high accelerators have been developed to accelerate
electrons and other charged particles to energies exceeding 50 MeV.

12.4.a  Synchrotron and Betatron
As a particle’s kinetic energy begins to become an appreciable fraction of the rest energy, the mass begins to
increase significantly.  Therefore, in a super high energy cyclotron, because of the relativistic mass effects, the
cyclotron frequency, qB/2πm, will decrease when the particle is sped up (i.e., m increases) in a constant magnetic
field and, in such a cyclotron, the particle would soon get out of phase with the accelerating electric field.
Compared to protons, electrons have smaller rest mass (i.e., mp = 1835 me) and the relativistic mass change occurs
at relatively lower energies (i.e., E = ½ mv2).  Therefore,
electrons cannot be accelerated to extremely high energies by
cyclotrons.  Solutions to accelerating electrons are to hold the
magnetic field constant and vary the oscillator frequency to
keep the particle and electric field in phase or to vary the
magnetic field (with or without changing the frequency) to
keep the particle in phase with the electric field.

At relativistic energies the energy achievable by a circular
accelerator is proportional to the radius of the system.  Conse-
quently, large systems are needed in order to achieve extremely
high energies.  The concept of these systems is to confine the
charged particles (both protons and electrons) to a constant
radius.  Systems designed to do this are the synchrotron
(Figure 12-9) and betatron.  The synchrotron keeps the parti-
cles in phase with the electric field while the betatron uses an
increasing magnetic field to keep the particles moving in a
circular field.  Electron synchrotrons have been constructed to
impart energies of approximately 6 GeV.

The fixed radius of the synchrotron eliminates the huge
central magnet of the cyclotron and replaces it with local magnets (called guide magnets) which have magnetic
fields approximately 5 meters in diameter to keep the beam of charged particles narrow and moving in the desired
direction.  These magnets require large amounts of special magnet steel, copper, and electric current.  Acceleration
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is often applied by use of an alternating magnetic flux which induces an electromotive force (emf) and accelerates
the particles.  The charged particles are injected into the system at high energies usually from a Van de Graaff or
linear accelerator. Whenever a charged particle is accelerated, it gives off electromagnetic radiation.  At relativistic
speeds, the radiation produced by such particles increases enormously in intensity and directionality because it is
emitted over a very narrow angle.

Thus, synchrotrons are circular accelerators that bring electron beams to high energy; storage rings maintain
such a high-energy electron beam for a long period of time.  Both use arrays of two types of guide magnets; focus-
ing magnets to keep the beam traveling in a narrow path, and bending magnets to force the beam to arc around the
circular chamber of the accelerator.  Whenever the electron beam is bent by a bending magnet, synchrotron radia-
tion is produced.  The stronger the magnetic field of the bending magnet, the higher the energy of the most energetic
photons produced.  Synchrotron radiation spans the electromagnetic spectrum, but it is by far the most powerful
source of electromagnetic radiation in the vacuum ultraviolet (200 - 100 Å) to hard x-ray (100 - 0.1 Å) regions of
the spectrum.  Thus, research requiring these wavelengths of radiation -- ranging from 1 to about 100 Å (corre-
sponding energies of 12.4 keV to about 124 eV) -- has come to rely heavily on synchrotron radiation facilities.

For particles more massive than electrons, increasing the momentum requires an increasing radius for a given
magnetic field (i.e., p = qBr).  High-momentum, high-energy cyclic accelerators such as the 1 TeV (1000 GeV)
Fermilab Tevatron accelerator in Illinois requires a radius of about 1 kilometer.  In this system, a Cockcroft- Walton
linear accelerator initially increases the particle’s kinetic energy to 0.75 MeV.  Then a linac increases it to 200 MeV
and the particle’s energy is boosted by a synchrotron to 8 GeV before being transferred to a 2 kilometer ring to be
accelerated to 150 GeV and finally to a ring with a stronger magnetic field where energies as high as 1 TeV may be
obtained.  In this system, protons and antiprotons can be accelerated simultaneously in opposite directions and
head-on collisions induced at certain points. 

12.4.b  Linear Accelerators
As noted in 12.3.d above, Stanford constructed a 2-mile linear accelerator (SLAC) capable of accelerating electrons
to 20 GeV.  The system uses 4-inch diameter copper cylinder composed of one-inch long cylinders separated by
disks that have a 1-inch aperture to confine the electron beam.  The electrons are pushed in bunches by electromag-
netic waves fed into the system every 40 feet at a frequency of 2.856 x 109 Hz (2856 MHz).  At the end of the tube
the electrons are within 1 x 10-5% (0.00001%) of the speed of light and they are then deflected into various experi-
mental rooms.  Because the electrons radiate energy as they are deflected (i.e., acceleration / deceleration), exten-
sive radiation shielding is required.

12.5  Ion Implantation
Ion implantation is a material engineering
process by which ions of a material can be
implanted into another solid, changing the near
surface physical properties of the solid.  During
ion implantation, charged atoms or molecules
are accelerated and implanted into the target
substance. The atoms or molecules are typically
accelerated to energies from 10 keV to 500 keV.
Energies in the range of 1 to 10 keV can be
used, but result in the penetration of only a few
nanometers or less while energies above 500 keV (e.g., 1 - 5 MeV) are used, but can result in significant target
damage.  Ion implantation systems typically include: 

ion source where ions of the desired element are made
mass separator (magnet) where ions of the desired species are selected
accelerator where ions are electrostatically accelerated to a high energy
beam deflector (lens) which focuses the ion beam onto the target
target chamber where the ions impinge on a target or implant material

The main objective of ion implantation is to introduce the desired dopant species into the target in a controlled
manner, requiring that the exact quantity of the dopant species be delivered per unit area over the target.
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Figure 12-10.  Ion Implantation System



12.5.a  Ion Source / Ionization Chamber
Before implantation can occur, the atoms or molecules must first be
ionized.  This ionization takes place in a chamber in which the source
vapor is introduced.  The pressure in the chamber is controlled at a
pressure of around 10-3 Torr.  The concept is to bombard atoms of the
chosen gas with energetic electrons (figure 12-11).  The free electrons
are produced by boiling them off of a heated cathode which is charged,
along with an intermediate electrode to -50.15 kV.  Atoms of the gas
are injected into a chamber containing the cathode and a positively
charged (-50 kV) anode. There is a 150 V potential difference between
the cathode, the heated filament, and the anode.  As the electrons fly
toward the anode, they collide with the atoms of the gas, producing
ions.  An electron can either be absorbed by the atom thereby creating a
negative ion, or it can knock an electron off of the atom producing a positively
charged ion.  The ions are then focused electrostatically and magnetically by
the shape of the electric and magnetic fields into a dense plasma in the region
just before the anode aperture.  The plasma bulges slightly through the anode
aperture forming an "expansion ball".  The negative ions are then selected out
by an extractor which is at ground potential.  The ions form a beam flowing
into the beam-tube toward the accelerator.

An alternative method to produce a negative ion beam is Source of
Negative Ions by Cesium Sputtering (SNICS).  Cesium vapor from the cesium
oven flows into an enclosed area between a cooled cathode and heated ioniz-
ing surface.  Some condenses on the cooled surface, some is ionized by the hot
surface.  The ionized cesium accelerates toward the cathode, sputtering particles from the cathode through the
condensed cesium layer.  Some will sputter neutral or positive particles which pick up electrons as they pass
through the condensed cesium layer, producing negative ions. 

12.5.b  Mass Separator
When a source gas is ionized, several species of ions results.  For example,
ionization of BF3 results in the following ions: B+, BF+, BF2+, F+, F2+,
11B+, 11BF+, 11BF2+, BF3+.  The desired implanted species is the B+ ion.
The other species resulting from the ionization of BF3 must be prevented
from being implanted into the target.  The process of separating the
desired B+ species from the other ions is referred to as mass analyzing,
selection, or ion separation. This is performed using a magnetic mass
analyzer.  When the energetic ions, typically with voltages of 15 to 40 keV
pass through the analyzer, the positively charged species are bent into
different arcs by the magnetic field set up in the analyzer.  The radius of
the arc is determined by the mass, speed, and net charge of the entering

species (i.e., ).  The analyzer has a slit at the end of the arc thatm
q = B2

2V r2

allows only the desired species to exit.  In the above example, the magnetic field is adjusted to match the path of the
desired B+ ion.

12.5.c  Accelerator
After the desired dopant ion leaves the controlled slit, the ion moves into the acceleration tube which provides the
dopant ions high enough velocity so that it will have sufficient energy to penetrate the target surface and implant
itself at a controlled distance from the surface.  The acceleration tube is linear (see Figure 12-7) with annular anodes
along its axis.  Each anode has a negative potential that increases along the direction of propagation of the dopant
ion.  The voltages selected is a function of the mass of the ion and the desired energy at the target surface. 

Ion implanters are classified into medium- and high-current, high-energy, and oxygen ion implanters.  The beam
current is a measure of the number of ions implanted per given time, or the dose.  Medium current implanters
produce currents in the 0.5 to 1.7 mA range at energies ranging from 30 to 200 keV.  High current implanters
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Figure 12-11.  Ionization Chamber

Figure 12-12.  SNICS

Figure 12-13.  Mass Separator



generate beam currents in the order of 10 mA at energies up to 20 keV.  High energy implanters are used in applica-
tions such as the formation of wells, channel stops, and deep buried layers.

12.5.d  Beam Deflector
Because of the electrical repulsion between the ions, the beam tends to separate while being accelerated.  This
defocusing effect is corrected through the use of electrostatic or magnetic lenses placed at the exit of the accelerator
tube.  Additionally, collisions between dopant ions and residual gas molecules can result  in the neutralization of
some of the dopant ions.  Because the neutrals do not contribute to the beam current (i.e., charges per second), it is
not measured by the equipment used to measure the target dose.  If uncorrected, this would result in incorrect
control of the amount of dopant in the target.  Removal of the neutrals in the beam is accomplished by bending the
ion beam with electrostatic plates allowing the neutral molecules to travel in a straight path is not in line with the
target.  Experimental ion accelerators and implantation systems may also use a Faraday Cup  during the initial
tuning up process to measure the ion current and characterize the ion beam.

12.5.e  Target
The target material is loaded into the target chamber and is where the actual
implantation takes place. In high-current implanters, the implantation process
can cause the target to heat up significantly and require active cooling mecha-
nisms.  The systems can also have an electron flood gun that minimizes the
buildup of charge on the target surface.

Because the ion beams are much smaller than the scale of the target, a
method of scanning the beam uniformly over the target is required.  Beam
scanning, mechanical scanning, and shuttering are used to provide uniform
dose of the dopants over the target.  

In the beam-scanning system, the beam passes between electrostatic plates
which are at controlled potentials.  As the ion beam passes between the plates,
the positive and negative charges on the plates are altered to steer the positively
charged beam.  By steering the beam in two dimensions, the beam can be raster
scanned over the entire target surface.  Beam sweeping is used primarily in medium-current machines for implant-
ing single wafers.  A disadvantage of the beam sweeping systems is that the beam must make the turns off of the
wafer decreasing throughput.  In some systems, the wafer is rotated by 90 degrees to ensure greater uniformity. 

Mechanical scanning solves the problem of the limited beam size by holding the beam in one position and
moving the target.  Mechanical scanning is used primarily on high-current batch systems.  An advantage of
mechanically scanned systems is that the overhead of turning the beam is eliminated.  Because non uniform implant
depths can result if the target is improperly aligned with respect to the beam, proper alignment of the system is criti-
cal.  Most systems integrate an electric field or an mechanical shutter to block the beam when the path is not over
the target.

12.5.f  Safety
The ion implantation process presents a number of potential safety hazards. The primary safety issue deals with the
use of lethal gases as the source.  Safe use of the gases require interlocked exhaust systems with adequate flow to
remove any toxic gases that may be present from leaks in the gas delivery system.  Flow or pressure sensors must be
installed in the vent to ensure that the vent is operational.  Maintenance technicians must employ special breathing
apparatus when changing toxic gas bottles, cleaning sources, or when servicing the pumps. 

Another safety issue deals with the use of high voltages in the implanters.  Personnel must be protected against
accidental contact with high voltage sources in the implanter.  Power supplies for the acceleration voltage, beam
extraction, and scanning are all at lethal voltage levels.  Therefore, fail-safe interlocks using keys, door switches and
grounding bars must be incorporated into implant systems. 

X-rays are another source of potential safety hazard.  X-rays are produced when the high energy electrons
produced from the collision of atoms in the beam extractor strike the extraction electrodes or the beam defining
aperture in the ion column.  While x-ray radiation can be reduced through proper implanter design, shielding is
needed to maintain the external radiation below 0.25 mrem/hr.  Lead shielding thicker than around 7 mm is required
to reduce the radiation to acceptable levels in medium and high current implanters.  Operators should wear x-ray
monitoring badges while working near implant systems.
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12.6  Accelerators at the University of Wisconsin
Because it is a large research oriented academic institution, the UW has several different types of accelerator facili-
ties.  The types of large accelerating machines currently in use include a cyclotron, several tandem Van de Graaff
accelerators and a synchrotron.  In addition, medical treatment (cf. Chapter 13) is performed using FDA approved
linear accelerators and there are several ion implantation systems in the Engineering Centers Building.

12.6.a  Cyclotron
The Medical Physics Department operates a Computer Technology and Imaging, Inc., Model 112/00 RDS
cyclotron.  This cyclotron is designed to produce radiochemicals for researchers and medical diagnosis.  It is a
multiple port, self-shielded, automated cyclotron producing an 11 MeV, 50 µA proton beam and uses water and gas
target systems to produce 11C, 15O, 13N, and 18F PET (positron emission tomography -- see 13.1) precursors.

Near the center of the dees (Figure 12-5) is an ion source (e.g., an electrical arc device in a gas) used to generate
charged particles.  Charged particles (e.g., hydrogen ions) are generated in bursts by the ion source and a filament
located in the ion source assembly creates a negative charge on the hydrogen ions through the addition of two
electrons to the hydrogen.  The negative (H-) ions enter the vacuum tank and gain energy through the high-
frequency alternating electric field induced on the dees.  The stream of negative ions is directed toward an extrac-
tion foil.  The electrons are stripped by passing the H- ion beam through a thin carbon foil.  This extraction foil
strips each H- atom of its two electrons producing H+ ions or protons.  The protons proceed through the foil but,
because they are now positively charged and still under the influence of the magnetic field, they follow a circular
path tangent to their former orbit (i.e., away from the center of the cyclotron).  This proton stream is directed toward
a target chamber.  Extraction foils range in thickness from 5 to 25 mm and have a lifetime of approximately 100
hours.  The proton stream enters the target chamber and, by nuclear activation (usually a proton, neutron reaction),
changes the stable target material into a radioactive isotope.  The radioisotopes are unstable and, because they have
an excess of protons, usually decay by positron (+β) emission.

Even small cyclotrons can produce high neutron and gamma-ray radiation levels which require extensive shield-
ing. The door of the cyclotron vault weighs approximately 8000 pounds and contains 13" of polyethylene to moder-
ate the fast neutrons, 2" of boric oxide to absorb the thermalized neutrons and 1 cm of lead to attenuate the 2.2 MeV
gamma rays produced by absorbing the neutrons in boron.  The goal of the door is to reduce the neutron dose rate at
the entrance from an unshielded exposure rate of 16 mSv/hr (1.6 rem/hr) to approximately 0.26 mSv/hr (26
mrem/hr).  Some of the exposure rates inside the cyclotron room with the cyclotron operating can be as high as 2.3
Sv/hr (230 rem/hr).  Shielding about the cyclotron vault is sufficient to insure that radiation exposures in areas
accessible to members of the general public are below the limits (see Tables 2-4 or 3.2) for non-radiation workers.

12.6.b  Tandem Van de Graaff
Tandem Van de Graaff accelerators
are operated by the Physics Depart-
ment, School of Engineering, and the
Keck Institute.  The latter is a 6 MV
tandem Van de Graaff that is designed
specifically to produce 15O for
medical diagnosis and research.  A
tandem Van de Graaff (Figure 12-15)
makes it possible to impart at least
twice the energy to a particle as could
be obtained from a single Van de
Graaff generator.  In such a system,
negatively charged ions are injected at
the ground potential.  They are accel-
erated as they approach the positively
charged conductor.  Electrons are then stripped from the ion in a gas or foil stripper until the ion becomes positive
and the positive ions are accelerated again as they leave the conductor and move toward the ground potential.  The
exchange of charge in the stripper is accomplished by making the negative ion pass through a thin foil or through
some gas (e.g., 3H).
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Figure 12-15.  Tandem Van de Graaff



One protocol of the tandem electrostatic accelerator at Sterling Hall uses approximately 12 curies of tritium as
the gas target for its ion beams.  Migration of the tritium gas produces minor, widespread 3H contamination of the
target room and requires special monitoring of the personnel and the air within the target room.  Persons frequenting
the target room when this protocol is active submit routine urine samples which are analyzed for tritium.  There is
also a tritium air monitor to measure tritium levels in various parts of the target room and associated areas.  If the 3H
levels become elevated, the warning alarm of the tritium monitor will activate.  This type of alarm is used as an
indicator to prevent radiation workers from entering the area and to limit radiation workers to only brief periods in
the target room until the cause of the relatively high 3H levels has been investigated and corrected.  Additionally,
habitually contaminated areas are marked by tape and the posting of Caution -- Airborne Radioactivity Area
signs.  There are also interlocks on the doors and chain barriers to prevent unintentional personnel exposure.

12.6.c  Synchrotron Radiation Center
The Synchrotron Radiation Center (SRC) is a research laboratory of the Graduate School of the University of
Wisconsin - Madison.  It is funded by the National Science Foundation to provide radiation of a continuum of
wavelengths, from visible to the soft x-rays for scientists from throughout the world.

The SRC was originally built around Tantalus, a 240 MeV electron storage ring, originally planned to be a test
bed for advanced accelerator concepts.  In 1977 SRC began construction on its own facility focusing on a new 1
GeV storage ring, Aladdin, which has 36 beam ports and four long straight sections.  Ten years later, in 1987 with
Aladdin fully operational, Tantalus was decommissioned, although it was operational and available as a source for
specialized experiments until 1994.

There are two accelerators in the Aladdin vault, a 100 MeV microtron and a 1 GeV electron storage ring.  The
100 MeV microtron is used for about 1 hour each day to inject electrons into the storage ring.  During the injection
process a relatively high radiation level exists in the accelerator vault.  Because of this high level, all personnel must
vacate the vault area and it becomes an exclusion area.  Once the storage ring is filled, the vault area can be
accessed by personnel.  The 1 GeV storage ring stores these electrons for a period of time during which they are
used to produce synchrotron radiation.  The circumference of the storage is about 88 meters and stores about 1.8 x
1011 electrons at 100 mA beam current.

To insure that personnel are not present during the injection process, all access doors are interlocked to the
control panel, so that any breach of the interlock system (e.g., opening a door) prevents injection and it cannot be
resumed until the infraction is corrected and reset.  A walk through, warning lights, alarms, and announcements are
also used to insure that the vault areas are cleared before each injection.  In addition, panic buttons are installed in
various locations in the vault areas.  Radiation badges are worn by persons working in the accelerator vault.

12.7  Radiation Protection at Particle Accelerators
Moving charged particles at high energies produces extremely high radiation fields.  Often, the radiation levels limit
the attainable energy in circular electron synchrotrons.  If not properly shielded, the photon, neutron and charged
particle radiation can be a significant hazard.

Cyclotrons generally become extremely radioactive because of the many radionuclides induced by energetic
interactions.  The primary half-lives commonly found in large cyclotrons are 5 minutes, 38 minutes, 2.6 hours and
12.8 hours, which are probably radiations from 66Cu, 63Zn, 65Ni and/or 56Mn, and 64Cu.

At energies above 7 MeV neutrons are also produced and must be considered when evaluating shielding.
Activation of the accelerator’s wall, electromagnets and structural components by high-energy particles and
neutrons must be evaluated at least initially.  This activation produces long-lived isotopes such as 60Co (T½ = 5.27
years) and usually requires the high energy accelerator components to be treated as radioactive waste when the
system is ultimately dismantled.

Skyshine, the upward-directed radiation which is scattered back toward the surface of the earth by collision with
air molecules, is also a potential source of exposure.  Neutrons in an energy range from 1 to 10 MeV prove to be the
significant radiation component of skyshine for most accelerators.  Because of skyshine, initial radiation shielding
surveys above the accelerator should be made both near the shield wall and also further away from the wall.  It has
been found that wall shielding will reduce radiation levels near a shield wall, but the levels may increase further
away because of skyshine.

For accelerator personnel, high radiation exposures are the greatest risk.  To protect personnel, a multitude of
safety systems are utilized.

Particle Accelerators     191



Interlocks - entry into the accelerator system and experiment rooms is restricted.  Door interlocks are used to
insure that the beam will be automatically terminated if a person unintentionally attempts to enter a high radia-
tion area.
Emergency Cut-Off - located throughout the area are large, red-colored emergency stop buttons which will
either cut-off the system current or otherwise shut down the beam.
Warning systems - to insure all personnel are aware of the potential hazards, warning systems are implemented
which include flashing, rotating lights; explanation signs (e.g., Danger - High Radiation Area), audible signals
and physical radiation barriers (e.g., chains, gates, etc.).
Operating systems - include mechanisms to prevent inadvertent exposure.  These include a keyed switch so the
system cannot be activated without the key in place, interlock circuits, clearance procedure (e.g., check lists) and
spot checks of all areas before startup.  There are also remote (video) monitors so the operator can view all
rooms insuring they are unoccupied.
Area monitoring - because high radiation is possible, radiation monitors must be placed in any area accessible
to people, and be capable of measuring all types of radiation likely to be produced.  Some dosimeter area
monitors are also employed outside the facility to verify that long-term exposures in areas accessible by
non-radiation workers is within allowable limits.

12.8  Review Questions - Fill-in or select the correct response.
1. An                               is a machine that moves a charged particle through a potential difference.

2. The potential difference between an ion source and target that accelerates ions originates from                    .

3. The electrodes in a cyclotron are called                                 .

4. During a visit to an accelerator facility, you notice that lights have begun flashing and loud horns sounding.
This suggests that you should leave the area quickly and safely.    true  /  false

5. In addition to charged particles and x-rays,                                   may be produced in an accelerator facility.

6.                               in the walls and/or in accelerator components must be considered when evaluating the radia-
tion protection at an accelerator facility.

7. Before beam generation, a                                                                       must be done to make sure no personnel
are in the accelerator room when the beam is on.

8. At high particle velocities (> 50% of c),                            effects require more energy put into the system.

9. Upward-directed radiation which is scattered back toward the surface of the earth by collision with air nuclei is
also a potential exposure called                               .

10. The time required for a single revolution in a cyclotron is called the                                                        .

11. A tandem Van de Graaff makes it possible to obtain at least                    the energy from a Van de Graaff genera-
tor than one would expect.

12. Protons are normally produced by stripping two electrons from a H- ion.    true  /  false
13. In ion implantation, the process of separating the desired ion (e.g., B+) species from the other ions is performed

using a                                                        .
14. Ionization of the plasma occurs in the                                                         .

15. Three safety issues related to ion implantation are:                                ,                               , and                          .
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