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Radiation Detectors



Ionization in Gases

Review physical phenomena related to creation and transport of charges in gases.

• Coulomb interaction with gas atoms causes ionization and excitation of gas
molecules.

• Ionization creates electron-ion pairs, the typical ionization energies being 10 to 20
eV, but the average energy required is typically about twice as large

• The reason is that the energy transferred to the electron is larger than needed for
ionization and the rest is partially deposited as heat

• The primary electron from the ionization may have high enough energy to produce
further ionization and typically 2 to 3 electron-ion pairs are created.

• The deposited energy per path length fluctuates from collision event to next.

• In an electric field, the created electrons are accelerated towards the anode and
positive ions towards cathode, but their motion is interrupted and direction of
motion changed in collisions with the gas molecules, resetting the average drift
velocity to zero.

• After the collision, the acceleration starts again.

• The average cross section for the collision of ions with the gas molecules depends
on the dimensions of the molecules involved.
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• The transport can be interpreted in the framework of kinetic gas theory using the
mean free path λ that is related to the viscosity η of the gas1

η =
1
3
%vaveλ (270)

where % is the density of the gas and

vave =

(
8kT
πm

)1/2
=

∫ ∞
0

vf (v)dv (271)

is the average velocity of the gas molecules of mass m at temperature T .

• The Maxwell(-Boltzmann) velocity distribution f (v) is given by

f (v) = 4πv2
( m

2πkT

)3/2
e−

mv2
2kT . (272)

• The same velocity distribution is relevant also in studying the thermonuclear
reaction rates in stars.

1For the first time shown by J.C. Maxwell in 1860
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• In an electric field with strength E , the ion feels the force of magnitude F = qE

• The average time between the collisions is approximately ∆t = λ/vave, yielding
the drift velocity in the field

vd =
qE
2m

∆t =
qEλ

2mvave
(273)

• This defines the ion mobility µ as a proportional factor between drift velocity and
field strength E (See 2)

• For nitrogen molecular ions in an electric of E = 100 V/mm, we have viscocity =
178.6 e-7 kg/m/s and a mean free path of 1.5 nm average velocity of 450 m/s,
density of 1.3 kg/m3 (in NTP). Typical pressure in the detector is 10 to 100 mbar,
and the mean free path is then 10 to 100 times of this. At 10 mbar we have 156
nm.

• Using this value, we get

2Data on electron and ion mobilities are collected by S. Biagi
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• For electrons, the collision cross-section depends strongly on the electron’s
energy, and is usually much smaller. See the next figure.
• The drift velocities of electrons are typically of the order of few cm/µs in an electric

field of 1 kV/cm, about 10000 times faster than ions.
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Table 8: Energy loss characteristics of gases that are relevant to radiation detectors ( c©Tavernier).
The energy loss, number of electron-ion pairs and number of primary electrons are given at the
minimum of the Bethe-Bloch stopping formula.
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Table 9: Ion mobility in some gases ( c©Tavernier)

Electrons and ions are involved in several processes in gases:

• Gases like O2 and CO2 are electronegative and easily capture an electron,
becoming a negative ion. Those have similar drift properties as positive ones (but
drift in opposite direction!) They easily poison the gas amplification.
• When a charged molecule or atom collides with a neutral one, charge exchange

reaction may take place, the electron transferring to the one having larger
ionization energy.
• Recombination of electron-positive ion pairs or positive and negative ions.
• Diffusion both transversal and longitudinal due to the random collisions
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Figure 52: Number of electrons
created by one minimum ionising
particle in a counter with gas
amplification. Different operation
modes corresponding to different
anode voltage V0 are shown.
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Ionization in Semiconductors

Semiconductor detectors are based on the collection of charge of electron-hole pairs
generated in the semiconductor material by the ionizing radiation.

• Energy required to produce one pair of charge carriers only 1/10 of that required
in gas.

• High density, 1000 times larger than gas.

• Thus the primary charge signal is significantly larger, but the charge multiplication
is much more difficult to achieve.

• No built in charge amplification mechanism (but see APD and SiPM!), so
extremely good low-noise electronics is essential.

• Requirements for material purity extremely high, implying high costs.

• Materials: Si, Ge, CdTl, CdZnTl (CZT).
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The principle of semiconductor radiation detectors can be understood in the framework
of band theory of solids:

At a finite temperature T and in thermal equilibrium, the probability that an energy level
is occupied is given by the Fermi-Dirac distribution:

f (E) =
1

1 + exp[ E−εF
kT ]

. (274)

In insulators and semiconductors the Fermi energy is in the band gap.
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• The density electrons in the conduction band is

dn/dE = ρ(E)f (E),

with ρ(E) the density of states near the top of the conduction band given by

ρ(E) = 4π
(

2me

h2

)3/2
E1/2.

Near the bottom of the conduction band, replace E with E − Ec (Ec is the energy
of the bottom of the conduction band) and me with m∗e (effective electron mass in
the lattice).

• The number of electrons per unit volume in the conduction band ne in thus given
by

ne =

∫
ρ(E)f (E)dE ∝ (m∗e kT )3/2e−

Ec−εF
kT ,

with a similar expression for the number of holes in the valence band, but effective
hole mass mh and εF − Ev in the exponential.

• In an extremely pure and defect-free intrinsic semiconductor, ne = nf , the Fermi
energy is in the middle of the band-gap and

ni ∝ T 3/2 exp
[
−

Eg

2kT

]
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The principle of operation of a semiconductor detector is based on the formation of a
carrier-free depletion layer (or region) in reverse-biased pn-junction. When ionizing
radiation interacts in this region, electron-hole pairs are formed and their charge is then
collected at opposite electrodes. It is essential that the charge collection is complete
and takes place in such a short time that the detector is ready to observe the next
radiation quantum.

Very often the structure of the large-volume gamma-ray detector is that of a p-i-n diode,
where p- and n-type contacts are formed on opposite sides of an intrinsic Ge
semiconductor and the main radiation-sensitive volume is the intrinsic part (i.e. with no
doping).
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Scintillation (radioluminescence)

• One of the most sensitive and effective methods for detecting radiation and among
the first techniques used (Rutherford 1911).

• In scintillation materials, radiation induces excitation of electronic states in atoms
and molecules.

• If the conversion of excitation energy to light is efficient enough, the material can
be called scintillator

• Fast decay of the excitations proceeds via emission of UV and visible light
photons. If the emission is slow (�1 ms), the phenomenon is phosphorescence.

• Similar to Cherenkov effect (with respect to light spectrum), but completely
different mechanism. The latter requires a charged particle moving faster that light
in the medium and its intensity is typically only about 1% of the light output of a
good scintillator.

• The difficulties in charge collection in semiconductors (and in gases) is avoided,
because the generated charges need to travel only to nearest luminescent center
(often a few inter-atomic distance) where electrons give rise to photons. In
transparent material, the light signal can be easily collected.

• Literature: J.B. Birks The Theory and Practice of Scintillation Counting (a classic!)

13



Requirements for a good scintillator

• transparent at the wavelength of the scintillation light

• large efficiency for light production

• short light pulses with little or no delayed emission

• intensity of light proportional to deposited energy (linearity)

• high refractive index, close to 1.5 for efficient collection of light

• Desirable properties are also chemical and mechanical stability, easiness of
fabrication, and not too expensive.

Two classes of scintillators:

1. Organic contain mostly carbon and hydrogen (low-Z ), and are used for
charged-particle tracking and fast-neutron detection;

2. Inorganic contain a large fraction of high-Z elements, and are useful in X-ray and
gamma-ray detection.
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Organic scintillators

• Three types: (i) organic crystals3, (ii) organic liquids, and (iii) plastic scintillators.

• Recipe for liquid scintillator: dissolve organic scintillator in an appropriate solvent
(often xylen). Combine with a wavelength shifter to improve transparency or
match the spectral sensitivity of the photodetector. Useful in 4π geometry.
• Plastic scintillators are the most widely used class:

• Made from polymerisable liquid, usually containing aromatic component (benzene ring).
Examples: styrene and vinyltoluene.

• Base material scintillates in UV, but mean free path of UV photons only a few mm
• Add a wavelength shifter (or fluor), that absorbs the primary UV photon and re-emits at

longer wavelength where mean free path considerably longer.
• Concentration of fluor typically 1%, and sometimes a second fluor (at the level or 0.01%)

is added to lengthen further the wavelength.
• Ease of production in any shape, thin sheets and fibres.

• Main application is charged-particle detection

• Fast decay time essential to good timing resolution. But decay time or ratio of two
decay components may depend on particle type (electron vs. proton) and can be
used for identification.

3Although efficient, organic crystals (stilbene and anthracene) are expensive and difficult to use, and will not be
discussed further

15



Figure 53: Plastic scintillator assembly for charged-particle detection with a) light-guide readout
and b) wavelength shifter readout. The latter is more effective in matching the phase-space of the
scintillation light (large area) to the small size of the photodetector.
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Inorganic scintillators

• Structure that of an ionic crystal in most cases.
• Generation mechanism of photons explained with the band theory of solids.

Electron states in the valence band are all occupied and there is a band-gap for
electrons to overcome.
• A material that is transparent to visible light has a bandgap larger than ≈ 3 eV and

cannot emit light at those wavelengths.
• Light emission requires localised luminescence centers that may be intrinsically

present in the material, but most often are provided by suitable dopant atoms (at
percent level).
• The figure shows a simple description of the effect of a dopant Ce3+

ion in the
LSO host lattice.
• When an X-ray or gamma-ray interacts with the crystal, an electron in the valence band

is excited to higher level in the conduction band.
• The electron gives its extra energy by exciting further electrons from the valence band

and more holes are created.
• The net effect is that one X-ray or γ-ray produces a large number of electrons in the

conduction band and an equal number of holes in the valence band. The electrons sink
to the bottom of the conduction band and the holes rise to the top of the valence band (in
a mere 10−12 s)

• The maximum number of scintillation photons is given by

Nmax =
Eγ

bEgap
(275)
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Figure 54: Electron structure of the LSO (Lutetium ortho-oxysilicate Lu2SiO5) scintillator with a
localised luminescence center created by cerium 3+ ( c©Tavernier).
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• The electrons and holes should reach the cerium luminescence centers in order
the scintillation process to be effective

• This is the least understood part of the process, and imperfections of the crystal
may trap the charge and prevent them reaching the luminescence centers.

• Part of the energy can be lost to lattice vibrations (phonons) before converted to
scintillation photons. This explains the reduction of scintillation yield with increase
of temperature (thermal quenching). On the other hand, at lower temperatures,
the number of shallow charge traps increases preventing less electron-hole pairs
to reach the luminescence centers.

• Better to keep the scintillator in a thermally stabilized environment!

• The decay time of the scintillation light depends on the lifetime(s) of the excited
level(s) involved.

• Often there are two components, fast and slow, and their relative contributions
may depend on the radiation interacting with the scintillator material.

• This fact can be used for identification of radiation types (electron/positron/photon)

• Inorganic scintillators used for energy spectroscopy of gamma rays, and a linear
energy dependence of the response is desirable.
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Table 10: Properties of some commonly used inorganic scintillators ( c©Tavernier).
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Photon detectors for scintillators

• The photomultiplier tube (PMT) provides ultra-fast response and high sensitivity.

• Typically, a photoemissive cathode (photocathode) is followed by focusing
electrodes, an electron multiplier (dynodes) and an electron collector (anode) in a
vacuum tube.

Figure 55: Principle of scintillation detection of radiation, a photomultiplier tube coupled to a
scintillator ( c©Hamamatsu Photonics).
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• Light hitting the photocathode induces photoelectron emission into the vacuum.
• Photoelectrons are guided by the focusing electrode to electron multiplier :
• Secondary emission process creates 3 to 5 electron at each dynode stage
• Electrons are finally collected at the anode as an output current signal. Typical

current amplification are 105 to 107, depending on the number of dynodes.
• Secondary-emission multiplication makes PMT’s extremely high sensitivity and

exceptionally low noise compared to other photosensitive devices for detection of
photons in the UV, VIS, and near-IR regions.
• Fast time response and a choice of large photosensitive areas.

Figure 56: Cross-section of a typical head-on type PMT and the principle of electron multiplication
( c©Hamamatsu Photonics).
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Figure 57: Spectral response characteristics of semitransparent-photocathode PMT’s. The
quantum efficiency describes the probability of emission of an photoelectron per incoming photon.
( c©Hamamatsu Photonics).
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• The photocathode converts the radiative energy of incident scintillation light into
electrons via photoelectric effect.

• The variation of the conversion efficiency (photocathode sensitivity) with the
wavelength of incident light is called spectral response characteristics.

• Sensitivity cut-off at short wavelength is determined by the window material
transmission and at long wavelengths by the photocathode material.

• Both must be optimized with respect to the spectrum of the scintillation light.

• Typical photocathode coatings are bialkali (Sb-RB-Cs, Sb-K-Cs, for NaI
scintillators) and multialkali (Na-K-Sb-Cs, wide spectral response, photon
counting).

• Spectral response is usually expressed in terms of radiant sensitivity or quantum
efficiency as a function of wavelength:

• Radiant sensitivity is the photoelectric current from the photocathode, divided by
the incident radiant power at a given wavelength, expressed in A/W (amperes per
watt).

• Quantum efficiency (QE) is the number of photoelectrons emitted from the
photocathode divided by the number of incident photons. Quantum efficiency is
usually expressed in percents.
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• When position sensitive detection of the radiation is important, the scintillation
light is collected with a micro-channel plate (MCP):
• a two-dimensional sensor that detects electrons, ions, vacuum UV rays, X-rays

and gamma rays in a vacuum, and amplifies the detected signals in a form of
electric current.
• Circular and rectangular MCPs are available in various dimensions, including

MCP assemblies.
• Single MCP’s can be stacked to an assembly in order to obtain the required

current gain.

• A potential gradient along each channel, created by
the voltage VD between the input and output sides of
the MCP.

• Multiple secondary electrons are emitted when an
electron enters a channel from the input side and
strikes its inner wall.

• Secondary electrons are accelerated by the potential
gradient to parabolic trajectories that are determined
by their initial velocities.

• When striking the opposite wall they induce further
emission of secondary electrons.

• The electrons in this way travel towards the output end
while striking the inner wall of the channel repeatedly.

• An exponentially increasing number of electrons are
extracted from the output side. 25



Figure 58: Details of MCP structure (upper left); various sizes of round MCP’s (lower left); gain
characteristics of various configurations (right panel) ( c©Hamamatsu Photonics).
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Caveats in using PMT’s or MCP’s:

• Dark current, both PMT and MCP: Thermal dark current due to random, single
electrons from photocathode; At RT (T = 300 K� 0 K), 100 to 104 electrons/cm2

may be spontaneously released. Cool down!

• After-pulsing, mostly PMT : Caused by residual gas atoms that may get ionized by
the electrons and drift in opposite direction, releasing many electrons when hitting
the cathode. Appear usually after some delay from a true signal pulse.

• Sensitive to magnetic field, PMT only : Even Earth’s magnetic field may be strong
enough to bend the electron paths and deteriorate the characteristics of the PMT.
Cure: use µ-metal shields.

• Sensitive to ambient light : Do not ever expose to light when HV is on. Prevent
exposure to direct sunlight always.

• Non-linearity and saturation: The response becomes non-linear with high gain and
fast pulses (PMT). The output current saturates if the input flux is too high (106

electrons/s).
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Avalanche photodiodes (APDs), are alternatives to PMTs and MCPs that may work
better in some cases:

• Silicon photodiodes with an internal gain mechanism
• As with a conventional photodiode, absorption of incident photons creates

electron-hole pairs (if the photon energy is larger than band-gap)
• A high reverse bias voltage creates a strong internal electric field, which
• accelerates the electrons through the silicon crystal lattice and produces

secondary electrons by impact ionization.
• The resulting electron avalanche can produce gain factors up to several hundreds.
• Si APDs are used when light signals are too high for photomultiplier tubes and too

low for conventional photodiodes.
• High-speed applications since the excess noise from the avalanche process is still

lower than the noise that would be generated in connecting an external amplifier
to a conventional photodiode operated at high frequencies.

Figure 59: Principle of Silicon
avalanche photodiode

28



• Structure of APD simple, but difficult to realize in practice.

• For a stable avalanche multiplication, only one type of charge carrier should be
multiplied while the other being merely only collected.

• In silicon, the mobility of electrons and holes are nearly equal and the field
strength that ignites electron multiplication is very close to the that of hole
multiplication.

• High requirements for controlling manufacturing techniques.
• A interesting variation of APD is silicon PMT (SiPMT) or pixellised photodetector

(PPD), where gain up to 106 can be achieved.
• By subdividing the sensitive area of the photodiode in a large number of very small

micro-pixels, typically 50× 50µm2.
• Each pixel works as a separate avalanche photodiode but the field over the amplification

region is very large.
• The pixel-counter goes to avalanche mode as soon as one electron-hole pair is formed.
• Discharge quenched by series resistors, and distance between pixels must be large

enough to prevent discharge spreading to neighboring pixels.
• Relatively cheap, 50 euros for a 3× 3 mm2, but small

• Manufacturers: Hamamatsu Photonics, KETEK GmbH, Advansid, SensL
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Calorimetric Detectors

• In all the detector types described above, the energy transferred from the radiation
to the detector material and used for the actual quantification of the radiation, is in
the from of electric charge, electric current, UV or visible light.
• However, even in the case of a charged particle loosing all of its energy in the

detector, a considerable fraction of the transferred energy may get lost.
• What makes this worse is that the lost fraction varies in a non-controllable way (at

least the experimentalist has no control over it!) and is different for each particle.
• The missing energy fraction is usually thermal energy in the form of lattice

vibrations (phonons), molecular excitations, or collective excitation modes of
electrons.
• Because the lost energy remains in the detector material, it increases its

temperature and can thus be measured if the thermal properties of the material
are known. This gives the name calorimetric detectors.
• It is a special technique of limited applicability, but may be the only means in

high-accuracy tests of fundamental theories of physics.
• Recent developments of calorimetric radiation detection is discussed in some

detail in the homework problems.
• In experimental particle physics, calorimetry has a more generic meaning of

measuring the total energy of particles by any means, not necessarily thermal
(and there is quite a large uncertainty!).
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Accelerators



The acceleration of particles is very simple:

• Create ions from neutral atoms (or used charged particles from some “natural”
source)

• Create suitable electric and/or magnetic fields to increase the energy/momentum
of the ions/particles

• Dynamics of the charged particles is ruled by the Lorentz force

dp
dt

= q(~E + ~v × ~B) (276)

where the electric field strength ~E and the flux density of the magnetic field ~B may
depend on time.

• The EM fields are determined from the Maxwell equations with suitable boundary
conditions. This is true both for static (or slowly varying) fields and RF fields at
GHz frequencies in RF cavities.

• The boundary conditions depend on material properties that may depend on the
magnitude and direction of E and B

• The charged particle beam creates its own EM field, that affects the dynamics of
the beam particles (space-charge effect)
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Components Common to all Accelerator types

In the following, we discuss the accelerators in more traditional approach, leaving out
storage rings and large colliders, because they are—at least in principle—just
scaled-up versions of the basic components.

1. Ion source: formation of atomic or molecular ions, positive or negative. Let’s
concentrate on these, because
• Electrons can be generated easily by thermionic emission from a hot filament. Positrons

from a β+ source.
• Cannot accelerate neutral particles, so either an extra electron must be added or at least

one electron removed from a neutral atom or molecule.
• Theoretical understanding of physics of ion sources has reached (during the last ten

years or so) the level that surpasses the “ion-sourcery” of the earlier years.
• May be selective at least to some extent.

2. LEBT, low-energy beam-transfer line
• Extraction, focusing and pre-acceleration of the ions from the ion source and injection to

the main accelerator
• Diagnostics of the ion beam: beam profile monitoring (BPM), measurement of beam

intensity (ions per second)
• Matching the emittance of the ion source with the acceptance of the accelerator
• Filtering of the wanted ions (often rare) from interfering ones (often dominating) to

prevent overloading at later stages.
• Beam bunching and pulsing, often necessary for RF accelerators.
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3. Main accelerating elements. There may be several, working on different principles.

• DC accelerators, single-ended or tandem (HV generated by Cockroft-Walton, van
deGraaff, pelletron)

• linear LINAC (drift-tube, RFQ)
• cyclic (cyclotron, synchrotron)

4. High-energy beam transfer line
• Steering of the ion beam to target
• Beam focusing elements are usually magnetic quadrupoles (doublets and triplets) or

higher multipole elements
• Beam diagnostics similar to LEBT
• Filtering out the interfering ions with electromagnets (usually) or electrostatic analyzers

(sometimes)
• Further selection by e.g. charge strippers

5. Auxiliary equipment
• Power and current supplies
• Control and automation systems
• Vacuum generation (pumps) and vacuum measurement (gauges)
• Cooling etc. to keep the temperatures stable (normal-conducting coils in

electromagnets)
• Pneumatic systems (mechanical actuators), cryogenic systems (for superconducting

devices)
• Safety systems to prevent various health hazards
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Linear DC Accelerators

• Acceleration and steering of ion beams in static or only slowly-varying EM-fields,
and the energy is increased in several steps: Etarget =

∑
i Ei =

∑
i qUi

• These are the accelerators for materials physics and provide usually MeV-energy
beams with highly accurate energy (∆E/E < 10−4)

• The figure on the next page shows the essential parts of a modern tandem
electrostatic accelerator.

• The largest accelerator of this type ever built is at the Oak Ridge National
Laboratory (ORNL), USA, with a 30 MV maximum terminal voltage.

• Smaller tandem accelerators with terminal voltage of 100 kV are used for
accelerator mass spectrometry of radiocarbon.

• The beam intensity is often limited, because of the technical difficulties in
transferring enough electric charge to the HV terminal.

• The extremely high voltages require that the accelerating electrodes and the
high-voltage terminal are embedded in pressurized insulating gas (SF6).

• The high voltage can be produced by (i) Cockcroft-Walton generator, (ii) charging
belt (van de Graaff), or (iii) charging chain (pelletron, laddertron).
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Figure 60: The electrostatic tandem
accelerator (TAMIA) of the Dept. of
Physics. Can give gold ions 197Au+14 a
maximum energy of about 80 MeV. The
negative ions from the ion source are
pre-accelerated with 60 kV voltage and
transferred through the 10 m long
low-energy beam transfer (LEBT) line
before injection into the accelerator.
The negative ions are attracted by the
high-voltage terminal (max.
UT = 5 MV) where they pass through a
0.5 m long canal (GST) filled with Ar or
CO2 gas. The ions are “stripped” to
positive charge, q = n · e, in
charge-exchange collisions with the
gas atoms and get repelled away from
the terminal (tandem principle).
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Circular/Cyclic Accelerators

The main workhorse for experiments requiring high-intensity beams, usually for
production of radioisotopes (for positron-emission tomography) or generation of
secondary radioactive ion beams (RIB).

Often the DC-accelerator (tandem) is used as an injector for a cyclic accelerator,
because high charge states can be reached if the ions penetrate through a thin metal
foil (or diamond-like carbon foil). Even completely ionized uranium ions U+92 can be
created by this “stripping” process.

With the advent of the ECR ion sources (electron cyclotron resonance) in 1980’s, many
of the tandem accelerators have become obsolete, because the dense plasma of an
ECR can produce high-charge-state ions directly, without a stripper foil.

The basic principle of cyclotrons and other cyclic accelerators are explained in
elementary textbooks.

Because of curved path of the charged particles, substantial part of the power may be
lost in the form of EM radiation (syncrotron radiation).

With linacs, the radiation loss is less severe.
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Linear RF Accelerators (LINACs)

In the simplest linac (proposed by Rolf Wideröe in 1928), successive hollow cylinders
are connected to high-frequence AC voltage so that the ions feel an accelerating field
in the gaps between the cylinders. Inside the cylinders, the ions are drifting in a
field-free region (“drift-tube” linac). The wavelength λ of the RF field, the velocity of the
particle v = βc and the gap distance d = βλ/2

Requires injection of bunched beam, the length of the tubes depends on velocity of the
particles in order to be in phase with them. Higher energies need higher RF
frequencies which means higher loss of RF power that must be dumped on the
accelerating structures and moved away by cooling (MW range).

Figure 61: Basic design of linac (Sloan-Lawrence type) where acceleration occurs in the gaps
between the hollow tubular electrodes.
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RFQ linac

• A relatively new type of linear accelerator that derives its name from its use of
radio frequency voltages and quadrupole focusing.

• Based on a major innovation in 1970 by two Russian scientists, I.M. Kapchinskii
and V.A. Teplyakov, who proposed a radio frequency (RF) linear accelerator (linac)
design with a symmetry structure of an electric quadrupole.

• well suited for accelerating ions in the velocity range of about 0.004–0.06 c.

• The electric fields of the RFQ, which accelerate and focus the ions, are produced
by the RF fields applied to four vanes in a cavity structure in the original
configuration proposed by Kapchinskii and Teplyakov, as shown below.

• By using a potential function description, they discovered how to shape the four
electrode vanes to produce the electric fields required to simultaneously
accelerate and focus the ion beam.

• A practical way to apply velocity-independent electric focusing in a low-velocity
accelerator give the RFQ linac a significant strong-focusing advantage compared
with conventional linacs that used velocity-dependent magnetic lenses.

• This allowed the RFQ linac’s practical range of operation to be extended to lower
velocities, therefore eliminating the need for large, high-voltage DC accelerators
for injection of the ion beam into the linac.
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Principle of the RFQ linac:

• The RFQ accelerator uses a
transverse electrostatic field
to focus the ions, and a
longitudinal electrostatic field
to accelerate the ions.

• The transverse
alternating-gradient focusing
results from the changing
polarity of the RF field as the
ion travels down the axis.

• The ripples on the vane tip
generate a longitudinal
accelerating field and have
only a small effect on the
transverse focusing field.
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RFQ Types

Most RFQs can be classified as one of
two types:  4-vane and 4-rod RFQs.

The 4-vane RFQ is 4-fold symmetric
and is generally used at frequencies
from 200 MHz on up.   This RFQ is
subject to unwanted dipole modes,
which can be eliminated with various
additional components.

The 4-rod RFQ is generally used at
frequencies of 200 MHz on down.
It is non-symmetric, requiring more
attention to thermal expansion
issues, but has a simpler mode
structure.

We will concentrate on the 4-vane structure in this course.

40



• Most RFQs can be classified as one of two types: 4-vane and 4-rod RFQs.

• The 4-vane RFQ is 4-fold symmetric and is generally used at frequencies from
200 MHz on up. This RFQ is subject to unwanted dipole modes, which can be
eliminated with various additional components.

• The 4-rod RFQ is generally used at frequencies of 200 MHz on down. It is
non-symmetric, requiring more attention to thermal expansion issues, but has a
simpler mode structure.
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RFQ Types

Most RFQs can be classified as one of
two types:  4-vane and 4-rod RFQs.

The 4-vane RFQ is 4-fold symmetric
and is generally used at frequencies
from 200 MHz on up.   This RFQ is
subject to unwanted dipole modes,
which can be eliminated with various
additional components.

The 4-rod RFQ is generally used at
frequencies of 200 MHz on down.
It is non-symmetric, requiring more
attention to thermal expansion
issues, but has a simpler mode
structure.

We will concentrate on the 4-vane structure in this course.
Figure 62: RFQ types: four-vane structure (left) and four-rod structure (right)

41



 Chapter 7   Radio Frequency Quadrupole

 

20

Magnetic and Electrostatic Quadrupoles

Vertically Focusing Magnetic Quad         Vertically Focusing Electric Quad

Note that the ES quad is rotated 45 degrees from the magnetic quad

A sequence of ES quadrupoles will form a strong-focusing sequence.

Figure 63: Principle of focusing in magnetic and electric quadrupole field (left). An example of a
real magnetic quadrupole where the field at the pole tips is created by the DC current in the copper
coils (right). The focusing force (qvB) depends on velocity.

• The ES quad is rotated 45 degrees from the magnetic quad

• A sequence of ES quadrupoles will form a strong-focusing sequence.
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Alternating voltage electric quadrupole (EQ)

• An extended EQ is powered by an alternating voltage source of frequency f .
• A positive ion of velocity v = βc moves along the channel inside the quad.
• The quadrupole field along the axis will vary as cosωt ; ω = 2πf , as the alternating

voltage on the electrode is V (t) = V0 sinωt
• The ion experiences an alternating quadrupole gradient and the focusing is

continuous, not discrete as with actual physical quadrupoles.
• The wavelength of the exciting frequency is λ = c

f , and in one RF period, the ion
travels the distance ∆z = βc∆t = βc

f = βλ
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Alternating-Voltage Electric Quadrupole

An extended ES quad
is powered by an alternating
voltage source of frequency f
or period t = 1 / f.

A positive ion of velocity
v = c moves along the
channel inside the quad.

The quadrupole field along the axis will vary as cos  t  , =2 f
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As an ion moves along the ES quadrupole with velocity v = c, it will experience an 
alternating quadrupole gradient.

The focusing is continuous, not discrete 
as with actual physical quadrupoles.

The alternating voltage on the ESQ is

V t  = V 0 sin  t 

The wavelength of the exciting frequency is

 =
c

f

And in one RF period, the ion travels

 z = c t =
c
f

= 

The alternating field electrostatic quadrupole acts like a strong focusing sequence.

Figure 64: An extended electric quadrupole (left), with alternating field acts like a strong focusing
sequence (right).
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Adding Acceleration to the RFQ

• The RFQ starts out as a strong focusing channel, which can transport beams.
• To make it into an accelerator, a longitudinal field Ez is introduced.
• Recall that in the drift-tube linac, accelerating gaps are separated by βλ/2
• In an RFQ, the tips of the poles (vanes) are modulated with wiggles, with the

phase of the wiggles in the top and bottom vanes out of phase of those in the left
and right vanes. This creates an alternating longitudinal field equivalent to the
fields in the gaps of a Sloan-Lawrance (drift-tube) linac.
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Adding Acceleration to the RFQ

The RFQ starts out as a strong focusing channel, which can transport beams.

To make it into an accelerator, a longitudinal field E
z
 is introduced.

Recall that in a Sloan-Lawrence 
accelerator,gaps are separated 
by /2.

The tips of the poles (vanes) in the 
RFQ are modulated with wiggles, 
where the phase of the wiggles in the 
top and bottom vanes is out of phase 
of those in the left and right vanes.

This creates an alternating longitudinal 
field equivalent to the fields in the gaps 
of a Sloan-Lawrance accelerator.
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The modulations in the vane tip on the
odd vanes are out of phase with the
modulations on the even vanes.

The voltage on the odd vanes is out
of phase with the voltage
on the even vanes.

The vane tip to vane tip
voltage is V, so each
vane carries a time-
dependent voltage of 

V vane = ±
V

2
sin t

A longitudinal field
is generated along
the axis that depends
on the geometry of
the modulations.  This
field accelerates the
ions.

The Vane Tip Modulations
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The modulations in the vane tip on the
odd vanes are out of phase with the
modulations on the even vanes.

The voltage on the odd vanes is out
of phase with the voltage
on the even vanes.

The vane tip to vane tip
voltage is V, so each
vane carries a time-
dependent voltage of 

V vane = ±
V

2
sin t

A longitudinal field
is generated along
the axis that depends
on the geometry of
the modulations.  This
field accelerates the
ions.

The Vane Tip Modulations

Figure 65: Modulation of the vane tips generates along the axis an accelerating longitudinal
electric field Ez that depends on the geometry of the modulations. The spacing between crests is
βλ An accelerating cell in an RFQ is half the spacing between crests, corresponding to a cell of a
drift-tube linac (Lc = βλ/2).
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Future Accelerators

Compact linear collider (CLIC), components are being designed and tested (several
people from HY are involved).

Figure 66: Overall layout of the future compact linear collider (CLIC).
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• Laser-plasma acceleration of high charge electron beams to the ∼10 MeV scale
using ultrashort laser pulses with as little energy as 10 mJ was made possible by
an extremely dense and thin hydrogen gas jet (A.J. Goers et al):

were collected on the LANEX screen by translating the
dispersing magnets and slit aperture out of the way.
Estimates of the accelerated charge were made by calibrat-
ing the imaging system and using published LANEX
conversion efficiencies [14].
The high density of our target has the immediate effect

of enabling relativistic self-focusing of low energy laser
pulses leading to the generation of a nonlinear plasma
wake. Furthermore, the reduced laser group velocity
(and therefore plasma wave phase velocity) at high density
drops the threshold for electron injection. Figure 2 shows
>1 MeV electron beam generation for pulse energies in
the range 10–50 mJ, or 0.2–1.0 TW, as a function of
peak plasma density. Beam divergence is ≲200 mrad.
The results are consistent with the inverse density scaling
of the relativistic self-focusing critical power, Pcr ¼
17.4ðNcr=NeÞ GW [15], and the laser power threshold
for appearance of a relativistic electron beam is ∼3Pcr
across our range of conditions.
Electron energy spectra in the range 2–12 MeV are

shown in Fig. 3(a) for laser pulse energy 10–50 mJ and

peak electron density Ne ¼ 4.2 × 1020 cm−3, with the
inset showing total accelerated charge >2 MeV up to
∼1.2 nC=sr for 50 mJ laser pulses. An electron spectrum
simulated from a TurboWAVE 3D particle in cell (PIC)
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FIG. 2 (color online). Single shot electron beam images for
energies >1 MeV for a range of laser energies and peak electron
densities. The color palette was scaled up by 10× for the 10 mJ
column. The onset laser power for detectable electron beam
generation was ∼3Pcr across our range of conditions.

FIG. 1 (color online). Experimental setup. A horizontally polarized Ti:sapphire laser pulse (10–50 mJ, 50 fs, λ ¼ 800 nm) interacts
with a cryogenically cooled, dense thin H2 gas jet (a), whose neutral and plasma density profiles are measured by 400 nm probe
interferometry (b). A portion of the transmitted laser pulse is reflected by a pellicle (c) and measured by a spectrometer (d). The electron
beam from the jet is apertured by a 1.7 mm horizontal slit (e), enters a 0.13 T permanent magnet spectrometer, and is dispersed on an
aluminum foil–shielded LANEX screen (f), which is imaged by a low noise CCD camera (not shown). (f) Shows example
quasimonoenergetic and exponential spectra for a 40 mJ pulse at Ne ¼ 2 × 1020 cm−3. Shadowgraphic imaging of the laser interaction
region above the needle orifice (g) (needle seen as a shadow at bottom) and imaging (g) and spectroscopy (h) of the wave breaking flash.
The pump polarization could also be rotated to the vertical by a half wave plate.
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