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Synchrotrons

· -are particle accelerators

· -produce high intensity (electromagnetic radiation) light

· -have been around since the 1930’s

What is a synchrotron?

A synchrotron is a device that uses very high energy electrons to create very bright, pinpoint beams of light. These beams of synchrotron light have become essential tools for science and industry for investigating the molecular structure of things.

Who will use it?

Synchrotrons around the world are being used in almost every field of science and technology - both for research and for product development. Australia's synchrotron will be used by the biomedical community, manufacturing community and many others.

A synchrotron consists of  six major components. An Electron Gun, A Linac (Linear Accelerator), A Booster Ring, A Storage Ring, many Beam Lines and at the end of each Beam Line are the Experimental Work Stations.

The Electron Gun
59%c

· The electron gun is the device which produces electrons for the synchrotron. This is done by thermionic emission which means that a metal plate is heated to release valence electrons. Effectively the electrons are boiled off.

· By making this metal plate negative it will repel any ejected electrons once they leave the surface. The negative plate is called the cathode.

· To accelerate the electrons a positive plate (the anode) is placed a distance d away from the cathode. The anode attracts the electrons and they accelerate toward it. 

· The anode has a small hole in it to allow the electrons to pass through.

· An electric field is set up between the anode and cathode. Its direction is the same as that a positive charge would travel in.

ELECTRIC FIELDS

· A charged particle inside an electric field will act in a similar way to a mass in a gravitational field. As it moves closer to the body attracting it will gain kinetic energy. The sign of the charge on the particle will determine whether it is attracted to or repelled from a negative charge. Electric field flows from positive to negative, so a negative particle such as an electron will move in the opposite direction to the electric field lines.
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· Electric field strength E = F/q
(for a point charge in space)


· Magnitude of a uniform Electric field E = V/d
(measured in Vm-1) 

· where V is the potential difference between the charged plates and d is the plate separation in metres.

· Since the net force on a charged particle is F = qE then the acceleration that the particle experiences is a = F/m = qE/m

· The work done in a uniform electric field  is W = Fd = Vq = Eqd 

· where d is the distance the charge has moved parallel to the electric field lines.

· Also W = (Ek = -(Ep = Eqd = qV = 1/2mv2



· Since Ek = 1/2mv2 then v = ((2Ek/m) = ((2q(V/m) = ((2qEd/m)

· Energy can be measured in electron Volts (eV) where 1 eV = 1.6 x 10-19 J

· This is a more convenient unit when dealing with electrons and similarly charged particles. The charge on an electron is 1.6 x 10-19 C

· The potential difference V (voltage) between the cathode and anode determines the extent of the acceleration and the final energy of the electrons once they reach the anode in electron volts (eV).

· Electrons guns are limited to potential differences in the kV range.

· We can’t go higher than about 1000kV due to difficulty in preventing leakage through insulation and equipment, danger to scientists and from Electric Power remember that above 500kV ionisation of air occurs. To prevent ionisation the synchrotron operates in a very low pressure vacuum.

· A TV has an electron gun with V ( 5kV (light from a TV is not synchrotron light though). 

· For the Australian synchrotron the electron gun will accelerate the electrons to a speed of 59% of the speed of light (0.59c). 

· To accelerate electrons to higher speeds a linear accelerator is required.

· From relativity we know that as speed increases the mass of a particle increases. When approaching the speed of light the mass approaches infinity so huge amounts of energy are required for even small increases in speed.

· Below 14%c we can ignore relativistic effects.


Linac (Linear Accelerator) 
99.995%c

· Use drift tubes in a long straight (linear) line.
· Each drift tube can change its polarity.
· Tubes become longer as electrons accelerate to keep time in tubes constant.
· Polarity changes are timed to occur when electrons are inside tubes. Prvided by high voltage AC sources.
· No acceleration occurs inside tubes as there is no electric field. Electrons drift inside tubes at constant velocity.
· Acceleration occurs between tubes due to the presence of an electric field.

Booster Ring 
99.999994%c

· Is used to accelerate electrons even further.
· From circular motion if a particle changes direction it will accelerate.
· F = ma so a force will act.
· Direction of force is determined by the right hand slap rule. Remember that the electron travels in the opposite direction to conventional current used in the right hand slap rule.
· Bending magnets are used to deflect the beam.
· F = qvB = evB where q is the charge (= e for the synchrotron = 1.6 ( 10-19C), v is the velocity of the electron and B is the magnetic field strength in Tesla (T).
· F = ma = mv2/r from circular motion. r is the radius of the curve.
· F = mv2/r = evB

· r = mv/qB = p/qB where m is the relativistic mass of the electron, and  p is the momentum of the electron (including relativistic mass).

· No gain in speed when electron passes through a magnetic field, in fact it loses some energy due to work done in changing direction.
· To boost speed radio frequency (RF) cavities (or chambers) are located in the straight sections of the ring to inject energy into the electrons (ie to boost the energy of the electrons).
· This radiation is microwave radiation and as in the energy levels of electrons in atomic orbits the absorbed photons will increase the electrons energy levels (absorption spectra).
· Radiation injection is timed to coincide with the passing of a bunch electrons. The radiation is in phase (coherent) so all electrons receive the same amount of energy at the same time. This keeps the electrons at the same energy levels.
· In the Australian synchrotron the electrons go from 700MeV to 3GeV in the booster ring.
· To avoid collisions and reabsorption of electrons the synchrotron is operated at extremely low pressure in a vacuum (7.5 ( 10-6 Pa compared to normal air pressure of 1 ( 106 Pa).
· Energy is produced by a klystron. These are also used to pulse the original beam of electrons from the electron gun into small bunches.
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Storage Ring

· Electrons are injected into the storage ring every 4 - 20 hours approx in the Australian synchrotron.
· Electrons will circulate for between 5 and 50 hours before losing too much energy and being absorbed by shielding or involved in collisions.
· The ring is not circular but a many sided polygon. Australia’s synchrotron will have 12 straight sides.
· Curved sections contain the bending magnets. This is where the synchrotron light is produced.
· Bending magnets are dipole (two pole) magnets.

· The bunched electrons produced pulses of synchrotron light.
· The RF cavities are tuneable so they can determine the period of the light pulses. (Aust Synch normally operates at 500Mhz)
· The beam typically loses half its energy every 5 - 50 hours.
· Insertion devices are placed in the straight sections which can modulate the light produced.
· Insertion devices
· RF cavities – inject energy into electrons to replace energy lost as synchrotron light. When the RF cavity is positive the electrons are accelerated towards it, when negative they are pushed away. This changing electromagnetic field results in the electrons bunching up again.
· Focussing Magnets – help realign the electron beam (quadrupole [4 poles]) and rebunch the electrons (sextupole [6 poles])
· The arrangement of the magnets and their strengths is referred to as the lattice.
· Aust. synchrotron will have 14 cells in its lattice each having 2 dipole, 6 quadrupole and 7 sextupole magnets to bend and guide the beam.
Wigglers 

· Are multiple pole magnets designed to make the electron beam rapidly change direction (wiggle) along a straight section. No net deflection of beam.
· Each bend produces synchrotron light which results in the intensity of the light produced being much higher (up to (1000 brighter than a bending magnet). 
· Roughly brightness increase factor = 2 ( No. of poles used ie 8 poles in the wiggler results in ~16( brighter light.
· The synchrotron radiation is still produced across a broad spectrum.
· Light produced is of higher energy and is shifted up the EMR spectrum.
· This light is now incoherent and is in a wide beam as the light is produced at different times during each wiggle. 

Undulators

· Use more magnets than a wiggler which are much smaller (up to 100).
· Narrower beam produced (collimation).
· Since poles are very close together interference effects will produce highly coherent light at specific frequencies.
· Spacing of poles determines wavelength of maxima.
· At these frequencies constructive interference produces extremely bright, coherent, collimated light (up to (106 brighter than a bending magnet)
· Does not produce a continuous spectrum. 

Beam Lines

· Path of light from storage ring to experimental work station.

· Mirrors are used to direct light.

· A monochromator (single frequency filter) is used to select wanted frequencies of light before the work station.
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Work Stations

· Depending on the experiment or end use of the light the set up of work stations can vary significantly.

· This is where the synchrotron light is used to analyse materials.
Synchrotron Light

· Is produced in the range of wavelengths (() from 10-11 (hard X-rays) to10-1 m (microwaves). These photons have energies respectively from 105 eV (hard X-rays) down to 10-5 eV (microwaves).

· It is of high intensity (brilliance)

· Emitted in short pulses.

· Arrives in parallel rays (collimated)

· Is coherent (all photons are in phase – wave property)

· Highly polarised (limited to a single plane for direction of wave vibration)

· Specific wavelengths can be isolated using diffraction gratings or monochromators and used for examining objects whose structural dimensions is similar to the single wavelength.

· Light is released as a very narrow cone from the bending magnets and this is then focussed to provide a very narrow beam at the work station.

· Brightness is a measure of how many photons per mm2 per second there are. If the originating electron beam is widened the brightness will be less. The narrower the cone of light the greater the brightness.

X-rays & Synchrotron X-rays

· A conventional X-ray is a useful diagnostic tool as it will allow us to detect fractures is bones due to the X-ray being able to penetrate the fracture site. 

· There is no coherence or collimation with conventional X-rays and they are low intensity. 

· Synchrotron X-rays are high intensity, collimated and coherent. This allows them to extract more detail than a conventional X-ray. 

· The tuneability of synchrotron radiation allows us to interact with lighter atoms than conventional X-rays, this means we can see clearly flesh as well as bones, resulting in a much more detailed image of the fracture site and the surrounding tissues.

Bragg Diffraction

· Is used in X-ray crystallography which is the study of crystalline structure of complex molecules.

· This requires the use of the interference patterns from wave theory (Young’s double slit experiment) to determine atomic spacing.

· Constructive interference will occur when coherent light is diffracted off different layers in a crystal. 2dsin( = n(
· Where d is the spacing between layers in the crystal, ( is the angle between the X-ray beam and the crystal surface, ( is the wavelength of the X-ray. n is the number of maxima (1, 2, 3, . . . )


· By rotating the crystal the smallest angle at which a maxima is detected will correspond to when n = 1.

Powder Diffraction

· Is used when a substance does not have a regular crystalline structure that is large enough to aim X-rays at.

· A powder is a collection of extremely small crystals with no regular arrangement.

· When x-rays are fired at a powder the beam is diffracted at different angles due to the individual crystals having differing orientations to the incoming beam.

· The scattered photons now make rings on a screen instead of discrete spots. (Imagine that you put a pen on a piece of paper to make a dot. If you now rotate the paper about some other point on the page you will produce a ring on the paper instead of a dot. If you used two pens originally you would get two concentric rings about your axis of rotation and so forth).

· The position of the rings determines the structure of the powder.

· The scattered photons spread out as hollow cones (funnels).

· By surrounding the specimen in a circular photographic film the rings leave concentric bands on the film. This is called a Debye-Sherer camera.
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· Alternatively a moving detector such as a Geiger counter can orbit the specimen and determine the direction of the scattered photons and their intensity.

· Because the beam is projected at an angle ( to the crystal surface the angle the cone makes with the scattered beam is equal to 2(.


· Detectors produce graphs which show the relationship between the intensity of the scattered beams and their angle to either the undeflected beam (2() or the crystal surface (().
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Scattering
Occurs when a photon transfers some of its energy to electrons. This is different to photoelectric experiments where all of a photon’s energy is absorbed by an electron.

· There are two major types of scattering:

· Thompson (elastic) scattering where no kinetic energy is lost.

· Compton (inelastic) scattering where kinetic energy is lost.

An example of Thompson scattering is Bragg diffraction where the scattering is elastic. No energy is imparted to the interacting atoms. This is usually the case for low energy (<100 keV) X-rays. 

· The X-ray photon before the collision effectively transfers no kinetic energy to the electron or atom and retains virtually all its kinetic energy after the collision.

· The wavelength of the scattered photon is equal to that of the incoming photon Imagine a billiard ball bouncing of another stationary ball).

· When the X-ray photon energy is above 100 keV the photon is likely to be absorbed and the energy transferred to an electron is enough to ionise the atom and the electron is ejected.

Compton Scattering results from the X-ray photon colliding with a relatively stationary electron which is not tightly bound to an atom (compared to the speed of light) and the photon transfers some of its momentum to the electron. 

· The Photon has less energy and so changes its wavelength and frequency        (E = h(f = h(fin – fout), and the electron gains an equivalent amount of kinetic energy ((Ek = ½mv2 = h(f) . 

· At all times the total energy is conserved. 

· Energy of photon before interaction = energy of photon after interaction plus energy gain of electron. hfin = hfout + ½mv2 

· The scattered photon has a longer wavelength (shorter frequency) than the pre-collision photon as it has less energy and E = hc/( = hf

· The reduced momentum of the photon  (p = h(f/c = h/c(fin – fout),   must equal the gain in momentum of the electron ((p = m(v). Remember momentum is a vector quantity. Note classical mechanics can be used due to the relatively slow speed of the electron. 

The Photoelectric effect

· Occurs when a photon is completely absorbed by an electron.

· The energy from the photon enables the electron to break free from the metal surface and thus produces a current.

· Refer to your notes from the topic Interactions of Light and Matter.

Risks Involved with Synchrotrons

Whilst producing more intense light and higher resolution images there are still dangers involved in the use of Synchrotrons.

· High energy photons and electrons are contained within a concrete tunnel which is thick and dense enough to absorb any errant radiation that escapes from the storage ring.

· The high voltages used in the electron gun and linac are also hazardous and require heavy insulation to prevent electrical shock.

· The low pressure vacuum is a risk as any breach of the synchrotron apparatus would cause a dangerous implosion as the atmosphere rushes in to equalise the air pressure. (The reverse of a pressurised plane losing a door or window at high altitude).

As the field lines move closer together, the Electric field strength increases.





-





+











+	+	+	+	+	+	+





-	-	-	-	-	-	-





Between parallel plates the electric field is uniform.





Heater element





Cathode (-)





Anode (+)





Accelerated electrons








Potential difference V








d





Electric field  E





Schematic of an Electron Gun.


Electrons that collide with the anode help complete the circuit.





Electrons that do not pass through the hole in the anode complete the circuit.
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Extra distance travelled by photon in second layer is twice dsin( = 2dsin(.


If this equals a whole number of wavelengths constructive interference occurs. The reflected beam will be of higher intensity.
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Electron from electron gun approaches 1st drift tube which has a positive polarity to attract and accelerate it.





Electron is pushed from 1st drift tube and pulled toward 2nd drift tube due to diferent polarities of the drift tubes creating an electric field which accelerates the electron across the gap.





The Klystron is used to bunch (modulate) the electrons from the electron gun and also to produce the coherent high energy microwaves which boost the electrons in the RF cavities inside the booster ring.





Electron beam





Synchrotron light





Broad incoherent bright light





Wiggler – 


a series of alternate magnetic fields





Narrow collimated , intensely bright and coherent light produced





Undulator –


Many small poles with variable spacing to produce specific wavelengths of light.





The powdered sample is in the centre. The cones of scattered photons strike the circular photographic film





When the film is laid flat the concentric rings are exposed. They centre about the two holes in the film where the X-rays enter and exit. 
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Surface of small crystal





small crystal





Synchrotron X-ray





Photographic film





Undeflected beam





Bragg diffraction beam.


Constructive interference with layer beneath surface makes the beam brighter than of deflection from surface layer only.
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